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Abstract

Ageing is a complex, universal process that remains very poorly understood, particularly 
in mammals. This thesis attempts to increase our understanding of ageing by predicting 
the structure of the uncoupling proteins, membrane proteins with a possible role in the 
modulation of oxidative damage, and therefore of ageing. A 3-dimensional model of the 
uncoupling proteins is generated, based on an analysis of known membrane proteins struc
tures. In order to assess the accuracy of this model it is compared to the actual structure 
of a homologous protein, solved after the modelling was complete. A homology packing 
model is produced that, in combination with predictions of likely functional residues, will 
be of use in establishing the mechanism of action of the uncoupling proteins.

Additionally, this thesis investigates the regulation of ageing by the insulin-like sig
nalling pathway and the transcription factor DAF-16. Longevity- and ageing-associated 
transcription factor binding sites are identified, due to their over- or under-representation 
within genes regulated by this pathway. Direct and indirect DAF-16 target gene classes are 
identified, and possible mechanisms of feedback control of the pathway are investigated, 
including the identification of other transcription factors whose expression is regulated by 
DAF-16. Although this work is a valuable starting point, considerable further work will 
be required before a full understanding of the regulation of ageing is obtained.

Finally, this thesis has provided insights into membrane protein structure and its pre
diction. A comprehensive analysis of these structures was performed and the results used 
to develop a modelling method that is applicable to structure prediction for all membrane 
proteins. Although buried transmembrane helix faces were identified with relatively high 
accuracy, a greater understanding of membrane protein structure is required before reli
able 3-dimensional models can be produced using this method. The opening of a structural 
genomics project focused on membrane proteins is helping to bring the realisation of this 
aim closer to the present.

This work was generously supported by the Biotechnology and Biological Sciences 
Research Council.
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Chapter 1

Introduction

1.1 Ageing

1.1.1 W hat is ageing?

Ageing affects us all. It is a phenomenon universal throughout the world and probably 
across all of the animal kingdoms of life. It has a huge social and economic impact, in 
terms of National Health Service and research spending and loss of the workforce through 
retirement and age-related disease. Despite this, ageing has been defined in many different 
ways. For example, ageing has been defined as a decline in the efficiency of physiological 
processes after the reproductive phase of life (Halliwell & Gutteridge, 1999). Alternatively, 
ageing is said to describe the decline in survival and fecundity (fertility) with advancing 
age (Partridge & Gems, 2002). Another definition is that ageing consists of a set of early- 
onset, slowly progressive, mutually synergistic degenerative processes (de Grey et al., 
2002). Finally, ageing can be thought of more simply as the series of processes that 
ultimately end life (Busuttil et al., 2004).

What all of these definitions have in common is that ageing is associated with deteri
oration. Ageing is a process that has evolved across a wide variety of species. There has 
therefore been much discussion as to why such a phenomenon would evolve it has only 
a detrimental effect on the individual. Several theories have been put forward and, as 
described below, it seems likely that ageing arises as a result of an evolutionary trade off 
(Williams, 1957; Luckinbil et a/., 1984; Zwaan et al., 1995).

The loss of fitness associated with ageing is often proposed to be the result of accumu
lation of damage throughout life. What form this damage takes, or what causes it, is still 
open to discussion, and it is possible that a great many agents and targets are involved. 
For example, many current theories favour the well established idea that ageing is related 
to oxidative damage caused by reactive oxygen species (ROS) (Harman & Piette, 1966).

21
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This may lead to damage of DNA, proteins and lipids and impairment of cellular function. 
The major source of the ROS is thought to be the mitochondria. However, recent evi
dence has suggested that other factors may contribute to ageing, such as damage caused 
by xenobiotic compounds (McElwee et al., 2004).

1.1.2 W hy does ageing occur?

Early gerontologists debated whether or not ageing is a genetically programmed process. 
Differences in rates of ageing between species suggest that a different rate of ageing has 
evolved for each species and is controlled genetically. In addition, mutational studies 
which cause extension of lifespan show that some genes can modify the rate of ageing 
(Kenyon et al., 1993; Kimura et al., 1997a; Hertweck et al., 2004; Friedman & Johnson, 
1988; Morris et al., 1996; Tatar et al., 2001; Clancy et al., 2001; Bluher et al., 2003; 
Holzenberger et al., 2003). However, it seems unlikely that genes would have evolved 
purely to cause damage and lead to ageing. One likely explanation is that ageing is caused 
by the effects of mutations that are detrimental only late in life. Since the detrimental 
effects of these mutations generally appear only after reproduction, they are not removed 
from the population by natural selection. Hence, the rate of ageing is not genetically 
programmed but it will be affected by mutations in genes that affect the rate of damage 
or of repair.

The idea that ageing is the result of mutations with a detrimental effect late is life 
is often referred to as the Evolutionary Theory of ageing. Within this theory, two main 
branches exist, the Mutation-accumulation Theory (Hamilton, 1966) and the Trade-off or 
Pleiotropy Theory (Williams, 1957). The former refers to the accumulation to mutations 
whose only effect is a deleterious one, late in life (Hamilton, 1966). In contrast, the 
Pleiotropy Theory states that some mutations may have beneficial effects in youth but 
detrimental effects later. Since selection will act more strongly on the early than the late 
effect, these mutations will be maintained within the population (Williams, 1957).

One way to assess the relative likelihood of the mutation-accumulation and trade
off theories is to examine the degree of evolutionary conservation of the mechanisms of 
ageing. Due to the stochastic nature of mutations, the mutation-accumulation theory 
is more likely to lead to lineage-specific mechanisms, because the same mutations are 
unlikely to occur independently. In contrast, trade-offs between the early and late effects 
of mutations are likely to occur by similar mechanisms across lineages (Partridge & Gems, 
2002).

The mechanisms of ageing appear to be highly conserved across large evolutionary dis
tances (Guarente & Kenyon, 2000; Partridge & Gems, 2002), in support of the Pleiotropy
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theory. This finding is extremely important to experimental studies of ageing since it im
plies that data from studies using lower model organisms such as Caenorhabditis elegans, 
which have many advantages to higher animal studies, will still have relevance to human 
ageing.

In general, experimental evidence also tends to more strongly support the Pleiotropy or 
Trade-off theory of ageing. The majority of such studies have been performed using lines 
of Drosophila selected for longevity or for shorter life (Luckinbil et al., 1984; Zwaan et al,
1995). In accordance with the trade-off theory, the reduced longevity of the rapidly ageing 
flies is associated with a beneficial effect early in life, when fecundity is increased relative 
to the long-lived lines. The reduction of lifespan in the flies selected for rapid ageing can 
be prevented by sterilisation, implying that the rapid ageing is a direct consequence of 
increased fecundity (Sgro &; Partridge, 1999). Similarly, in C. elegans, reduced fecundity 
and increased lifespan are observed during dietary restriction (Zamiri, 1978; Chapman 
&; Partridge, 1996; Chapman et al., 1998; Sonntag et al., 1999; Good &; Tatar, 2001; 
Drummond-Barbosa & Spradling, 2001) and in long-lived strains of Drosophila (Luckinbil 
et al., 1984; Zwaan et al., 1995; Sgro & Partridge, 1999).

In summary, at present it is believed that ageing is the result of an evolutionary trade
off between genes that are beneficial early in life but detrimental late in life, or more 
specifically, a delayed cost of reproduction.

1.1.3 The Oxidative Damage Theory of ageing

The Oxidative Damage Theory of ageing was first proposed by Harman & Piette (1966). 
According to this now widely accepted theory, the damage that is the cause of ageing 
is the result of oxidative reactions between reactive oxygen species (ROS) and various 
cellular macromolecules. It was proposed that mitochondria are both the major source 
and target of such damage. The cell is protected from oxidative damage by antioxidant 
enzymes, such as superoxide dismutase (SOD) and catalase. These enzymes reduce levels 
of ROS by reaction of superoxide (0 2~) with H+ ions, producing water and oxygen:

SOD: 2 0 2" + 2H+ — > 0 2 +  H20 2

Catalase: 2H20 2 — > 0 2 +  2H20

Various strands of evidence provide support for the Oxidative Damage Theory of 
ageing. For example, several long-lived mutants in C. elegans (Murakami & Johnson, 
1996; Honda & Honda, 1999) and in Drosophila (Hari et al., 1998; Clancy et al., 2001; 
Tatar et al., 2001) show increased levels of SOD and catalase, and are more resistant to 
ROS and other stresses than wildtype animals.
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To obtain further support for the Oxidative Damage Theory, antioxidant enzymes 
have been over-expressed and the consequent effects on lifespan determined. The results 
of these studies have often been contradictory, with several studies identifying little or 
no (Seto et a/., 1990; Orr & Sohal, 1993, 2003) increase in longevity, but others finding a 
marked 40-50% extension of lifespan (Orr & Sohal, 1994; Hari et al., 1998; Parkes et al., 
1998a,b; Sun & Tower. 1999). Null mutations in SOD reduce longevity (Phillips et al, 
1989). In one study lifespan extension was achieved by over-expression specifically in the 
motorneurones of Drosophila (Parkes et al., 1998a). Similarly contradictory results have 
been observed using catalase (Orr &; Sohal, 1992).

The findings suggest that the roles of SOD and catalase in determining lifespan may 
be restricted to particular cell types or expression levels. The majority of studies have 
shown net oxidative damage to protein, lipids and DNA (Viteri et al., 2004; Wozniak 
et al., 2004; Gedik et al., 2004) and levels of superoxide (Antier et al., 2004) increase with 
age. Hence the role of oxidative damage in ageing, while well established, is far from 
being fully understood.

1.1.3.1 The uncoupling proteins

As described above, an increased ROS burden is believed to cause cellular damage that 
contributes to ageing. Where do these ROS derive from, and how is their production 
regulated? The uncoupling proteins (UCPs) are membrane proteins that have been pro
posed to form an essential part of the electron transport chain, modulating the production 
of superoxide, and consequently of ROS (Schrauwen et al., 1999; Nishikawa et al., 2000; 
Vidal-Puig et al., 2000; Arsenijevic et al., 2000; Mizuno et al., 2000; Gong et al., 2000; 
Casteilla et al., 2001; Barazzoni &; Nair, 2001; Kerner et al., 2001). Some interesting 
studies have suggested that UCPs may play a role in the increased ROS damage that 
occurs during ageing, but the molecular mechanisms by which this occurs are unknown 
(Casteilla et al., 2001).

UCPs are thought to catalyse leakage of protons through the inner mitochondrial 
membrane (IMM), back into the matrix, without adenosine triphosphate (ATP) synthesis. 
Hence the UCPs are said to ‘uncouple’ oxidative phosphorylation from ATP production. 
As uncoupling occurs, the energy stored in the proton gradient across the IMM is dissi
pated in the form of heat. This process forms the basis of non-shivering thermogenesis in 
a range of species, and is summarised in Figure 1.1.

Dissipation of the proton motive force (PMF) by the UCPs is thought to reduce the 
half-life of free radical intermediates of the electron transport chain. As a result, the 
likelihood that they will react with oxygen, producing ROS, is reduced and some of the
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Figure 1.1: Uncoupling of ATP production by the UCPs. 1. Passage of 
electrons through the electron transport chain (ETC) leads to the pumping 
of protons out of the matrix. 2. This generates a gradient of proton con
centration and charge across the inner mitochondrial membrane, known as a 
proton motive force (PMF). 3a. Energy stored in the PMF is used to drive 
the production of the energy-rich molecule ATP, as protons pass back down 
their gradient into the matrix through ATP synthase. 3b. In uncoupled mi
tochondria, some of the energy stored in the PMF is released as heat when 
protons leak back into the matrix via the UCPs, without the generation of 
ATP. This figure was drawn by hand using Microsoft PowerPoint.

damage that leads to ageing may be prevented (Casteilla et al., 2001). The potential role 
of the UCPs in ageing requires further investigation. At the start of this work very little 
was known of either the structure or mechanism of action of these proteins. As a result of 
circular dichroism, computational topological and antigenic studies (Aquila et al., 1985; 
Runswick et al., 1987; Walker Sz Runswick, 1993; Miroux et al., 1993; Klingenberg, 1990), 
they were thought to span the membrane via six a-helices. Chapters 2 and 4 discuss 
the UCPs in more detail and attempt to increase our understanding of these proteins by 
predicting their 3-dimensional structure.

1.1.4 In su lin /In su lin -lik e signalling

As described above, there is considerable support for the role of a trade-off between the 
beneficial and detrimental effects of mutations in the evolution of ageing. The next im-
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portant question concerns the mechanisms by which these mutations cause the damage 
that leads to ageing. In an attem pt to address this question, various mutations have been 
isolated which cause an extension of lifespan. Many of these mutations, even across evolu- 
tionarily distant organisms, are found in the insulin/insulin-like signalling (IIS) pathway. 
This pathway is summarised in Figure 1.2.

Insulin-like ligands

i
Activated 
Ptdlns ((3,4,5)Pj)

DAF-2 -----
(Insulin/IGF receptor)

-P
Plasma membrane

Activated 
catalytic subunit 
o f PI3K

AGE-1 PDK-1

Nucleus
SKB Protein 

kinase B

Active DAF-I6

Inactive, phosphorylated

Reproductive development Dauer formation
Growth Longevity

Figure 1 .2: A simplified view of the insulin/IGF-like signalling pathway in 
C. elegans that regulates lifespan. Arrows indicate activation and T-bars de
activation. PI3K: phosphoinositide 3-kinase; PtdIns(3,4,5)P3: phosphatidyli- 
nositol 3,4,5-triphosphate; PDK-1: 3-phosphatidylinositol-dependent kinase 
1. This figure was drawn by hand using Microsoft PowerPoint.

In favourable conditions, insulin-like ligands bind to the insulin receptor, DAF-2, trig
gering its dimerisation and autophosphorylation. As a result, the catalytic subunit of 
phosphoinositide 3-kinase, AGE-1, dissociates from the regulatory subunit and is free to 
activate phosphatidylinositol. Phosphatidylinositol then in turn activates the protein ki
nases PDK-1 and SKB. These enzymes phosphorylate the transcription factor DAF-16, 
deactivating it so that it remains in the cytoplasm. In this way, genes that promote
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growth, development and reproduction remain transcriptionally active. In contrast, lack 
of insulin-like ligands in unfavourable conditions lead to dephosphorylation and nuclear 
translocation of DAF-16, and genes involved in dauer formation and longevity are ex
pressed. (The dauer is an alternative long-lived, stress resistant developmental state that 
C. elegans may adopt in unfavourable conditions, such as lack of food).

Mutations in the IIS pathway tha t cause lifespan extension in C. elegans include DAF- 
2, the insulin receptor (Kenyon et al., 1993; Kimura et al., 1997a), SKB, the Akt/PKB 
kinase (Hertweck et al., 2004) and the PI3 kinase, AGE-1 (Friedman Sz Johnson, 1988; 
Morris et a l , 1996). DAF-16, the transcription factor downstream of DAF-2, is required 
for ILS pathway mutations to extend lifespan (Kenyon et a l, 1993; Murakami & Johnson,
1996). In Drosophila, m utations in InR (Tatar et al, 2001), the insulin-like receptor, and 
CHICO (Clancy et a l, 2001), the insulin receptor substrate, extend lifespan. In addition, 
mutations in the insulin and IGF receptors extend lifespan in mice (Bluher et al, 2003; 
Holzenberger et a l, 2003). Since the effects of the ILS pathway on lifespan are conserved 
from nematodes to mammals, it seems likely that this pathway may also be involved in 
the regulation of human lifespan.

While each species has a fixed maximum lifespan which has evolved in response to the 
level of external hazard, the mean lifespan of a particular population depends upon other 
environmental factors, particularly diet and stress. It seems likely that these factors are 
sensed via the IIS pathway, as illustrated in Figure 1.3, and lifespan is adjusted accordingly 
via DAF-16.

In addition, a nuclear hormone receptor known as DAF-12 is thought to contribute 
to control of lifespan (Hsin &: Kenyon, 1999; Snow & Larsen, 2000; Gerisch et al, 2001; 
Ludewig et a l, 2004). DAF-16 is thought to activate the expression of a cytochrome 
P450, DAF-9, tha t may synthesise a steroid ligand of DAF-12 (Jarmuszkiewicz, 2001). 
However, the major effect of this pathway is likely to be in dauer formation, and its effects 
are thought to be secondary to that of the direct action of DAF-16 in control of lifespan 
(Snow & Larsen, 2000; Ludewig et a l, 2004).

Interestingly, expression of DAF-2 in a few neurones is sufficient to prevent dauer 
formation (Apfeld & Kenyon, 1998). Similarly, DAF-2 or AGE-1 mutants can be rescued 
by restoration of IIS signalling in neurones but not muscle or intestine (Wolkow et al,
2000). This suggests that DAF-2 acts non-cell-autonomously therefore a hormone is likely 
to be involved in the control of lifespan by IIS. Whether this hormone is the steroid ligand 
of DAF-12 remains to be established.
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Lack of food, over-crowding, heat, stress

i
Reduced secretion of ins ligands

i
Reduced insulin-like signalling

i
Activation of DAF-16
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Steroid hormone

DAF-12 (NHR)

Genes involved in lipid storage, stress responses, 
maintenance and repair of damage

i
Dauer formation and/or longevity

Figure 1.3: Diagram illustrating the possible mechanisms by which envi
ronmental stress may lead to a reduced rate of ageing. CYP: cytochrome 
P450; NHR: nuclear hormone receptor. This figure was drawn by hand using 
Microsoft PowerPoint.

1.1.4.1 W hy does ILS reduce lifespan?

The benefit of increased lifespan but decreased fertility in response to stress may be to 
delay reproduction until conditions are more favourable (Masoro & Austad, 1996). For 
example, when food is more abundant, over-crowding is less severe or the temperature 
closer to optimal, reproduction is probably more likely to succeed. Dietary restriction 
is a method commonly used to induce unfavourable conditions experimentally, by sup
plying only approximately 60% of the ab libitum food level. In support of the idea of 
a reproduction/lifespan trade-off, reduced fecundity and increased lifespan are observed 
during dietary restriction (DR) (Zamiri, 1978; Chapman &; Partridge, 1996; Chapman 
et al., 1998; Sonntag et al., 1999; Good & Tatar, 2001; Drummond-Barbosa & Spradling,
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2001) and in long-lived strains of Drosophila (Luckinbil et al., 1984; Zwaan et al., 1995; 
Sgro & Partridge, 1999). This suggests that the effect of DR on lifespan may be linked 
to the cost of reproduction.

In conclusion, it is possible that a trade-off exists between fecundity and longevity. 
Control of ageing is likely to be mediated, at least in part, by the IIS pathway. IIS may 
reduce lifespan under conditions of abundant food, as a side-effect of exploiting these 
conditions by maximising fecundity (Partridge & Gems, 2002).

1.1.4.2 How does ILS reduce lifespan?

As described above, the genes controlled by the IIS pathway that mediate regulation of 
lifespan are likely to include those encoding proteins involved in repair and protection 
from oxidative damage and stress responses. In support of this theory, several studies 
have begun to identify the target proteins controlled by the ILS pathway, as these are 
proposed to represent the molecular determinants of ageing. These studies have found 
that proteins that protect against oxidative damage and other forms of stress are up- 
regulated in long-lived ILS pathway mutants (Honda & Honda, 1999; Holzenberger et al., 
2003; Hsu et al., 2003; Lee et al., 2003; Murphy et al., 2003; Walker & Lithgow, 2003; Li 
et al., 2004a; McElwee et al., 2004). The genes down-regulated in long-lived animals are 
likely to be those involved with reproduction (Tissenbaum & Ruvkun, 1998) and growth 
(McElwee et al, 2004). This area is studied in detail in Chapter 5.

1.2 Membrane proteins

Transmembrane (TM) proteins are those that span the membrane lipid bilayer. They are 
estimated to comprise 20-30% of all proteins (Arkin et al., 1997; Wallin & von Heijne, 1998; 
Schwartz et al., 2001; Knight et al., 2004; Klein et al., 2004) and are of huge biological 
significance since they mediate most of the communication between cells and cellular 
compartments. Membrane proteins fall into two classes, which span the membrane either 
by a bundle of a-helices (TM helices) or a barrel of /3-strands (TM strands). An example 
of each of these classes of protein are shown in Figure 1.4. The study of TM proteins in 
this thesis concentrates mainly upon a-helical TM proteins.
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A

Figure 1.4: A: The structure of the Kcsa K+ channel (lbl8) from Strepto- 
myces lividans (Doyle et al., 1998), an a-bundle TM protein. B: The structure 
of porin b (2por), a /3-barrel TM protein (Weiss & Schulz, 1992). This figure 
was produced using Molscript v2.1 (© Per Kraulis, 1997-1998).
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As described above, UCPs are membrane proteins with a possible role in ageing, but 
their mechanism of action remains very poorly understood. This lack of understanding 
derives mainly from the fact that, until only very recently, their 3-dimensional structure 
had not been determined. However, in 2003 the structure of the adenine nucleotide carrier 
was solved by Pebay-Peyroula et al. (2003) with a resolution of 2.2A. The structure, shown 
in Figure 1.5, has six TM helices surrounding a pore, and shows pseudo-3-fold symmetry 
due to a 3-fold sequence repeat.

IM M

Matrix

Figure 1.5: Structure of the adenine nucleotide carrier (Pebay-Peyroula 
et al., 2003) in a view perpendicular to the membrane normal. IMS: Inter
membrane space; IMM: Inner mitochondrial membrane; Matrix: Mitochon
drial matrix. The red box shows the location of the membrane lipid-tail- 
spanning and head-group-spanning regions, as defined by PSlice (see Chapter 
3). This figure was produced using MolScript.

Lack of structural information is a common problem in the study of TM proteins for 
two main reasons:
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• Due to the small quantities of membrane proteins found in cells, and difficulties 
with expression systems, it is often difficult to obtain sufficient protein for analysis

• Crystallisation is often difficult to achieve because the membrane-spanning surface 
of membrane proteins is covered by hydrophobic residues, in order to facilitate 
interaction with the hydrophobic membrane. The consequent poor water solubility 
of TM proteins hinders their solubilisation, prior to crystallisation and structure 
determination.

The extent of the problem is illustrated by comparing the number of TM protein 
structures deposited in the Protein Data Bank (Bernstein et al., 1977) (PDB) with the 
number of water-soluble protein structures. Even in January 2004, only approximately 
0.5% of the 23792 structures in the PDB were TM proteins (Figure 1.6).
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Figure 1.6: Chart illustrating the small proportion of the PDB made up of 
TM proteins. (All structures, including homologues, released up until the 
end of 2003 are included).

This lack of structural information has lead to a poor understanding of TM protein 
structure, compared to that for water-soluble proteins. An understanding of TM pro
tein structure is particularly desirable since it may facilitate structural modelling until 
high-through-put TM protein structure determination is possible. Given the biological
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importance of TM proteins such as the UCPs, this is a medically and scientifically very 
valuable goal. Chapters 2 to 4 of this thesis attempt to address this issue by:

• studying the available a-helical membrane protein structures in detail to increase 
our understanding of TM helix packing

• applying this knowledge to modelling of UCP structure by predicting the packing 
of its TM helices

1.3 Evolutionary theory and its application to  the  
study of protein structure and function

Ultimately, all organisms are thought to have arisen from a universal common ancestor 
(Stefan &; Stumvoll, 2002). Similarly, the proteins that make up the building blocks of life 
belong to evolutionarily-related families. The formation, maintenance and alteration of 
these families is governed by natural selection. Hence the identity of any particular residue 
in a protein is the result of the combined actions on the ancestral residue of selection, 
tending to favour residues which lead to a functionally advantageous phenotype, and the 
stochastic effects of mutations.

Where variation exists at a particular position, the likelihood of a mutation being fixed 
in the population that substitutes one residue for another will depend upon the similarity 
of those two residues. This is because a residue with similar properties, such as size or 
charge, is more likely to be capable of performing the function of another similar residue 
than of one with very different properties. These variations in the likelihood of different 
substitutions can be represented as substitution matrices containing the probability of 
any particular residue being substituted by any other residue (Dayhoff, 1978).

These principles of evolution can be exploited in order to identify important relation
ships between different proteins and between a protein’s sequence and its function. Such 
techniques have been crucial throughout this thesis and are therefore described in this 
section.

1.3.1 Identification of homologues

Protein homologues can be identified by sequence comparison. Often this involves com
paring the sequence of interest to a database of known protein sequences to identify 
statistically-significant relatives. A common technique, Basic Local Alignment Search 
Tool (BLAST) (Altschul et al., 1990), performs this task by dividing a protein sequence
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into tripeptide (three residue long) fragments. This list of fragments is then extended, by 
including all possible substitutions according to the mutation m atrix selected, and this 
list is compared to a database of sequences. When a sequence from the database matches 
a tripeptide fragment, the overlapping regions are extended in each direction as far as 
possible. A score is then calculated using a mutation matrix to determine the likelihood 
of the substitutions suggested by that alignment. Finally, the scores of all matches are 
compared in order to identify the closest possible match within the database. The scores 
are quoted as E-values. E-values are defined as the expected number of matches with 
score S or greater, between a query sequence and a sequence within a database of size N.

Later, BLAST was extended to Position-Specific Iterative-BLAST, or PSI-BLAST 
(Altschul et al., 1997). PSI-BLAST differs from BLAST in that it consists of multiple 
rounds of searching against the database. The first round is very similar to that performed 
during a BLAST search and is used to identify close relatives to the query sequence. The 
alignment of the query sequence and its relatives is then used to generate a position-specific 
score matrix, and this matrix is used to search the database in subsequent rounds. The 
score matrix is updated in each iteration until either no new relatives are identified or a 
maximum number of iterations have been performed. Profile-based methods, such as this 
one, are thought to be more sensitive at identifying remote sequence homologues than 
pairwise comparison methods (Altschul et al., 1997).

Methods such as BLAST and PSI-BLAST can be of use for identifying the function 
of a sequence with no associated annotation. It can also identify a group of sequences 
belonging to a family, helping to establish phylogenetic relationships. As described below, 
an alignment of homologous sequences, such as that derived from BLAST or PSI-BLAST, 
can be used to identify conserved residues that are likely to be structurally or functionally 
important.

1.3.2 Detection of evolutionary sequence conservation

The calculation of residue sequence conservation amongst homologous proteins can be 
performed by the algorithm SCORECONS (Valdar & Thornton, 2001). SCORECONS 
scores each residue position of a multiple sequence alignment in terms of its conservation. 
The mutation matrix of Jones et al. (1992) is used to determine the likelihood of a partic
ular residue being replaced by another and to calculate a score based on the variability of 
each position. A SCORECONS score of 0 indicates a lack of conservation at that position, 
whereas the maximal score of 1 indicates very high sequence conservation.

The implication of a sequence conservation score is the potential to identify residues 
on which natural selection has acted strongly to maintain residue identity. These residues,
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with scores close to 1, are likely to have important functional or structural roles within the 
protein, such as ligand-binding or forming important structural contacts. This technique 
is employed in Chapter 4, in order to identify residues within the UCP TM helices that 
are likely to form contacts between the TM helices.

A similar method can also be used to identify functionally im portant regions of DNA 
sequence. This technique has been used successfully to identify transcription factor bind
ing sites within the promoters of genes (Blanchette & Tompa, 2002; Cliften et al., 2003; 
Berezikov et al., 2004). This method, known as Phylogenetic Footprinting (Tagle et al., 
1988), is described in more detail in Chapter 5.

1.4 Aims of this thesis

The major goals of current ageing research are to:

• Identify the precise mechanisms by which the damage that causes ageing is produced, 
and how this damage leads to ageing

• Understand how the control of lifespan achieved, in response to signals from the 
internal and external environment

• Determine whether these mechanisms are conserved across all branches of life.

Broadly, the aim of the work within this thesis is to increase our understanding of 
the mechanisms of ageing. This thesis can be divided into two sections, which in turn 
begin to address the first two of the stated goals. Firstly, a detailed study of one specific 
protein with a possible role in ageing and oxidative damage is performed. This is followed 
by a more wide-ranging study that analyses the general mechanisms by which lifespan is 
controlled by ILS.

Specifically, Chapters 2-4 of this thesis are concerned with the uncoupling proteins 
(UCPs), a-helical transmembrane proteins with a possible role in ageing, diabetes and 
obesity. Chapter 2, begun in December 2001, attempts to formulate a possible model for 
UCP structure, using a variety of methods and published mutagenesis data.

In Chapter 3, a detailed analysis of the 24 currently available non-homologous a-helical 
polytopic membrane protein structures is performed, with the aim of identifying param
eters with the power to predict TM helix packing. Crucially, the parameters involved are 
sequence-based and can therefore be used to generate structural information for proteins 
for which only a sequence is available. This analysis was first performed in June 2002 
with 18 structures, but was updated to include a total of 24 structures in January 2004.
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(While approximately 80 polytopic a-helical TM protein structures had been solved in 
January 2004, homologous proteins were removed to give these smaller, non-redundant 
datasets).

Chapter 4 aims to use the data derived from Chapter 3 to develop a method to 
predict transmembrane helix packing and to use this method to propose a model UCP 
structure. It is hoped that this work, begun in December 2002, would not only increase 
our understanding of UCP structures, and their possible role in ageing, but also provide 
a predictive method applicable to all TM protein families lacking structural information. 
In November 2003, after this work had been completed, the structure of a related protein, 
the adenine nucleotide carrier, was determined. At the end of Chapter 4, the adenine 
nucleotide carrier structure is compared to that of the predicted UCP model and the 
strengths and weaknesses of the modelling method are assessed.

Finally, Chapter 5 addresses the second goal described above: the regulation of lifes
pan. This work makes use of microarray data from C. elegans mutants with defects in the 
insulin-like signalling pathway, a pathway that, as described previously, has been linked 
to the regulation of lifespan. Data concerning the expression of genes in these mutants 
permits potential ageing- and longevity-promoting genes to be identified. Via the use of 
algorithms to identify sequence motifs that are significantly over- or under-represented in 
these genes, this chapter aims to identify possible transcription factor binding sites with 
a potential role in the regulation of lifespan.

This thesis therefore has implications for the study of membrane proteins in general, 
and specifically of a TM protein with a potential role in ageing. In addition, it investi
gates how control of lifespan is achieved through a large number of interacting regulatory 
proteins. It is therefore hoped that the thesis will impact upon our knowledge of ageing 
on a number of levels.



Chapter 2

Manual m odelling of uncoupling  
protein structure using experim ental 
data from the literature

2.1 Introduction

2.1.1 Aims of this chapter

The uncoupling proteins (UCPs) are a family of proteins found in the inner mitochondrial 
membrane that have been proposed to serve several crucial biological roles (Kerner et al, 
2001; Barazzoni & Nair, 2001). Whilst their primary sequence was known, and several 
probable functionally-important residues had been identified, very little was known of 
their 3-dimensional structure or mechanism of action at the time this work was carried 
out. The lack of structural information derived from the difficulties in practical approaches 
to solving the structures of transmembrane (TM) proteins due to their poor solubility in 
aqueous solution. The aim of this study, performed between October 2001 and May 2002, 
is, therefore, to gain structural information for the UCPs from a theoretical analysis of 
the available primary sequence and literature.

2.1.2 An overview of the uncoupling protein family

The brown fat uncoupling protein, now known as UCP1, from the golden hamster was first 
sequenced and its primary structure analysed by Aquila et al. (1985). Four paralogues 
are now known, UCP2, UCP3, UCP4 and brain mitochondrial carrier protein 1 (BMCP1) 
(Bouillaud et al, 2001), the aligned sequences of which are shown in Figure 2.1. In 
addition, UCP3 exists in two forms, UCP3L and a truncated UCP3S, due to a partially

37
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active polyadenylation site in intron 6 (Solanes et al., 1997). The precise functions of the 
UCP family members remain poorly understood but various studies have suggested a role 
for UCPs in cold adaptation, ageing and obesity (Mizuno et al., 2000; Schrauwen et al., 
1999; Casteilla et al, 2001; Barazzoni &; Nair, 2001; Kerner et al, 2001).
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As described in Section 1.1.3.1, the UCPs are thought to catalyse leakage of protons 
through the inner mitochondrial membrane (IMM), back into the matrix, without ATP 
synthesis. Hence, as illustrated in Figure 1.1, the UCPs are said to ‘uncouple’ oxidative 
phosphorylation from ATP production. One characteristic common to all UCPs is that 
their function is inhibited by purine nucleotides (Jaburek et al., 1999; Rial et al., 1999) 
and stimulated by superoxide (Echtay et al., 2002).

The brown fat of small mammals and mammalian infants is particularly rich in mi
tochondria. UCP1 is thought to uncouple the brown fat mitochondria, generating heat 
that is important in regulating body temperature (Klaus et al., 1991). Uncoupling by 
UCPs is thought to be particularly important in the response of these animals to acute 
cold exposure. Most adult mammals, however, lack both brown fat and significant UCP1 
expression.

Homologues of UCP1, known as UCP2 and UCP3, have more recently been discovered. 
UCP2 is widely distributed throughout many tissues (Fleury et al., 1997) and UCP3 is 
found mainly in skeletal muscle and the brown fat of rodents (Liu et al., 1998). Given 
the high metabolic rate of skeletal muscle, it was suggested that UCP3 may be involved 
in adult thermogenesis (Pecqueur et al., 2001). The presence of UCPs in plants, fungi, 
protozoa and ectotherms, however, suggests that, perhaps in addition to thermogenesis, 
UCPs may play a role in other processes such as control of energy expenditure. Consistent 
with this, type II diabetic patients, in whom energy use is dysregulated, show reduced 
UCP3 expression (Schrauwen et al., 2001). Polymorphisms in the UCP genes have also 
been linked to obesity and diabetes (Walder et al., 1998; Kozak, 2000). However, some 
studies have failed to detect this correlation (Dalgaard & Pedersen, 2001; Dalgaard et al,
2001) and the physiological roles of the UCP1 homologues remain unclear.

UCP1, 2 and 3 have all been shown to uncouple mitochondria when expressed in 
yeast, transgenic mice or cell lines (Kim-Han et al., 2001; Cadenas et al., 2002; Echtay 
et al., 2000b, 2001b). However, this function is controversial, since some groups observed 
that this proton transport by UCP2 and 3 was not inhibited by nucleotides (Kim-Han 
et al., 2001; Cadenas et al., 2002), activated by superoxide or proportional to the UCP 
concentration (Cadenas et al., 2002). This suggested that the proton leak may be a non
specific expression artefact and implied that the UCP1 homologues may not be capable of 
proton transport and may perform a different function. A similar expression artefact has 
also been observed on expression of other members of the mitochondrial carrier family in 
yeast, even at physiological levels (Stuart et al., 2001a,b; Harper et al., 2002). However, 
nucleotide-sensitive proton transport by all UCPs has been observed in the presence of 
the cofactor coenzyme Q (Echtay et al., 2000b, 2001b). Hence it is likely that all UCPs 
are capable of proton transport that requires coenzyme Q and fatty acids and is inhibited
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by nucleotides.
It has been observed that uncoupling of mitochondria by the UCPs reduces their 

proton motive force, and hence also the rate of generation of free radicals and other 
reactive oxygen and nitrogen species (ROS) (Nishikawa et al., 2000; Vidal-Puig et al, 
2000; Arsenijevic et al, 2000). This process is described in detail in Section 2.1.3.4. 
Uncoupling has, therefore, been proposed to reduce the rate of oxidative damage to local 
cellular biomolecules and hence to slow ageing (Mizuno et al, 2000; Schrauwen et al, 
1999; Casteilla et al, 2001; Barazzoni &; Nair, 2001; Kerner et al, 2001). It has been 
shown by some groups that knockout mice lacking UCPs show reduced proton leak and 
increased ROS production in muscle (Vidal-Puig et al, 2000; Gong et a l, 2000), although 
others have been unable to confirm this (Cadenas et al, 2002). Hence there is some 
evidence that the UCPs may be involved in the control of longevity, via the minimisation 
of oxidative damage.

2.1.3 Proposed physiological roles of the uncoupling protein ho
mologues

Four principal roles have been suggested for the UCPs. These are:

• Thermogenesis

• Body weight homeostasis

• Fatty acid catabolism

• Protection from free radical damage

Evidence for and against these proposed roles will be discussed in turn. The most 
likely role for each UCP is summarised in Table 2.1.

2.1.3.1 Thermogenesis

The role of UCP1 in thermogenesis, via an increased proton leak across the IMM, is well 
established, and initially the other UCPs were also thought to be involved. Wild type mice 
adapt to the cold by ceasing shivering and switching to non-shivering thermogenesis, which 
is mediated by UCP1. UCP1 knockout mice, however, continue to shiver during prolonged 
periods at low temperature. This suggests that no other mechanism for thermogenesis 
exists, and that the other UCPs are not capable of substituting for UCP1 in this function 
(Golozoubova et al, 2001). The physiological roles of the other uncoupling proteins 
therefore remain unresolved.
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U C P Role Species
transported

UCP1 Thermogenesis Protons

UCP2 Protection from fatty acid accumulation or liberation of CoASH 
(Or possibly protection from free radical damage)

Fatty acids 
(Protons)

UCP3 Protection from free radical damage
(Or possibly protection from fatty acid accumulation or liberation 
of CoASH)

Protons 
(Fatty acids)

Table 2.1: Likely roles of the UCPs and the corresponding species trans
ported

2.1.3.2 Body weight hom eostasis

Clapham et al. (2000) found that mice over-expressing UCP3 are small, despite hyperpha- 
gia (increased food consumption). This suggested a role for UCP3 in the control of energy 
usage. Consistent with this role, UCP2 and UCP3 mRNA expression is up-regulated 2- 
fold during a high fat diet (Bezaire et al., 2001). However, UCP3 knockout mice are not 
obese (Gong et al., 2000), indicating that this role is not clear-cut or direct.

2.1.3.3 Fatty acid catabolism

In addition to up-regulation during a high fat diet, UCP2 and UCP3 mRNA expression is 
increased 4-fold during fasting (Bezaire et al., 2001). The common aspect of each of the 
conditions that stimulate UCP expression (cold exposure, fasting and a high fat diet) is 
an increased fat catabolism. This suggests that the primary role of the UCP2 and 3 may 
be linked with this process. Consistent with this role, UCP3(-/-) mice show respiratory 
changes that are associated with reduced fatty acid catabolism (Bezaire et al., 2001).

This work suggests that the action of UCP2 and 3 may be not proton translocation but 
export of fatty acids from the mitochondrial matrix. Two particular roles for this export 
function have been proposed: (1) to facilitate rapid /3-oxidation by allowing Co ASH to 
return to the usable pool and (2) to protect against the accumulation of fatty acids in the 
matrix.

During fat catabolism, fatty acids enter the mitochondrion as acyl-CoA. Mitochon
drial thioesterase 1 (MTE-1) cleaves acyl-CoA, liberating CoASH and fatty acid anions 
within the mitochondrial matrix. The physiological role of this process is unknown, but
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some groups believe that UCP3 then transports the fatty acid anions back out of the 
mitochondrion in order to their prevent accumulation in the matrix, where they cannot 
be metabolised (Himms-Hagen & Harper, 2001). This would explain the up-regulation of 
UCP3 during conditions in which fat oxidation is high, since at these times the acyl-CoA 
levels would be highest and the cell would be at greatest risk from fatty acid anion ac
cumulation. In addition, the increased demand for CoASH would favour a mechanism in 
which this molecule was liberated from existing complexes for re-use. Support for this role 
for UCP3 and MTE-1 comes from the observed co-ordinated regulation of their expres
sion during conditions in which the plasma lipid concentration is altered (Clapham et al.,
2001). In contrast, there appears to be no correlation between the expression patterns of 
MTE-1 and UCP1 or UCP2, suggesting that these have a different physiological role.

2.1.3.4 Protection from free radical damage

The primary role of the uncoupling protein homologues may be to minimise production 
of reactive oxygen species, in order to protect the cell from free radical damage. ROS 
production is thought to occur by the following mechanism: When the demand for ATP 
is low, little adenosine diphosphate will be present for phosphorylation by ATP synthase. 
As a result, fewer protons will be used by ATP synthase and so the proton motive force 
will increase. The greater proton gradient will lead to more energy being required for 
the electron transport chain to transfer protons across the IMM. The flow of electrons 
will therefore be slower, so that each of the electron transport chain intermediates will 
remain reduced (carrying an extra electron) for longer. Certain intermediates, notably 
semi-quinone, will be in radical form when reduced, and their increased lifespan leads to 
an increased likelihood of reaction with oxygen. On reaction of an electron with oxygen 
a superoxide radical, O^", is formed.

The superoxide radical, although relatively unreactive and unable to cross the mi
tochondrial membrane itself, is capable of reaction with a number of other species, so 
forming more reactive radicals which are thought to cause significant damage to various 
cellular macromolecules. Radicals, being in general highly reactive, are unable to travel 
long distances without reaction. Hence the primary targets are thought to be molecules 
in close proximity to the site of radical generation, such as the mitochondrial DNA. The 
action of the UCPs will tend to reduce the proton motive force, and hence also the ten
dency of the electron transport chain intermediates to react with oxygen and to produce 
radicals. Since uncoupling by the UCPs is stimulated by superoxide (Echtay et al., 2002), 
the UCPs have been proposed to form an essential part of the electron transport chain, 
modulating the cellular levels of superoxide, and consequently of ROS (Casteilla et al.,
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2001). The widespread distribution of the UCPs, in plants, animals, fungi and protozoa, 
suggests that they represent a general strategy for maintenance of redox balance.

Much evidence has been obtained in support of the view that UCPs may protect 
against ROS damage. For example, mitochondrial superoxide production can be pre
vented by relatively modest levels of UCP1 expression (Nishikawa et al., 2000), or in
creased by knockout of UCP3 in mouse skeletal muscle (Vidal-Puig et a l , 2000). Similarly, 
the macrophages of UCP2 knockout mice generate greater quantities of ROS (Arsenije- 
vic et al., 2000). It has been proposed by Kim-Han et al. (2001) that in the brain this 
action may allow the brain uncoupling protein, BMCP1, to protect neurones against the 
oxidative damage that is thought to be a major cause of the pathophysiological changes 
that occur in neurodegenerative conditions. The group found that, while uncoupling was 
increased, superoxide production was 25% lower in cells weakly over expressing BMCP1 
compared to controls. Using mitochondrial depolarising agents they showed that this 
corresponds to the majority of mitochondrially derived superoxide.

Work using transgenic knockouts and mice over-expressing UCP3 has indeed shown 
that, while UCP3 does not contribute to basal proton conductance or basal metabolic 
rate, it does seem to catalyse a superoxide-induced proton conduction (Echtay et al.,
2002). Although they observed a 4-fold increase in proton conductance in transgenic 
mice over-expressing UCP3, Cadenas et al. (2002) proposed that this was an artefact not 
likely to be due to any native uncoupling activity of UCP3, for two reasons: (1) The 
increase in proton conductance observed was not proportional to the increase in UCP3 
expression. (2) The increased conductance did not share the properties of induction by 
superoxide and inhibition by purine nucleotides that is characteristic of native uncoupling 
by the UCPs (Cadenas et al., 2002). However, in UCP3 knockout mice, superoxide- 
induced proton conductance was abolished without affecting the basal metabolic rate, 
suggesting this inducible conductance is the physiological role of UCP3 (Echtay et al.,
2002). This suggests that the UCPs may form part of a ROS defence system that de
creases ROS production when radicals accumulate, operating a compromise between loss 
of energy efficiency during uncoupling and increased risk of ROS damage in the absence 
of uncoupling.

2.1.4 Proposed role of the U C Ps in ageing

UCPs have been proposed to form an essential part of the electron transport chain, mod
ulating the production of superoxide, and consequently of ROS (Casteilla et al., 2001). 
An increased ROS burden is believed to cause cellular damage that contributes to ageing. 
This is known as the Oxidative Damage Theory of ageing (see Section 1.1.3). Evidence,
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from studies over expressing antioxidant enzymes, is accumulating in favour of this hy
pothesis (Parkes et al., 1998b; Hari et al., 1998; Schwarze et al., 1998; Parkes et al., 1998a; 
Sun & Tower, 1999).

Some interesting studies have suggested that UCPs may play a role in the increased 
ROS damage that occurs during ageing. Firstly, both reduced expression levels of UCP3 
and fewer mitochondria are found within skeletal muscle of aged rats (Kerner et al., 2001; 
Barazzoni & Nair, 2001), although one study has failed to find any change in numbers 
of mitochondria (Farrar et al., 1981). This reduced UCP3 expression is accompanied by 
the expected decrease in uncoupling. There are no changes in normal respiration or in 
the activity of other mitochondrial enzymes, indicating that mitochondrial efficiency in 
general is not impaired (Kerner et al., 2001). The decrease in number of mitochondria 
is likely to contribute to the weakness that occurs concurrently with loss of muscle mass 
in the elderly. However, perhaps it is necessary, in order to partially compensate for the 
increased production of ROS caused by reduced UCP3 expression. Alternatively, perhaps 
UCP expression is lowered as a result of decreased demand, when less ROS are produced 
from the lower numbers of mitochondria present. More work is needed to establish these 
cause/effect relationships in detail.

Interestingly, it has been proposed that UCPs may mediate the protective effects 
of some polyunsaturated fatty acids against the age-associated diseases (Cha et al., 
2001). These lipids stimulate UCP2 and UCP3 expression via the peroxisome proliferator- 
activated receptors (PPARs) when fed to mice (Armstrong & Towle, 2001; Cha et al., 
2001). This mechanism may be responsible for the action of polyunsaturated fats to re
duce obesity and as a result protect against cardiovascular disease. Polyunsaturated fatty 
acids also have many other physiological effects which may be involved in, or entirely 
responsible for, these actions and further work is needed to either confirm or rule out a 
role for the UCPs.

2.1.5 Location and regulation of UCP expression

Information concerning the distribution and control of UCP expression is given in Tables
2.2 and 2.3.

2.1.6 The structural organisation of the uncoupling proteins

The UCPs each have a molecular weight of approximately 33kDa and a length of 306-309 
amino acids. According to our current understanding, their main features are:

• Three highly homologous tandem domains
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U C P Location R eference

UCP1 Brown fat and longitudinal smooth muscle Nibbelink et al. (2001)

UCP2 Many tissues Fleury et al. (1997)

UCP3 Skeletal muscle and brown fat of small mammals Liu et al. (1998)

UCP4 Brain Mao et al. (1999)

BMCP1 Many tissues particularly CNS Sanchis et al. (1998)

Table 2.2: Tissue expression patterns of the UCPs

• Six transmembrane a-helices with both N and C termini located towards the cytosol

• A nucleotide-binding domain, to which nucleotides bind and regulate UCP activity

These features are discussed in detail below.

2.1.6.1 The tripartite structure o f the uncoupling proteins

The UCPs consist of 3 homologous domains, each approximately 100 amino acids long 
(Aquila et al., 1985). All three domains show significant similarity to the mitochondrial 
carrier protein signatures, as defined by various protein family databases (PFAM fam
ily PF00153; PRINTS PR00784; PROSITE PS00215 and INTERPRO IPR001993). The 
UCPs are, therefore, members of the mitochondrial carrier protein family (MCF), along 
with the ADP/ATP translocase, the 2-oxoglutarate/malate carrier, the mitochondrial 
phosphate carrier and many others. The members of this family of proteins are evolution
a r y  membrane proteins found in the inner mitochondrial membrane, across which they 
transport a variety of substances.

The UCPs themselves form the INTERPRO IPR002030 subfamily, known as the mito
chondrial brown fat uncoupling proteins, within the MCF. Hence their sequence contains 
regions conserved among the UCPs alone, and among the whole mitochondrial carrier 
family, as shown in Figure 2.2.

Homology between the three domains suggests that the present UCPs were formed by 
triplication of an ancestral 100 residue domain. Analysis of conserved residues highlights 
this tripartite structure, since the same residues are often found at equivalent positions 
in each domain. Many of these residues are characteristic of the mitochondrial carrier
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Factor Reference N otes

47

Oestrogen Pedersen et al. (2001) UCP1 is up-regulated in brown adipose tissue and
UCP2 in white adipose tissue. May contribute 
to the effects of oestrogen on body weight and 
energy expenditure associated with ovarectomy.

IGF-1 Gustafsson et al. (2001) IGF-1 implicated in protection of neurones from 
ROS damage. Loss of IGF-1 in Non Insulin De
pendent Diabetes may lead to associated neu
ropathies via decreased UCP3.

PPAR a  and 7 Kelly et al. (1998) UCP1, 2 and 3 are all up-regulated.

Beta-3 agonists Gong et al. (1997) May mediate response to cold. Observed for
UCP1 and UCP3 but not UCP2.

Retinoids Alvarez et al. (1995)

Thyroid hormone Larkin et al. (1997); Gong Observed for UCP1 and UCP3 but not UCP2. 
et al. (1997); Branco et al.
(1999)

Leptin Gong et al. (1997)

Table 2.3: Factors stimulating the expression of the UCPs. In addition, all 
UCPs are inhibited by purine nucleotides, and both fatty acids and coenzyme 
Q are required for their activity.

family. Three arginine residues, for example, are found at the same point in TM helix 2, 
4 and 6 (residues R83, R182 and R276 in UCP1).

2.1.6.2 Predicted transm em brane organisation of the uncoupling proteins

Confirming the work of Aquila et al. (1985), hydropathy analysis of human UCP1 and 
adenine nucleotide carrier suggests that they have 6 transmembrane helices, although 
TMs 2 and 4 are likely to be amphipathic and are more weakly detected. The six regions 
of increased hydrophobicity can be seen on a hydropathy plot, as shown in Figure 2.3. 
The reduced hydrophobicity of TMs 2 and 4 relative to the others may have important 
implications for the modelling of the UCPs, and will be investigated further in later work. 
Specifically it may suggest that these helices are located within the helix bundle, rather 
than adjacent to membrane lipid-tails. As illustrated in Figure 2.4, the six transmembrane
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Figure 2.2: Schematic diagram showing the domain organisation of the un
coupling proteins. A: PROSITE and PFAM signatures found in all mitochon
drial carrier proteins. B: PRINTS Signature unique to the UCP subfamily.

helices are each encoded by a separate exon of the UCP genes (Kozak et a/., 1988).
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Figure 2.3: Hydropathy analysis of human UCP1 and adenine nu
cleotide carrier showing predicted transmernbrane regions. The 
plot was produced using the Weizmann Bioinformatics Server 
(http://bioinformatics.weizm.ann. ac.il/hydroph/ ) ,  using the Kyte and 
Dootlittle hydrophobicity scale (Kyte & Doolittle, 1982) and a window size 
of 19. Hydrophobicity values below 0 indicate high hydrophobicity and a 
likely TM region.

http://bioinformatics.weizm.ann
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Figure 2.4: Schematic diagram showing the exons and tripartite structure 
of the uncoupling proteins, and the locations of the transmembrane helices.
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Various groups have used antibodies, tryptic cleavage and affinity labelling reagents 
to probe the organisation and orientation of the UCPs in the membrane. Regions shown 
to be on the matrix side include residues 61-79, 164-184 and 253-279 (Miroux et a i, 1993, 
1992) and on the cytosolic side the N and C termini and residues 105-118 (Eckerskorn & 
Klingenberg, 1987; Miroux et al., 1993). In addition, Gonzalez-Barroso et al. (1997) have 
identified matricial loops in each domain that come together to control transport through 
the protein by acting as a gate. Removal of this region allows the UCP to function as a 
non-specific pore permeable to molecules up to lkDa, rather than a proton-specific carrier. 
These gate regions are also thought to be involved in the binding of purine nucleotides 
(Gonzalez-Barroso et al., 1999).

The view of the structure of the UCP family at the time the present study was carried 
out is shown in Figure 2.5. The three dimensional arrangement of the transmembrane 
helices of the UCPs, or any member of the mitochondrial carrier family, had yet to be 
determined. More recently, however, the structure of one family member has been deter
mined, as described in Section 2.2.1 and in more detail in Chapter 4, Section 4.4.1. It 
had been shown experimentally that the closely related ADP/ATP carrier (Huang et al,
2001) and phosphate carrier (Schroers et al., 1998) dimers were likely to contain a single 
membrane-spanning channel, or other transport pathway. Hence it was assumed that the 
same was true for the UCPs. How many of the helices contribute to the lining of the pore, 
and their relative arrangements and orientations, however, remained to be established. It 
was therefore hoped that work in this area to predict such a structural model may enable 
us to understand more fully the mechanisms by which transport occurs in the UCPs.

2.1.6.3 The proposed purine nucleotide-binding dom ain

Like the related ADP/ATP carrier, another member of the MCF, PROSITE similarity 
analysis suggests that the C terminal regions of the UCPs contain a purine nucleotide- 
binding domain. Whereas the nucleotide is the substrate for transport by the ADP/ATP 
carrier, the UCPs are inhibited by purine nucleotides (Jaburek et al., 1999; Rial et al., 
1999). This site is important in the control of UCP function and hence, perhaps, also in 
processes such as energy metabolism and ageing.

The presence of such highly conserved charged residues within the transmembrane he
lices (shown in Figure 2.5) initially highlighted that they may play important functional 
roles. It now seems that many are involved in nucleotide binding. Whilst the binding 
site is located mainly in the third domain of the protein, packing of the helices allows 
contribution from homologous residues in other domains. For example, the three con
served arginine residues, R83, R182 and R276, are thought to bind the phosphate groups
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Figure 2.5: Proposed structure of UCP1 as of October 2001, highlighting 
important functional residues: Black- Helix termini; Red- Purine nucleotide 
ring binding; Green- Nucleotide phosphate group binding; Blue- Regulation 
of NTP (but not NDP) binding; Yellow- Gating loops forming hydropho
bic pocket for binding of purine moiety of nucleotide; Orange- pH sensor 
for nucleotide-binding. Each exon is indicated by a Roman Numeral and 
separated from the others by a vertical black line.

of the inhibitory purine nucleotide. This was shown when replacing them with uncharged 
residues abolished nucleotide-binding in isolated UCP1 (Echtay et al., 2001a).

Nucleotide binding is pH-dependent. This property is thought to be provided by 
protonation of the carboxyl group of E190 (Winkler et al., 1997). In support of this idea, 
removal of this carbonyl group by mutation of glutamic acid 190 to glutamine gives the 
predicted mutant in which binding affinity is no longer affected by pH (Echtay et al.,

1997). Site directed mutagenesis has shown that residues H214, D209 and D210 also 
contribute to the pH-dependence of binding. H214 binds to NTP but not NDP in a 
pH-dependent manner (Echtay et al., 1998) and the two adjacent aspartates are thought 
to function by holding H214 in the correct orientation in the binding site (Echtay et al., 

2000a).
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2.1.6.4 Evolutionary conservation

The multiple sequence alignment in Figure 2.6 demonstrates the high degree of similarity 
between a range of UCP homologues from different species. Human and pig UCP2, for 
example show 94% sequence identity.

Since such strong conservation between domains is visible throughout the mitochon
drial carrier family, it seems extremely likely that, prior to duplication and divergence into 
specialised proteins, an earlier triplication of an ancestral 100 residue domain was respon
sible for creating their tripartite structure. Various groups have mapped the intron/exon 
structure of the UCPs and other mitochondrial carrier proteins (Tu et a l, 1999). That 
both the intron/exon structure and the UCP sequences are so highly conserved provides 
very strong evidence that they evolved from a common ancestor. Other evidence in
cludes the findings of Pecqueur et al. (1999) who demonstrated that UCP2 and UCP3 
are juxtaposed on human chromosome 11, suggesting that they arose by duplication of an 
ancestral UCP gene. The proposed evolutionary relationships between various members 
of the human mitochondrial carrier protein family are illustrated in the phylogenetic tree 
in Figure 2.7. The uncoupling proteins form a clear subfamily, distinct from the other 
carrier proteins.
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Figure 2.6: Multiple sequence alignment of various UCPs demonstrating 
their high sequence identity. The alignment was generated using MultiAln 
(Corpet F, 1988). Red and blue indicate respectively positions with greater 
than 90% and 50% identity.



Chapter 2. Manual modelling o f UCP structure

LUCP3s 

-UCP31

________ _________ UCP2

p- ---------------------UCP1

j ----------------------------- UCP4
I----------------------------- u c p 5

------------------- Deoxynucleotide carrier

r - Citrate transporter

- ■ Oxodicarboxylate carrier
Acyl/carnitine carrier 
Folate carrier 

I-- ADP/ATP carrier
-------------------Calcium binding carrier

Figure 2.7: Phylogenetic tree produced by Phylip v3.5c (Felsenstein, 1993), 
illustrating the evolutionary relationships between a range of human mito
chondrial carrier proteins. UCP5 is also known as BMCP1. UCP3s represents 
a truncated form of UCP31. All default Phylip parameters were used. The 
scales used on each axis are arbitrary.
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Figure 2.8 illustrates the major sequence characteristics of the UCPs and other mem
bers of the mitochondrial carrier family, as defined by visual inspection of the aligned 
sequences. It can generally be assumed that features conserved across a range of species 
are likely to have a functional or structural role which places evolutionary constraints 
on them. The UCPs can be distinguished from each other, and from the other mem
bers of the mitochondrial carrier family, by various conserved signatures. Some conserved 
residues are present throughout the whole carrier protein family, for example, the con
served arginines, R83, R182 and R276, whilst others, such as the conserved aspartate in 
the first transmembrane helix, D27, are found only in the uncoupling proteins. These 
conserved residues are likely to contribute to the function of the protein and the differ
ences in these residues between homologues are likely to indicate differences in function 
between them.
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Figure 2.8: Cartoon showing the conserved features of the sequences of 
mitochondrial carrier protein family members as defined by visual inspection 
of a sequence alignment. Highly conserved residues are indicated with arrows 
and transmembrane helices by Roman numerals.

In general, UCP1, 2 and 3 can easily be distinguished from the sequences of the other, 
much less highly conserved, mitochondrial carrier proteins. UCP4 and BMCP1 (UCP5),
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however, are much more similar in sequence to the other carriers and lack the signatures 
of the other UCPs. Consistent with this, in the human, UCP2 and UCP3 both show 59% 
identity with UCP1 (Fleury et al, 1997; Liu et al., 1998), whereas UCP4 and BMCP1 are 
more distantly related, with 34% and 30% identity respectively to UCP1 (Sanchis et al., 
1998; Mao et al., 1999). There is in fact no evidence tha t UCP4 and 5 share uncoupling 
activity with UCPs 1-3. The discussion within this chapter applies primarily to UCP1, 2 
and 3, since these can be taken as the archetypal uncoupling proteins.

The UCP sequence can be divided into 6 exons, each approximately 50 residues in 
length and each containing a relatively hydrophobic stretch that forms a transmembrane 
helix. No single domain is considerably more evolutionarily conserved than the others.

As would be expected, the tripartite structure of the UCPs is strongly reflected in their 
pattern of conserved residues. For example, conserved arginines are found at equivalent 
positions in the second, fourth and sixth transmembrane helices (R83, R182, R276) of 
all members of the mitochondrial carrier protein family. Similarly, a conserved proline 
is found towards the matricial end of helices 1, 3 and 5 (residues 32, 132 and 231). A 
conserved glycine occupies a similar position in helices 2, 4 and 6 (residues 76, 175 and 
269). Interestingly, TMs 1, 2 and 4 each contain a conserved charged residue (D27, R91 
and E190), but no corresponding homologous residue is found in the other TM helices.

The highly conserved glycine and proline UCP residues have been proposed to play 
an important structural role. Unlike in water-soluble proteins, proline residues often 
occur in the TM helices of TM proteins, where they introduce kinks (von Heijne, 1991). 
Conserved proline residues have been found at kinks in the transmembrane helices of 
other ion channels (Schiffer et a/., 1995), and are thought to be responsible for their 
funnel-shaped pores (Woolfson et al., 1991).

Aquila et al. (1985) suggested that the conserved glycine residues, that are often helix- 
breaking in water-soluble proteins, may be important in disrupting the transmembrane 
helical structure to allow correct folding of the matricial loops. However, later work has 
shown that glycine is not helix breaking within a transmembrane environment (Li & 
Deber, 1992), but instead is important in mediating the interactions between TM helices 
(Javadpour et al., 1999; Eilers et al., 2000; Adamian & Liang, 2001; Ulmschneider & 
Sansom, 2001), often within GxxxG and related motifs (Senes et al., 2000; McClain et al., 
2003; Whittington et al., 2001; Mendrola et al., 2002; Liu et al., 2002; Arselin et al., 2003; 
Sulistijo et al., 2003; Overton et al., 2003; Polgar et al., 2004; Kairys et al., 2004; Li et al., 
2004b; Lee et al., 2004). Several glycine residues in the UCPs appear to be well conserved 
throughout the uncoupling proteins but poorly in the other members of the mitochondrial 
carrier family. This provides further support for the idea that the conserved glycines are 
not required for transmembrane helix termination, since all members of the mitochondrial
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carrier protein family share a similar transmembrane organisation. Hence these conserved 
glycine residues are likely to have a role in mediating the interactions of TM helices that 
is in some way specific to the UCPs.

Aromatic residues are another group that may be used to make inferences about TM 
protein structure. These residues tend to be conserved between family members near the 
interface of the TM lipid-tails and head-groups, probably with a role in anchoring (Killian 
& von Heijne, 2000; Yuen et al., 2000; Ulmschneider & Sansom, 2001), and can therefore 
in theory be used to infer the approximate location of this interface. As can be seen in 
Figure 2.9, the UCPs contain a number of aromatic residues in positions that are highly 
consistent with the predicted locations of their TM helices.
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Figure 2.9: Residue-based diagram of UCP1. The locations of TM helices 
are taken from Aquila et al. (1985). This figure was produced using the 
Residue-based Diagram Editor (RbDe) web service (Campagne & Weinstein, 
1999). Dark green: hydrophobic residues; light green: aromatic residues; or
ange: glycine and proline; red: negatively charged residues and cysteine; dark 
blue: positively charged residues; light blue: small polar residues; magenta: 
larger polar residues.
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The sequence positions of the UCP TM helices used throughout this work are those de
termined by Aquila et al. (1985) using hydrophobicity analyses. While improved methods 
for TM helix location are likely to have been developed more recently, the high consistency 
between the positions of aromatic residues shown in Figure 2.9, the predictions made by 
the hydropathy plot in Figure 2.3, and the positions determined by Aquila et al. (1985) 
suggest that the latter are relatively accurate.

The triplet KVR is found at residue 37 in the first domain and in the corresponding 
position of the hydrophobic loops in the second and third domains. Interestingly, the 
only UCPs to lack this exact triplet in their first domains are bovine UCP1 (RYK) and 
UCP2 (GPR), which also lack several other features that are otherwise characteristic of 
the UCPs. These substitutions do, however, tend to retain other positive residues at 
positions 38 and 40, suggesting that their presence is im portant for UCP function. The 
cress UCP2 sequence, the most evolutionarily distanced from the other species studied, 
contains the KVR triplet at position 38 and is the only one in which the motif has shifted.

Deletion of residues 261-269 from UCP1 abolishes nucleotide regulation of trans
port, suggesting that the loop may form a hydrophobic pocket for binding of nucleotides 
(Gonzalez-Barroso et al., 1997, 1999). (These studies are described in more detail in 
Section 2.1.6.3). Similar mutations in the corresponding regions of the first and second 
domains have given very similar results, suggesting that all three domains are involved 
(Gonzalez-Barroso et al., 1999).

Further work is needed to experimentally confirm a functional role for the conserved 
residues and to determine whether the differences in sequence characteristics between 
UCP1, 2 and 3 represent functional differences between the proteins. The presence of 
charged residues within the transmembrane helices, regions where hydrophobic residues 
are generally strongly favoured, suggests that their presence is important for the function 
of the UCPs. Mutagenesis studies can be used to identify a role for these residues. 
In addition, an understanding of the 3-dimensional structure and arrangement of the 
UCP protein is an extremely desirable goal, in order to be able to select the most likely 
mechanism of transport and identify the groups involved. It is hoped that this work may 
help to provide some of this much needed structural information concerning the UCPs by 
establishing a framework for experimental testing.

2.1.7 Mechanism of proton transport

It is not known by what mechanism protons are transported by the UCPs but two con
trasting hypotheses have been put forward. In the first, suggested by Klingenberg & 
Echtay (2001), protons themselves are passed through the channel, down a chain of fatty
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acid head-groups thought to act as cofactors. However, according to Skulachev’s theory, 
fatty acid anions are the transported species and the net transfer of protons occurs be
cause protonated fatty acids are able to freely flip-flop across the membrane (Skulachev, 
1991).

It has been shown that UCP1 contains a histidine pair that is essential for proton 
transport but not for Cl- transport or nucleotide inhibition (Bienengraeber et al., 1998). 
In support of Klingenberg’s theory, the pair is proposed to act as the first pair of proton 
acceptors/donors in the chain, at the entrance to the proton transport pathway. One 
of these histidine residues is absent in UCP3 and both are absent in UCP2. Hence, if 
this histidine pair is involved in proton transport, the UCP1 homologues are likely to use 
different mechanisms for transport to UCP1.

Evidence for the fatty acid cycling mechanism is now accumulating from work by 
Garlid et al. (1996, 2000). The mechanism requires that (1) the UCPs are only capable 
of transporting unprotonated fatty acid ions; and (2) protonated fatty acids are capable 
of flip-flop across the membrane at rates equivalent to that of UCP proton transport. 
Garlid’s group have demonstrated the former (Jezek et al., 1997a), whilst the latter has 
previously been shown (Kamp et al., 1995). Garlid’s group have also identified fatty acids 
that are incapable of flip-flop across the bilayer (Jezek et al., 1997b). In support of the 
mechanism, they have shown that these ‘inactive’ fatty acids are incapable of stimulating 
UCP-mediated proton transport (Jezek et a/., 1997a). Similarly, whilst two sulphonates 
investigated by Garlid et al. (1996) inhibited UCP-mediated Cl-  transport, only the one 
incapable of membrane flip-flop also inhibited H+ transport.

Whatever the mechanism of proton transport, it seems clear that a channel is found 
through the core of the protein, acting as the translocation pathway. Strong evidence 
for this was provided by Gonzalez-Barroso et al. (1999), who showed that the kinetics of 
UCP1 were converted from that of a carrier to a channel when ‘gating’ loops were removed 
from the structures. The UCPs have been termed ‘gated pores’, like many other carriers 
and channels showing characteristics of both types of transporter (Arechaga et al., 2001).

It has been suggested that carriers and channels may both require a membrane- 
spanning channel, typically formed by a bundle of 12 transmembrane helices. This may 
form the basic building block of both types of transporter, the distinction lying in the 
accessibility of the binding centre, halfway across the membrane (Arechaga et al., 2001; 
Jones & George, 2000). If the binding centre is accessible from both sides of the mem
brane the protein will act as a channel. Alternatively, if, when a substrate enters through 
a single open entrance pathway, its binding causes a conformational change which closes 
the entrance gate and opens an exit gate, the protein may be considered a carrier. Re
moval of the exit gate loops of UCP1 would then enable protons to enter from both sides
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of the membrane, perm itting the carrier to act as a channel.

2.2 H ypothetica l m odels of the uncoupling proteins, 
based on th e  literature

2.2.1 O verview  o f th e experim ental evidence for the U C Ps as 
dim eric, single channel proteins

The UCPs consist of relatively hydrophobic a-helices which span the membrane, con
nected by more polar loops. They are thought to function as dimers. Evidence for the 
dimeric nature of the mitochondrial carriers has been obtained both for UCP1 and for 
other members of the family. Cross-linking studies with UCP1 (Klingenberg & Appel, 
1989) and the oxoglutarate carrier (Bisaccia et al., 1996) have indicated that the de
gree of cross-linking is independent of carrier concentration and is observed for both the 
isolated and native mitochondrial proteins. Molecular weight measurements using both 
chromatography and electrophoresis have indicated that the molecular weight of UCP1 
(Lin et al., 1980) and the citrate carrier (Kotaria et al., 1999), amongst others, is ap
proximately 64 kDa, roughly equivalent to tha t of a dimer. Schroers et al. (1998) showed 
that heterodimeric constructs of active and inactive forms of the phosphate carrier are 
totally inactive, suggesting th a t cross-talk between two monomers is required for func
tion. Finally, expression studies have shown tha t a covalent tandem dimer of the adenine 
nucleotide carrier shows native binding and transport properties (Trezeguet et al., 2000). 
A single study has suggested a tetram eric state for the adenine nucleotide carrier, since 
only one ATP binding site was detected per four carrier monomers (Dupont et al., 1982), 
although the work in an accompanying paper supported a dimeric form (Brandolin et a l , 

1982).
Hence, throughout this study, the UCPs are generally assumed to function as dimers 

although several monomeric models are also included for comparison. In a dimer, up to 
12 helices may be involved in proton transport. How many of them contribute, and their 
relative arrangements and orientations, however, remain to be established.

As described in Section 2.1.6.1, the UCPs have three strongly homologous domains, 
each containing two transm em brane-spanning a-helices. The similarity between the do
mains suggests th a t an ancestral 2 transmembrane helix protein has duplicated twice to 
form a trimer, in order to provide the 6 transmembrane helix protein seen today. This 
suggests tha t each domain of the UCPs will form a symmetric unit, giving rise to pseudo- 
3-fold symmetry of the UCP monomer. At present, none of the TM proteins with known
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3-dimensional structures contain homologous domains, making it impossible to confirm 
that sequence homology in membrane proteins leads to structural homology and therefore 
symmetry. However, based on our current understanding of protein evolution this seems a 
valid assumption and is virtually always observed in water-soluble proteins. In addition, a 
number of the TM protein structures analysed in Chapter 3 consist of homologous chains, 
which would be expected to behave similarly to homologous domains, and these pack to 
give structural symmetry. Finally, in support of a pseudo-3-fold symmetrical structure 
and the equivalence of all domains, all three loops on the matrix side of the UCPs are 
known to contribute to pore gating (Gonzalez-Barroso et al., 1999). As a result of these 
lines of evidence, it has been assumed throughout this work that each UCP monomer 
will show pseudo-3-fold symmetry of structure. The structure of the adenine nucleotide 
carrier indeed confirms this assumption.

It is further assumed that the UCPs contain a relatively large transport pore, despite 
that fact that some other proteins that transport protons, such as bacteriorhodopsin, do 
not contain an obvious pore. The assumption that the UCPs have a pore is based upon 
the knowledge that other members of the family, which are likely to show a very similar 
structure, transport large molecules like ATP, for which a pore would be required. In 
addition, Gonzalez-Barroso et al. (1997) have shown that if i t ’s gating loops are removed, 
UCP function will a non-specific pore. Now that the structure of the adenine nucleotide 
carrier has been determined, this assumption has been validated.

The UCP dimer is thought to contain a single channel for transport, rather than 
each monomer being capable of transport independently. This is based on the finding, 
using the related ADP/ATP translocase, that one substrate molecule is transported per 
dimer, per cycle (Huang et al., 2001). This result is consistent with either the presence 
of a single channel per dimer or anti-cooperativity of two channels, permitting only one 
to be open at any time. However, a chimera consisting of one active and one inactive 
monomer is totally inactive (Huang et al., 2001). A two channel model would predict 
50% activity of this chimera. This therefore suggests that each dimer contains a single 
transport pore, for which both monomers are required to be functional. Previously, a 
similar result was found for the phosphate transporter (Schroers et al., 1998). The high 
sequence similarity amongst the mitochondrial carrier proteins suggests that they will 
share these general topological and functional characteristics. Hence most of the models 
considered here contain a single TM channel. However, since this evidence is relatively 
weak, one two-channel model was included for comparison.

After completion of this work the structure of another member of the MCF, the ade
nine nucleotide carrier, was determined by Pebay-Peyroula et al. (2003). The structure, 
described in detail in Chapter 4, Section 4.4.1, shows that the protein has six TM he
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lices with pseudo-3-fold symmetry as predicted. However, the structure consists of a 
monomeric unit containing a single transport pore. It is therefore unclear whether the 
predicted dimeric nature of the family is biologically correct. As discussed later, these 
incorrect assumptions are likely to have had an impact on the accuracy of the models 
generated in this chapter.

2.2.2 Information from mutagenesis studies

Information gained from experimental work can be used to impose constraints on UCP 
helix organisation, allowing us to select between different possible arrangements. Mutage
nesis studies, for example, which indicate that specific residues are involved in transport, 
will enable particular faces of some helices to be assigned a pore-lining function. D27, 
for example, is located on the first transmembrane helix and is conserved throughout all 
uncoupling proteins, but not found in other members of the mitochondrial carrier family 
(Klingenberg &; Echtay, 2001). H+ transport is abolished when D27 is mutated to N, but 
not when its negative charge is maintained by mutation to E. This suggests that helix 1, 
and in particular its negative aspartate, play a crucial role in transport, and therefore may 
be involved in pore formation. However, a direct role for this residue in proton transport 
has been disputed, and it was suggested that the D27 negative charge may be essential 
for formation of a competent conformation, via the formation of a hydrogen bond to E l90 
(Hagen & Lowell, 2000).

The conserved arginines (R83, R182 and R276) are each located at homologous po
sitions in relatively conserved faces of helices 2, 4 and 6. They have been shown to be 
required for binding of nucleotides to UCPs (Echtay et al., 2001a). On the one hand, 
since the related ADP/ATP translocase transports nucleotides, this may suggest that the 
nucleotide-binding site of the UCPs will be within its transport channel and that R83, 
R182 and R276 may have a pore-lining role. This of course assumes that the transport 
pathway is conserved between the two proteins, (and in fact all other proteins in the 
family), despite their diverse substrates. In support of this hypothesis, mutations in the 
ADP/ATP translocase, in the residues corresponding to R83, R182 and R276, prevent 
translocation (Muller et al., 1996). A pore-lining role for these arginines would provide 
support for a model of UCP transmembrane structure in which helices 2, 4 and 6 all 
contribute to the pore.

However, whilst mutation of R83, R182 and R276 to neutral residues prevents binding 
of nucleotides to UCP1, proton transport in the mutants is unaffected (Echtay et a l , 
2001a). There are two possible explanations for these results: (1) that nucleotide-binding 
and proton transport occur at different sites and the conserved arginines do not line the
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pore, or (2) that a common channel is used but different residues are involved.
Finally, the conservation of these residues throughout members of the mitochondrial 

carrier protein family that do not bind nucleotides suggests they do not play a direct role in 
nucleotide-binding. Instead, their role may be in maintenance of the native conformation, 
via critical contacts with other residues. Hence the finding tha t the homologous arginines 
are essential for nucleotide-binding does not necessarily constrain them to a pore-lining 
location.

These examples therefore illustrate the difficulty in using this type of information in 
model prediction. Further studies are urgently needed to resolve these issues so that 
information regarding the role of these residues can be used with more confidence in UCP 
helix model selection.

2.2.3 Potential models for transmembrane arrangem ents of the 
UCPs

The models developed from the above information are illustrated in Figure 2.10. Whilst 
they are not consistent with all of the experimental data in the literature, they all conform 
to the assumptions outlined above of a pore-containing dimeric form with pseudo-3-fold 
symmetry. Several variations upon Model 1 exist, which are shown in Figure 2.11. Simi
larly for Model 3, any sequential pair of helices could be found at the monomer-monomer 
interface. The positions of TM helices, illustrated in figure 2.9, are taken from (Aquila 
et al., 1985), who first cloned the UCP1 sequence.

An assumption made in the generation of UCP TM helix models is that folding occurs 
sequentially, so that in the structure each helix is located adjacent to the next helix in 
the sequence. Maintaining pseudo-3-fold symmetry requires that in each sequence repeat 
the pair of helices shows the same arrangement relative to one another. This greatly 
reduces the number of possible models with non-sequential folding to one alternative per 
model. It is impossible to distinguish between each sequential model and its non-sequential 
alternative using the current method, since each helix must occupy an equivalent position 
and it is simply the identities of its neighbours that change. Therefore, if one model is 
selected to represent the actual UCP structure, its non-sequential alternative is also a 
possible candidate. Cross-linking studies would be needed to distinguish between them 
by determining the helix neighbour relationships.

Since Bowie (1997) showed that 37 out of 38 TM helices in his dataset were found ad
jacent to at least one sequence neighbour, the sequentially numbered models appear most 
likely. Unfortunately, however, the recently published structure of the lactose permease 
(Abramson et al., 2003) does not show this arrangement so clearly, illustrating that the
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Model 1

Model 2 M odel 3

©
Figure 2.10: Models 1, 2 and 3: Possible arrangements of uncoupling pro
tein transmembrane helices. Each helix, represented as a circle, has a diam
eter of 10A Each monomeric unit has 6 TM helices, and one is shaded per 
dimer. Model 1: 6 of the 12 dimer helices contribute to the pore, producing 
a pore with a diameter of approximately 10A. Model 2: All of the 12 dimer 
helices contribute to the pore, producing a pore with a diameter of approx
imately 30A. Model 3: Each monomer forms a separate transport channel
with a diameter of approximately 10A.

non-sequential models can not be entirely excluded. The following sections describe the 
relative merits of each model.

2.2.3.1 M odel 1

All forms of Model 1 (Figure 2.11) show the predicted pseudo-3-fold symmetry. However, 
Models la  and lc, in which helices 2, 4 and 6 surround the pore, do not permit a pore- 
lining location for D27 on helix 1, contrary to the evidence described in Section 2.2.2. 
Hence, if Model la  or lc is correct, we must assume that D27 contributes only indirectly 
to transport. Conversely, Models lb  and Id do not permit the pore-lining location of
the homologous arginines on helices 2, 4 and 6, and hence assume that these residues
participate in nucleotide-binding indirectly.

If D27 or the homologous arginines are not found in a pore-lining position, they must
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Model la

1

Model lc

Model lb

2

Model Id

F igure 2.11: Models la, lb, lc and Id: Alternative arrangements of uncou
pling protein transmembrane helices for Model 1. Each helix, represented as 
a circle, has a diameter of 10A.

be either accessible to membrane lipid-tails or buried unpaired within the protein core, 
since, as cen be seen in Figure 2.9, no likely pairing charge is available in the other 
helices. Whilst intuitively both of these alternatives may seem unlikely, later work in 
the current study (Chapter 3, Section 3.3.8) suggests that there are many reasons why 
charged residues may be accessible to membrane lipid-tails. In addition, it has been shown 
that charged residues will often hydrogen bond with polar residues or phospholipid head- 
groups, so that a pairing charge is not required (Adamian & Liang, 2001; this study). As 
a result, neither knowledge of TM protein structure or experimental evidence constrains 
the location of any of these residues to the pore or any other location. Hence, none of 
these models can be excluded on the basis of the position of these residues.

2.2.3.2 M odel 2

Model 2 shows pseudo-3-fold symmetry and allows D27, and the homologous arginines 
R83, R182 and R276 to line the pore. Model 2 requires that a gate is present to restrict 
transport through the very large pore to that of protons. There is evidence in support 
of this, as described in Section 2.1.7. However, the pore in Model 2 is far greater in size 
than that required for the transport of protons, fatty acids or ATP, and the benefits of



Chapter 2. Manual modelling o f UCP structure 68

the evolution of such a large pore are not, therefore, apparent.
Further evidence against Model 2 derives from suggestions of an ionic bond between 

R91 in helix 2 and E190 in helix 4 (Echtay et al., 2001a). This charge pairing could not 
occur in Model 2, in which all 12 helices contribute to the pore and helix 3 is located 
between helices 2 and 4. In fact, any model in which helices 2 and 4 are adjacent for 
charge pairing cannot accommodate both pseudo-3-fold symmetry and the pore-lining 
role of D27 in helix 1. However, since the width of a typical a-helix is approximately 
10A and the length over which ion pairs form can be up to 10A (C a-C a distance), the 
R91-E190 pair is feasible for Models la-ld . In Models lb  and Id, despite helices 2 and 4 
not being immediately adjacent, the loops between the helices are more than long enough 
to allow the helices to move, facilitating the pairing of R91 and E190.

2.2.3.3 M odel 3

The variations of Model 3 are shown in Figure 2.12. As shown in this figure, Model 3 
includes 3 monomeric models (Models 3s, 3t and 3u), in addition to 18 dimeric variations 
that can be grouped into 3 classes: those in which the even and odd-numbered helices 
occupy equivalent positions, (Models 3a-f) those in which TMs 2,4 and 6 are more pe
ripheral (Models 3g-l) and those in which TM2 2, 4 and 6 are more peripheral (Models 
3g-l) and those in which TMs 1, 3 and 5 are more peripheral (Models 3m-r).

The model shows pseudo-3-fold symmetry of each monomer and permits a pore-lining 
role for D27 and the conserved homologous arginines. It is, however, inconsistent with 
an ionic bond between helices 2 and 4. Models 3s, t and u are contrary to the evidence 
that suggests that the UCPs are functional as a dimer. All variations of Model 3 contain 
an equivalent of two transport channels per dimer. Whilst there is evidence to support 
mainly a single channel model (Schroers et al., 1998; Huang et al, 2001), it was felt that 
this evidence was not sufficiently strong to permit this model to be entirely discounted.

2.2.4 Geometric Considerations

Klingenberg & Appel (1989) have shown that the cross-linking of UCP monomers into 
a dimer can occur between the C304 residues, at the C terminal end of each protein. 
Homodimerisation of two identical molecules of UCP will always result in the juxtaposition 
of each N terminus with the C terminus of the other monomer, as shown in all models. 
It seems extremely unlikely that two different ‘handed’ isoforms of UCP heterodimerise 
to allow close approach of their C termini. Hence the 15 residues of extended chain from 
the end of helix 6 to the cross-linking cysteine (residues 289 to 304) must be sufficiently 
long to reach across the pore to C304 of the other monomer. Assuming a length of 3.4A
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Model 3a-f Model 3g-l Model 3m-r

Model 3s M odel 3t Model 3u

Figure 2.12: Models 3a-u: Alternative arrangements of uncoupling protein 
transmembrane helices. Models 3b, 3h and 3n are shown e l s  representative 
examples of each class of dimeric models, although any 2 sequential helices 
may form the monomer-monomer interface for each class. Each helix, rep
resented as a circle, has a diameter of 10A. TMs 1, 3 and 5 are shaded to 
highlight their different positions in each group of models. Model 3s-u are a 
monomeric forms of Models 3a-f.

per residue for extended chain, this imposes the constraint that helix 6 of each monomer 
may not be more than lOOA apart. Considering the predicted dimensions of the models 
described, however, this would be unlikely to impose constraints upon the packing of the 
other helices.

The close sequence similarity of the UCPs to the ADP/ATP translocase suggests that 
they may have retained a pore wide enough for the transport of ATP. That they are 
regulated by the binding of nucleotides further supports this idea. All of the models 
considered here have pores large enough for the transport of ATP (the estimated size of 
an extended molecule of ATP is 6 by 15A).

The arrangement of UCP TM helices has obvious implications for the mechanism of 
proton transport. Model 2, for example, creates a pore with an area equivalent to that 
of more than 6 alpha helices or approximately 480A2, far greater than that thought to be 
required for the transport of a lone proton. It is very difficult to suggest how residues from 
all helices may interact with a proton of extremely small size passing through the centre.
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If Model 2 appears to be correct, this will lend support to the theory that the species 
transported by the UCPs is a protonated fatty acid, and not a proton alone. Conversely, 
if one of the other models appears to be correct, the smaller pore would permit transport 
of either protons or fatty acids.

2.2.5 Characterising the proposed m odels

It is hoped that knowledge of TM protein structure will permit these possible models to 
be ranked according to likelihood. This should be possible since, in each model, each 
TM helix has different proportions of buried, lipid-tail-accessible and pore-lining surface. 
For example, in Model 2, all helices occupy equivalent positions, whereas in Model 3, 
two of the helices are clearly found in a very different environment to the other helices. 
This is summarised in Table 2.4. Since residues found in buried and lipid-tail-accessible 
positions show very different characteristics (Chapter 3), it may be possible to identify 
what proportion of each UCP TM helix is found in each environment by analysis of the 
sequence. However, it has not been possible to identify significant differences between 
pore-lining and buried residues, (Chapter 3) and therefore any method will need to be 
based on the discrimination of buried and lipid-tail-accessible residues alone.
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M odel Helices Proportion Proportion Proportion
Buried (%) Accessible in Pore (%)

(%)

la 2 4 6 66 17 17
1 3 5 33 67 0

lb 1 3 5 66 17 17
2 4 6 33 67 0

lc 1 3 5 17 83 0
2 4 6 50 33 17

Id 2 4 6 17 83 0
1 3 5 50 33 17

2 12 3 4 5 6 33 42 25

3a-r 1 2 50 33 17
3 4 5 6 33 50 17

3s-u 12  3 4 5 6 37 46 17

Table 2.4: Estimated percentages of helix surfaces found buried in the pro
tein, accessible to lipid-tails or lining the pore for each of the UCP models. 
Percentages were estimated using trigonometry, assuming each helix to be 
perfectly circular and non-overlapping, as shown in the models in Figure 
2.10. Other TM helices could be located at the monomer-monomer interface 
in Model 3. Only TMs 1 and 2 are shown here for brevity.
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2.3 Conclusions

In conclusion, according to the current data in the literature, there is no single helical 
arrangement that is consistent with all of the available experimental data. A summary 
of which models are consistent with which experimental data is given in Table 2.5. Most 
models are supported by 6 out of 7 pieces of data, making it impossible to definitively 
either support or refute any of them. The problem lies in the difficulty in interpreting 
the results from mutational experiments: it is often impossible to determine whether the 
loss of function that occurs on mutation is caused directly by the loss of a participating 
residue, or indirectly due to disruption of the native conformation. Hence, much of the 
experimental evidence described here is not definitive enough to use for model prediction 
in this context. It does, however, seem that Models la - ld  or 3 may be the most likely, 
based on their pseudo-3-fold symmetry and small pore size.

Evidence la /c lb /d 2 3

Single pore Y Y Y N

3-fold symmetry Y Y Y Y

Pore large enough for transport of ATP Y Y Y Y

D27 in helix 1 lines pore N Y Y Y

Ionic bond between helices 2 and 4 Y Y N N

Pore lining role for conserved arginines Y N Y Y

Helix 6 of each monomer within 100A Y Y Y Y

Total 6 6 6 5

Table 2.5: A summary of which models are consistent with various pieces of 
experimental data. Y indicates that the model is supported by the evidence,
N indicates that it is not. The total number of pieces of supporting evidence 
is also given for each model. See Section 2.2.3 for references and discussion 
of this data.

The structure of the adenine nucleotide carrier, a protein related to the UCPs, was 
determined after this work was completed (Pebay-Peyroula et al., 2003). The structure 
is described in detail in Chapter 4, Section 4.4.1. Consistent with the assumptions made,
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the structure shows that the monomer has six TM helices surrounding a pore with pseudo- 
3-fold symmetry. However, the structure consists of a monomeric unit and it is therefore 
unclear whether the assumption made here of a dimeric structure for the family is biolog
ically correct. As described in Chapter 4, the adenine nucleotide carrier is consistent with 
the majority of the experimental evidence used to select between models in this chapter, 
indicating that the data used is in most cases reliable. It seems that experimental data 
of this type is, at least in the case of the UCPs, largely consistent with a considerable 
number of alternative models, in addition to the correct one. This suggests that the in
ability to identify a single correct model for the UCPs in this chapter is due to the lack 
of discriminatory power that such data have during modelling.

Two general approaches can be suggested for the prediction of a model for the arrange
ment of the UCP TM helices. The first is manual model building based on experimental 
data from the literature, as performed here. The results suggest that the method is un
likely to be effective, unless experimental data with considerably more discriminatory 
power become available. The second method is based on prediction using the general 
principles of TM protein structure, and requires the greatest understanding of these fea
tures that can be obtained. This approach, and the necessary analysis of TM protein 
structure, will be followed in subsequent chapters.



Chapter 3

Com putational analysis o f  
transmembrane protein structure

3.1 Introduction

3.1.1 Transmembrane protein structure

Transmembrane (TM) proteins are those that span the membrane lipid bilayer. They are 
estimated to comprise 20-30% of all proteins (Arkin et al, 1997; Wallin & von Heijne, 1998; 
Schwartz et al, 2001; Knight et al., 2004; Klein et al, 2004) and are of huge biological 
significance since they mediate most of the communication between cells and cellular 
compartments.

The majority of TM proteins consist of relatively hydrophobic a-helices, which span 
the membrane, connected by more polar loops. These are known as the a-bundle TM 
proteins. In contrast, the /3-barrel family of TM proteins span the membrane via /3-sheets 
and are not considered in this analysis. As shown in Figure 3.1, the central region of 
the membrane consists of a highly hydrophobic 30A thick lipid-tail region, formed by the 
hydrocarbon chains of the phospholipids. This is surrounded on either side by a 15A 
thick region formed by the highly polar phospholipid head groups. These regions of the 
TM helices, will be termed the ‘lipid-tail-spanning’ and ‘head-group-spanning’ regions 
respectively, throughout this work. In these two environments the transmembrane helices 
will be subject to highly differing constraints, which are likely to be manifest in differences 
in amino acid content.

While Figure 3.1 illustrates the membrane as a very static and ordered structure, this 
is in fact a considerable over-simplification. Water is not only present on either side of 
the membrane, but is also abundant within the outer edges of the head-group region. 
In contrast, water is almost entirely excluded from the highly hydrophobic core of the
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Figure 3.1: Schematic diagram showing the structure and thickness of a 
typical membrane.

membrane. A gradient of water density exists through the membrane, between these two 
extremes. The membrane is fluid, and phospholipids constantly more around in the plane 
of the membrane, interacting with each other and other molecules, such as proteins, that 
are found in the membrane.

In addition, the membrane contains a mixture of different phospholipids with varying 
chemical properties and tail lengths. Different organisms, particularly when comparing 
eukaryotes and bacteria, have very different membrane phospholipid compositions, leading 
to considerable variation in membrane properties such as thickness (Bretscher & Munro, 
1993; Killian, 1998; Williamson et al., 2003; O’Keeffe et al., 2000). Hydrophobic mismatch 
is said to occur when the length of the hydrophobic membrane-spanning segments of a 
TM protein differ from the thickness of the hydrophobic region of the membrane. The 
thickness of the membrane, and the conformation of embedded TM proteins, are thought 
to adjust to minimise hydrophobic mismatch (Killian, 1998; Harroun et al., 1999; Liu 
et al., 2004a,b). This may be achieved by alterations in the conformation of phospholipid 
tails or in the tilt of TM helices. As a result, the conformation, and hence the function, 
of a TM protein may depend critically upon the composition of the membrane in which 
it is found (De Planque et al., 2004; Wiggins & Phillips, 2004).

From analysis of 15 TM protein structures, it was observed that TM helices are en
riched in hydrophobic amino acids and they contain fewer charged and polar amino acids,
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compared to helices found in water-soluble proteins (Ulmschneider & Sansom, 2001). In
terestingly, serine and threonine show no preference for either TM or non-TM regions. 
This is likely to be due to their ability to hydrogen bond with solvent, in the head-group 
region, and with the previous backbone carbonyl oxygen of the same chain in a hydropho
bic lipid-tail environment (Gray & Matthews, 1984).

TM helix lengths and packing angles were calculated from structure by Bowie (1997). 
On analysing the 3 TM protein structures available, he found that TM helices range in 
length from 14 to 36 residues, with an average of 26. He found an average TM helix 
tilt angle of 21°. More recently, using 15 TM protein structures, an average length of 27 
residues, and an average tilt of 22° were found (Ulmschneider & Sansom, 2001).

The residues within the lipid-tail-spanning regions of the helices can be considered to 
be found in one of three environments: (1) buried against other regions of protein, (2) 
accessible to the membrane lipid-tails or (3) lining a pore. Throughout this work the 
terms buried and accessible are used to refer to the residues that are buried against other 
parts of the TM helix bundle or accessible to membrane lipid-tails respectively, rather 
than the more common usage of buried or accessible relative to water.

The different environments of lipid-tail-accessible and buried residues result in different 
sequence characteristics. Hence it can be postulated that lipid-tail-accessible residues will 
more often be hydrophobic in character than will buried residues, since the protein must be 
stable when folded in the fatty, hydrophobic membrane. Early analysis of the preferences 
of residues for buried or lipid-tail-accessible positions was performed on the photosynthetic 
reaction centre of Rhodobacter sphaeroides (Rees et al., 1989). Whereas, in this TM 
protein, the lipid-tail-accessible residues were more hydrophobic than those buried, (Rees 
et al., 1989) in water-soluble proteins the buried residues were more hydrophobic (Chothia, 
1976), reflecting the different environments in which these classes of protein are found.

The buried residues in the reaction centre had a very similar hydrophobicity to residues 
buried within water-soluble proteins, as determined previously by Chothia (1976). Hence, 
water-soluble and TM proteins could be broadly considered to be internally stabilised 
in similar ways, with surface residues modified in ordered to facilitate solubility in the 
required medium. This finding confirms the results of other groups (Stevens & Arkin, 
1999, 2000; Rees & Eisenberg, 2000), that TM proteins are not simply ‘inside-out’ water- 
soluble proteins, with highly polar internal regions, as has been proposed (Engelman &; 
Zaccai, 1980). It is important to confirm these results using the new TM protein structures 
that are now available.

It is likely that lipid-tail-accessible residues will be less conserved in terms of their 
sequence than buried residues. This is because there will be strong selective pressure to 
conserve buried residues, so that they continue to interact favourably with their interac



Chapter 3. Computational analysis o f TM protein structure 77

tion partners on other helices. There will be much less selective pressure for lipid-tail- 
accessible residues to be conserved, since they are not involved in structurally important 
contacts with other protein regions. Mutations in lipid-tail-accessible residues are there
fore much less likely to disrupt the folding, and hence the function, of the protein. As a 
result, throughout evolution, those individuals in which a protein contains a mutation in 
a buried TM residue are likely to be less viable than those in which the protein contains 
only mutations in lipid-tail-accessible residues. Hence, mutations in buried residues are 
less likely to be inherited and sequence variation between homologues will be much less 
at buried positions than lipid-tail-accessible. In support of this hypothesis, the buried 
residues have been shown to be more conserved than the lipid-tail-accessible ones in the 
photosynthetic reaction centre of Rhodobacter sphaeroides (Rees et al., 1989) and more 
recently in a group of TM protein structures (Stevens &: Arkin, 2001). The present study 
determines the degree to which these trends of hydrophobicity and conservation hold for 
a much larger dataset of TM proteins.

3.1.2 Packing of TM  helices

In water-soluble proteins, the helices of left-handed coiled-coils interact using a mechanism 
known as ‘knobs into holes’ or leucine zipper packing (Crick, 1953). This has also been 
observed to be a common motif in TM helices (Langosch & Heringa, 1998). The motif 
consists of a heptad repeat (abcdefg), with hydrophobic residues found at the positions 
buried between the helices, a, d, e and g. The residues at position d tend to be leucines and 
at position a tend to be valines. The side chains of these residues interact via extensive 
hydrophobic interactions, forming alternate leucine and valine ‘rungs’ connecting the two 
helix backbones.

Despite the similar hydrophobicity of buried residues in water-soluble and TM pro
teins, and the use of leucine zipper packing, there are several differences in the way that 
their helices pack together. TM helices associate more tightly than the helices in water- 
soluble proteins (Eilers et al., 2000). This may be due to the fact tha t the residues 
buried between TM helices tend to have shorter side chains than those tha t are lipid-tail- 
accessible (Jiang & Vakser, 2000), allowing closer approach of the helix backbones. In 
support of this, several groups have identified an inverse relationship between the residue 
volume and its tendency to be found buried at a helix interface (Javadpour et al., 1999; 
Eilers et al., 2000; Adamian & Liang, 2001). The most common residues to be buried 
between TM helices are glycine, alanine, serine and threonine. In contrast, leucine and 
alanine are the most frequently buried residues in water-soluble proteins. Eilers et al. 
(2000) suggested that perhaps this close approach, via small polar residues is necessary
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to compensate for the lack of the hydrophobic effect as a driving force for the folding of 
TM proteins.

Javadpour et al. (1999) found that glycine, alanine, serine, threonine, cysteine and 
proline are preferred in buried positions in TM proteins, whereas leucine, isoleucine, glu
tamine and, unexpectedly, the charged residues prefer lipid-tail-accessible positions. This 
work involved only 4 TM protein structures, and there is therefore a need to repeat the 
calculations for the new structures available. This need is highlighted by the fact that a 
later study involving 15 structures by Ulmschneider k  Sansom (2001) found that leucine, 
isoleucine, valine and phenylalanine showed no preference for either buried or lipid-tail- 
accessible positions. The latter authors did, however detect a significant preference of 
glycine and alanine for buried positions, in agreement with the earlier work. The lack of 
significant discrimination for the hydrophobic residues may be due to the use of a rela
tively large accessible surface area cut-off (10%) to select buried and accessible residues. 
This may have increased the pool of residues classified as buried to include a significant 
percentage that are actually partially lipid-tail-accessible. In addition, the results of this 
study are likely to have been biased by the inclusion of multiple members of 4 of the 
protein families in the dataset.

A striking trend is the strong preference of glycine for buried positions (Javadpour 
et al., 1999; Eilers et al., 2000; Adamian k  Liang, 2001; Ulmschneider k  Sansom, 2001). 
The role of glycine has been specifically studied by Javadpour et al. (1999). With its side 
chain consisting of a single hydrogen atom, glycine allows adjacent helices to approach 
more closely than any other residue. Perhaps as a result of this, in cytochrome C oxidase, 
it is often found at helix crossings where, Javadpour et al. (1999) have suggested, it may 
function as a ‘molecular notch’ for orientating one helix against another.

The presence of a glycine residue also exposes the polar backbone atoms of its own 
chain, facilitating the formation of hydrogen bonds and dipolar interactions (Javadpour 
et al., 1999). These forces are likely to be particularly strong in the hydrophobic en
vironment of the bilayer and hence may play a major role in protein stability. Whilst 
interactions between the backbone atoms of different helices are rare in both classes of 
protein, they seem to be more common in TM proteins than in water-soluble proteins. 
In fact, whilst interactions of the backbone account for only 1.1% of all atomic contacts 
in water-soluble proteins, they comprise 2.8% of the contacts in TM proteins (Adamian 
k  Liang, 2001). Interactions with the backbone are most common where glycine residues 
interact.
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3.1.3 Common residue interactions at helix interfaces

Adamian &; Liang (2001) performed an analysis of the frequency with which particular 
pairs of interacting residues on adjacent helices were observed. They found that some 
pairs occurred at much higher frequency than would be predicted from the residue occur
rences by chance alone. These included basic residues interacting with aromatic residues, 
particularly W-R, W-H and Y-K. This is presumably due to an interaction between the 
cation and the pi electron cloud, as has been suggested by White (2001) for tryptophan.

In water-soluble proteins, helix-packing is mainly mediated by the interaction of pairs 
of hydrophobic residues. In addition, both water-soluble and TM proteins contain pairs 
of charged residues, forming salt bridges between the helices. Disulphide bonds appear 
to be far less common in TM proteins than water-soluble proteins (Adamian & Liang, 
2001). However, one major difference between the packing of the two classes of proteins 
is the presence, in TM proteins alone, of many inter-helix interactions between two po
lar residues, or between a polar and a charged residue. Hence, charged residues in the 
lipid-tail environment need not be paired with an opposing charge, and their hydrogen 
bonding requirements are often met by polar residues, particularly asparagine and glu
tamine. Adamian & Liang (2001) described the helix-packing interactions of TM proteins 
as involving a far more diverse set of polar residues than those in water-soluble pro
teins. Whilst, in water-soluble proteins, they observed 3 types of interaction between 
polar groups on interacting helices, in TM proteins they found 22 different types of polar 
interactions. Hence, in addition to the leucine zipper packing using hydrophobic residues 
found in both classes of protein, TM proteins also make use of a wide variety of interac
tions between polar and charged residues. The greater importance of polar interactions in 
TM proteins is to be expected, due to their greater strength in the low dilectric lipid-tail 
environment. Similarly, hydrophobic interactions are likely to be weaker between TM 
helices, and so they would be expected to play a less important role.

3.1.4 Aims of this chapter

Practical difficulties in expressing and crystallising membrane proteins have lead to very 
few TM protein structures being available for analysis. As a result, due to lack of TM 
protein structural data, previous work has until recently been based on few membrane 
protein structures, on datasets biased by the inclusion of multiple homologues, or simply 
on primary sequence. The importance of the use of data derived from structure and not 
sequence is highlighted by the work of Ulmschneider & Sansom (2001), who compared 
the effectiveness of these two data sources in discriminating between TM and non-TM- 
spanning regions.
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Since there has recently been a rapid rise in the number of membrane protein struc
tures solved (more than twice as many are now available as when the last comprehensive 
study was performed in 2001), it seems likely that it will now be possible to resolve with 
more confidence previous conflicting results. To our knowledge, the more recent studies 
analysing a number of structures have not included sequence conservation information. 
In addition, no studies have analysed whether the observed differences between lipid-tail- 
accessible and buried residues are sufficient to distinguish between the two environments 
in a predictive way. These issues are addressed in the current work.

Like the analysis work, mainly due to lack of data TM structure prediction methods 
have often been based only on sequence data or on very small numbers of TM protein 
structures (Donnelly et al., 1993; Pilpel et al, 1999). In addition, a number of methods 
have made use of residue potentials derived from the structures of water-soluble pro
teins (Fleishman & Ben-Tal, 2002; Pellegrini-Calace et al, 2003; Chen & Chen, 2003). 
Given the considerable differences between the packing and hydrogen bonding of TM 
and water-soluble protein helices (Rees et al, 1989; Eilers et al, 2000; Jiang & Vakser, 
2000; Javadpour et al, 1999; Ulmschneider & Sansom, 2001; Adamian &; Liang, 2001), 
the use of data derived from water-soluble proteins is likely to limit the accuracy of these 
predictive methods.

There is therefore a need to identify what features, if any, of TM helix packing would 
be applicable for use in the prediction of the tertiary structure of TM proteins. In the 
current work, the amino acid composition of 24 non-homologous a-helical membrane 
proteins with known structures was analysed. (A non-homologous set is defined here as 
containing no members sharing more than 20% sequence identity with another member). 
Only polytopic proteins were selected, (those spanning the membrane more than once), 
since those with only one TM helix could contain no buried residues within the membrane- 
spanning region. Sequence conservation, hydrophobicity and amino acid propensities 
were compared between lipid-tail-accessible and buried residues. Differences between the 
two groups of residues with the potential for use in TM protein structure prediction 
are identified and discussed, in order to determine whether prediction of 3-dimensional 
structural models from protein sequence characteristics alone will be feasible in the near 
future. Interestingly it is found that several charged and polar residues prefer lipid-tail- 
accessible positions to buried and that many of the hydrogen bonds made by side-chains 
are intra-helical.
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3.2 M ethods

3.2.1 Overview of m ethods

The residue characteristics of TM helices, derived from structure, were analysed. In 
order to ensure that the transmembrane segments used in the analysis were as accurately 
located as possible, the program PSlice was developed to extract the precise position of 
these from the 3-dimensional coordinates, on the basis of hydrophobicity. This section 
describes the methods used, which can be divided into three stages. Firstly, the techniques 
used to generate the dataset of TM proteins for analysis are given. Secondly, PSlice, the 
algorithm for identification of TM helices from the dataset proteins, is described. Finally, 
the programs and methods used for analysis of these TM helices are detailed.

3.2.2 Dataset generation

Membrane proteins of known 3-dimensional structure were identified from a website 
of membrane protein resources (http://blanco.biomol.uci.edu/MemProjresources.html). 
Proteins with only one TM helix or those that span the membrane with /3-sheets were 
excluded. Cofactors were not removed from the structures to avoid the creation of large 
cavities within the structures, which may have made the cofactor-binding residues appear 
to be accessible.

At the time of dataset assembly (January 2004), the structures of 77 o;-helical polytopic 
TM proteins had been determined and deposited in the PDB. These proteins are listed 
in Table 3.1.

If two of the TM proteins of known structure shared more than 25% sequence identity 
with another, or were known to be from the same family, only the relative with the highest 
resolution structure was retained in the dataset. Mutant or partial structures, or those in 
complex with other molecules such as antibodies, were also excluded, since it was felt that 
these factors may have affected the native conformation of the protein. This is illustrated 
in Table 3.1. 53 proteins were removed in this way, leaving 24 non-homologous proteins, 
listed in Table 3.3.

http://blanco.biomol.uci.edu/MemProjresources.html
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PD B R esolution N otes R eference

1 ljbO *

Photosystem s

2 .5 J o r d a n  et al. (2 0 0 1 )

2 lvf5 3.0 Kurisu et al. (2003)

3 lizl 3.7 Kamiya & Shen (2003)

4 lfel 3.8 Zouni et al. (2001)

5 2pps 4.0 Schubert et al. (1997)

6 l u m 3

Cytochrome B 6f

3 .0 K u r i s u  et al. ( 2 0 0 3 )

7 lq90 3.1 Stroebel et al. (2003)

8 l c 3 w

Bacterial Rhodopsins

1 .6 L u ecke  et al. (1 9 9 9 b )

9 le l2* 1.8 Kolbe et al. (2000)

10 iqhj 1.9 Belrhali et al. (1999)

11 lh2s 1.9 Gordeliy et al. (2002)

12 lqko/p 2.1 Edman et al. (1999)

13 lh68 2.1 Royant et al. (2001)

14 lbrx 2.3 Luecke et al. (1998)

15 Ij&j 2.4 Luecke et al. (2001)

16 lap9 2.5 Pebay-Peyroula et al. (1997)

17 lbrr 2.9 Essen et al. (1998)

18 lat9 3.0 Kimura et al. (1997b)

19 2brd 3.5 Grigorieff et al. (1996)

20 lc8r/s 1.8 Mutant structure Luecke et al. (1999a)

21 H 9h*

Protein-Coupled Receptors

2 .6 O k a d a  et al. (2 0 0 2 )

22 lf88 2.8 Palczewski et al. (2000)

23 l p 7 b

Inward rectifying K+ channel

3 .6 K u o  et al. (2 0 0 3 )

24 ln9p 1.8 Partial structure Nishida h  MacKinnon (2002)

25 lb l8 *

Other K+ channels

3 .2 D o y le  et al. ( 1 9 9 8 )

26 lorq 3.2 Jiang et al. (2003)

27 llnq 3.3 Jiang et al. (2002)

28 lors 1.9 Partial structure Jiang et al. (2003)
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PD B R esolution N otes R eference

29 lk4c/d 2.0 Antibody complex Zhou et al. (2001)

Clc Cl-  channels

30 lk p l* 3 .0 D u t z l e r  e t  al. (2 0 0 2 )

31 lkpk 3.5 Dutzler et al. (2002)

32 lots 2.5 Antibody complex Dutzler et al. (2003)

Acetyl choline receptor pore

33 loed 4.0 Partial structure Miyazawa et al. (2003)

MscL K+ channel

34 l m s l * 3 .5 C h a n g  et al. (1 9 9 8 )

MscS K+ channel

35 l m x m * 3 .9 B a s s  et al. (2 0 0 2 )

A quaporin/G lycerol facilitator channel

36 l j 4 n 2 .2 S u i  et al. (2 0 0 1 )

37 lfx8 2.2 Fu et al. (2000)

38 lrc2 2.5 Savage et al. (2003)

39 lh6i* 3.5 de Groot et al. (2001)

40 lih5 3.7 Ren et al. (2001)

41 1% 3.8 Murata et al. (2000)

Sec YE protein conducting channel

42 l r h z 3 .5 Van d e n  B e r g  et al. (2 0 0 4 )

M ulti-drug efflux transporters

43 l iw g * 3 .5 M u r a k a m i  et al. (2 0 0 2 )

44 loy6 3.7 Yu et al. (2003)

Major facilitator superfamily transporters

45 lp w 4 3 .3 H u a n g  et al. (2 0 0 3 )

46 lpv6 3.5 Abramson et al. (2003)

ABC transporters

4 7 H 7 v* 3 .2 L och er  et al. (2 0 0 2 )

48 lpf4 3.8 Chang (2003)

49 Ijsq 4.5 Chang & Roth (2001)

P-type ATPases

50  l e u l *  2 .6  T o y o sh im a  et al. (2 0 0 0 )
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Table 3.1: continued

PD B R esolution N otes R eference

51 lsu4 2.6 Toyoshima et al. (2000)
52 liwo 3.1 Toyoshima & Nomura (2002)

Photosynthetic reaction centres

53 l e y s 2 .2 N o g i  et al. (2 0 0 0 )

54 lprc 2.3 Deisenhofer et al. (1985)

55 logv 2.4 Katona et al. (2003)

56 laig* 2.6 Chang et al. (1991)

57 lpss 3.0 Yeates et al. (1987)

58 2rcr 3.1 Chang et al. (1991)

Light harvesting com plexes

59 l n k z 2 .0 P a p i z  et al. (2 0 0 3 )

60 llgh* 2.4 Koepke et al. (1996)

61 lkzu 2.5 McDermott et al. (1995)

Fumarate reductase/Succinate dehydrogenase

62 lq l a / b 2 .2 L a n c a s te r  et al. (1 9 9 9 )

63 llOv* 3.3 Iverson et al. (1999)

64 lnek/n 2.9 Yankovskaya et al. (2003)

ATP synthases

65 lcl7* N / A NMR, partial structure Girvin et al. (1998)

66 lqol 3.9 Back-bone only Stock et al. (1999)

Formate dehydrogenase

67 l k q f / g * 2 .8 J o r m a k k a  et al. (2 0 0 2 )

N itrate reductase

68 l q l 6 1 .9 B e r t e r o  et al. ( 2 0 0 3 )

Adenine nucleotide carrier

69 lOkc 2 .2 P e b a y -P e y r o u la  et al. (2 0 0 3 )

Cytochrom e C oxidase

70 le h k * 2 . 4 S o u l im a n e  et al. ( 2 0 0 0 )

71 locc 2.8 Tsukihara et al. (1996)

72 lari 2.8 Iwata et al. (1995)

Ubiquinol oxidase

73 I f f t* 3 .5 A b r a m s o n  et al. (2 0 0 0 )
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Table 3.1: continued

PD B R esolution N otes R eference

74 lb g y * 2 .8 -3 .0

Cytochrome B e l

I w a ta  et al. (1 9 9 8 )

75 lqcr 2.9 Xia et al. (1997)

76 lbcc 3.2 Zhang et al. (1998)

77 lezv 2.3 Partial structure Hunte et al. (2000)

Table 3.1: Polytopic a-helical TM protein structures available in January 2004. Structures that were 

included in the analysis performed here are indicated in red, in comparision with the highest resolution 

(non-mutant, complete, uncomplexed) homologues available in bold italics. Each horizontal line divides the 

structures into groups of homologues sharing 25% of greater sequence identity. * indicates the 18 structures 

added to the dataset in June 2002. All others were added when the dataset was updated in January 2004.

In retrospect it was discovered that several of the proteins in the final dataset were not 
the very highest resolution structures available (excluding partial and mutant structures 
and those crystallised in complex with an antibody). This is shown in Table 3.1. It 
has generally arisen because, when the dataset was updated, as new structures became 
available, new proteins were excluded if a homologue was already present in the dataset, 
even if the new protein was of better resolution. However, the average resolution of the 
proteins analysed was 2.93A and this would only have been increased to 2.82A, had all of 
the highest resolution structures been used. Given the fact that the analyses presented 
in this chapter are all at the residue, rather than atom, level, and so not dependent on 
side-chain conformations, this small reduction is resolution is unlikely to have significantly 

affected the results.
All results were obtained using all 24 proteins listed in Table 3.3, except the comparison 

of lipid-tail-spanning and head-group-spanning residues (Section 3.3.5.2) and the calcu
lation of position-specific residue distributions (Section 3.3.5.1), which were performed 
using only 18 of the 24 dataset proteins. This is because this work was performed in June 
2002, when only 18 of the 24 proteins were available. These 18 proteins are indicated in 

Table 3.3.
A viral fusion protein (2siv) is excluded from the calculations, due to its extremely 

unusual amino acid composition. These unusual properties are likely to be caused by the 
ability of the protein exist in both aqueous and membrane-spanning environments, unlike
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a typical TM protein (Malashkevich et al., 1998).
18 water-soluble proteins for comparison with the membrane proteins were randomly 

extracted by text searching of the PDB (update version November 2002, containing 19311 
structures) with the keyword ‘protein’. Homologous proteins were removed using the same 
criteria as for the TM proteins.

3.2.3 Identification  o f T M  H elices from  3 -d im en sio n a l co

ord inates by P S lice

A program, named PSlice, was developed in Perl to identify TM helices from 3-dimensional 
co-ordinate data. This enabled all residues in each structure to be classified as either lipid- 
tail-spanning, head-group-spanning or non-membrane-spanning. This step is important 
even in cases where annotation of TM helix positions is available, to allow the published 
TM helix positions to be verified and ensure that they are consistently defined across all 
proteins in the dataset.

PSlice has 4 distinct stages. These stages are illustrated in Figure 3.2 and described 
in more detail in this section.

| Stage |

□

0

0

Definition o f  all helix vectors

Selection o f likely TM helices

Resultant vector generation■
Translation and rotation o f  co-ordinates

J■ Calculation o f  slice hydrophobicity

Identification o f  membrane spanning slice

Visual inspection and residue analysis

Verification o f  membrane spanning slice

F igu re 3.2: Flow diagram showing the stages involved in the program 
PSlice.

In stage 1, all of the cr-helices in the protein were defined and assigned to vectors
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by the algorithm ProSEC (Slidel, 1997). While ProSEC was designed to automatically 
assign the handedness of a motif, its output can be set to give a set of vectors defining 
the start and end point of each a-helix and /3-sheet. ProSEC uses the assignment of 
residues to secondary structure classes made by DSSP (Kabsch & Sander, 1983) to define 
the positions of helices and strands. DSSP assigns residues to these secondary structure 
classes on the basis of the strength of hydrogen bonds that can be inferred from a simple 
electrostatic model. To split adjacent helices that have been joined, the angles between 
sequential pairs of residues are determined, and breaks or joins are introduced between 
the secondary structure elements as appropriate.

The vectors defined by ProSEC were analysed to ensure no curved helices had been 
split into two or more shorter straight ones. For this, those helices with end points within 
3 residues of each other and at an angle of less than 40° to one another were considered 
to be part of the same helix. The vector through the new helix was determined as a 
straight line which connected the furthest ends of the two shorter helices, as defined by 
the position of each residue concerned in the sequence. This was designed to allow for 
detection of proline-kinked helices, which have been estimated to kink by up to 40° (von 
Heijne, 1991; Woolfson & Williams, 1990; Nilsson et al, 1998; Chang et al., 1999).

During the next stage, the TM helices were identified by a gradual iterative process, in 
which the least likely candidates were removed at each step. Helices of less than 15 amino 
acids, equivalent to approximately 23A, the minimum length expected for TM helices, 
were removed. A resultant vector was calculated by averaging the remaining helices, 
and the angle between each individual vector and this resultant vector was determined. 
Those helices at an angle of greater than 50° with the resultant vector were removed, 
and a new resultant calculated. This process was repeated until no more vectors could 
be removed. Helices whose central points were not found within 50A of the centre of the 
resultant vector were removed, since these could not be within the membrane plane. The 
remaining helices were considered to be transmembranous.

In stage 3, the coordinates of the protein were translated, so that the optimised re
sultant vector was placed at the origin, and then rotated, until the resultant vector ran 
along the y-axis. This enabled ‘slices’ to be taken through the protein with ease, perpen
dicularly to the resultant, and so along the plane of the membrane. This is illustrated 
in Figure 3.3. A residue was considered to be located within a particular slice only if 
its Ca-carbon atom was found within the correct co-ordinate range. Slices of various 
thicknesses were used in order to identify the one that most corresponds to the thickness 
of the lipid-tail-spanning region of a membrane. It was then possible to select the slice 
through which the membrane was most likely to lie, due to the maximal hydrophobicity 
of its surface accessible residues. (Surface accessible residues were defined as described in
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Section 3.2.4.2).
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I

Figure 3.3: Schematic diagram illustrating the method used by PSlice to 
identify the membrane-spanning slice for cytochrome Bel (PDB code lbgy).
Shows the predicted position of the membrane (red and yellow faint overlay), 
two transmembrane helices (red bars) and the resultant vector (purple bar).
The turquoise box illustrates the slicing method used by the program PSlice 
to calculate the surface hydrophobicity of slices perpendicular to the resultant 
vector.

Hydrophobicity was calculated, in the final stage of the algorithm, and throughout this 
work, using the White and Wimley (WW) scale (Wimley et al., 1996; Jayasinghe et al., 
2001), which is described in Section 3.2.4.3. Lastly, the location of the membrane-spanning 
region, as defined by PSlice, was validated by visual inspection (Results, Section 3.3.2) 
and by analysis of the distribution of particular residue types (Results, Section 3.3.5.1).

3.2 .4  C om p u tation a l an alysis o f T M  protein  stru ctu re

3.2.4.1 O verview

Both sequence and geometric characteristics of the dataset TM helices were studied. Ge
ometric data includes both helix lengths and packing angles, which were determined by
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PSlice. Sequence-based data consist of residue distributions, hydrophobicity and conser
vation analysis. These were analysed in order to determine by which sequence-derived 
criteria buried and lipid-tail-accessible residues can be distinguished. The programs and 
the hydrophobicity scale used to perform these analyses are described in the following 
sections.

The statistical significance, or otherwise, of various differentials between groups was 
determined by paired or unpaired Student’s T-tests as appropriate. Significance is in
dicated, throughout the text, by the use of a probability value, P. A certain P value 
indicates the probability of the observed result occurring by chance alone. In this work, 
a probability of less than 0.05 is considered significant, whereas a probability of less than 
0.001 is considered highly significant.

3.2.4.2 A lgorithm s used for analysis o f TM  protein structure

NACCESS Residue accessibility was defined by NACCESS v2.1.1 (© , S. Hubbard and 
J. Thornton, 1992-1996), an implementation of the Lee and Richards algorithm (Lee & 
Richards, 1971). This program performs its analyses by rolling a sphere of radius 1.4A 
(equivalent to that of a water molecule) over the surface of the protein structure and 
determining to what degree residues are accessible to it. For this work, residues with a 
relative accessibility score of greater than 5% are considered to be lipid-tail-accessible, 
whereas those with a score of less than 5% are considered to be buried. This value had 
previously been used successfully by others (Valdar & Thornton, 2001; Bartlett et al., 
2002).

PSI-BLAST PSI-BLAST (Altschul et al, 1997) is described in detail in Section 1.3.1 
in Chapter 1. For this work, PSI-BLAST was run, for a maximum of 20 iterations or until 
convergence, using a threshold of le -40. A relatively high threshold was used to select 
only close homologues, for which function is likely to be conserved.

SCORECONS The calculation of residue conservation from PSI-BLAST-derived align
ments was performed by SCORECONS (Valdar & Thornton, 2001), as described in Sec
tion 1.3.2 in Chapter 1.

3.2.4.3 W hite and W im ley hydrophobicity scale

Throughout this chapter the White and Wimley (WW) scale (Wimley et al, 1996; Jayas- 
inghe et al, 2001) was used to assess the hydrophobicity of residues. This scale takes into 
account the solvation energy of both the amino acid side chain and the peptide backbone.
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The WW scale is derived from the partitioning of peptides, containing the residue under 
study, into n-octanol. The hydrophobicity score of each residue according to the WW 
scale, calculated from the partitioning coefficient, is shown in Figure 3.4. This scale was 
selected, firstly, since it has been shown to predict TM helices with an accuracy of greater 
than 99% from sequence (Jayasinghe et al., 2001). (While the criteria used to define 
success were relatively relaxed (an overlap of three or more residues between a predicted 
and known TM helix), the method did perform better than several comparable scales, 
the GES (Engelman et al., 1986), KD (Kvte & Doolittle, 1982) and EC (Eisenberg et al., 

1982a) scales, using the same criteria). Secondly, initial studies suggested that the WW 
scale was also effective for the current work, since a distinct peak of hydrophobicity in 
the residues along the protein surface could be identified.

4

3

8 2

$

-2 

-3

F igure 3.4: Graph indicating the hydrophobicity score of each residue, ac
cording to the WW scale (Wimley et al., 1996; Jayasinghe et al., 2001).

3.2.4.4 A ssignm ent of residues to  classes for analysis

Lipid-tail-spanning residues were defined as those with their Co atom within the 30 A lipid- 
tail-spanning slice identified by PSlice, according to the 3-dimensional coordinates. Head- 
group-spanning residues were defined as those residues with their Co atom within either of 
the 15A head-group-spanning slices flanking the lipid-tail-spanning slice, as illustrated in 
Figure 3.1. The residues within the lipid-tail-spanning and head-group-spanning regions
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were defined as membrane-spanning. All other residues were classified as non-membrane- 
spanning and were excluded from the analyses. The membrane-spanning residues were fur
ther subdivided into lipid-tail-accessible, lipid-tail-spanning buried, head-group-accessible 
and head-group-spanning buried groups, as determined by their accessible surface area 
calculated by NACCESS.

3.2.4.5 Comparison o f the secondary structure characteristics o f TM  and 
water-soluble proteins

For each TM helix defined by ProSEC, the helix termini were defined as the two residues 
furthest apart in the helix sequence, for which the Ca  atom was found within the TM 
lipid-tail-spanning slice defined by PSlice. For water-soluble proteins, and non-TM helices 
in TM proteins, the first and last residues for each helix or strand were taken directly 
from ProSEC. Angular tilts were calculated as the angle between the membrane normal 
(the line perpendicular to the plane of the membrane) computed by PSlice, and the vector 
connecting the Ca atoms of the first and last residues in each helix.

3.2.4.6 Pore diam eter analysis

Pores were found in 12 of the proteins analysed (the K+ channel, aquaporin, ATP synthase 
H+ channel, the multidrug efflux transporter, adenine nucleotide carrier, inward rectifying 
K+ channel, the protein conducting channel, the CLC Cl-  channel, the small and large 
mechanosensitive ion channels, formate dehydrogenase and the light harvesting protein). 
Not all transport pathways were included, only those that are visible pores. This is 
because these data will primarily be used for modelling of the UCPs. The UCPs are 
thought to contain a relatively large transport pore, for the reasons outlined in Chapter 
2, Section 2.2.1.

The pore diameter is taken to be the distance, according to the 3-dimensional coordi
nates, between the Co; atoms of the two pore-lining residues at any particular height that 
are furthest apart. Hence the pore diameters are somewhat over-estimated since they do 
not take into account the volume of the side chains. The pore diameters used in this work 
are the average of 3 diameters, calculated at different heights in the pore. Both functional 
and non-functional pores (defined in Section 3.2.4.12) are included in the analysis of pore 
diameter. The pore diameters of the UCP models from Chapter 2 are estimated based 
on the idea that the diameter of a TM helix is 10A.
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3.2.4.7 D istribution o f residue types across the m em brane-spanning regions

The propensities calculated in this work are both normalised with respect to the total 
number of residues within each slice, and with respect to the total number of each residue 
type. The propensity of residue X in slice S is therefore found using Formulae 3.1-3.3:

w , v . .. _ number of X in slice S
% of X m shoe S = - ~mbe7 ^ fresidue5 in slice g (3.1)

Average % of X in all slices = total number of X in TM region of all proteins------
total number of all residues in TM region of all proteins

™ r v  • o % of X in slice SPropensity of X in slice S =  ---------- .---- ———  (3.3)
Average % of X in all slices

As a result, a propensity of 1 represents the average proportion of residues of a certain 
type within the whole TM region. A propensity of greater than 1 indicates a greater than 
average proportion of that residue, and hence an enrichment at that location. Conversely, 
a propensity of less than 1 indicates a lower than average proportion, and hence that the 
residue is disfavoured at that location.

3.2.4.8 Com parison o f the hydrophobicity of accessible and buried residues

For each TM helix the average hydrophobicity score on the White and Wimley scale 
(Wimley et al., 1996; Jayasinghe et al., 2001) of the lipid-tail-accessible residues was 
compared to that for the buried residues. Lipid-tail-accessible and buried residues were 
defined as described in Section 3.2.4.2. The hydrophobicity scale used is described in 
Section 3.2.4.3.

The calculation was performed separately for both the lipid-tail-spanning and head- 
group-spanning regions of the helices. In order to prevent bias of the results towards the 
characteristics of certain chains, if a protein contained identical chains, only the helices 
belonging to one of these were analysed. The chains that were excluded from analysis are 
shown in Table 3.2. This was necessary because the structures of chains with identical 
sequences are usually identical. Chains with identifiers (taken from the PDB file) nearest 
to the start of the alphabet were arbitrarily retained at the expense of those nearer the end 
(i.e. chain A was included at the expense of chain B, in a homodimeric protein consisting 
of the two identical chains A and B).

For the lipid-tail-spanning region, of the 455 TM helices in the dataset of 24 TM 
proteins, 217 remained after identical chains were removed. 14 helices contained either no 
accessible or no buried residues, leaving 203 for analysis. Similarly, for the head-group- 
spanning region, of the 429 non-identical TM helices in the dataset, 224 helices contained 
either no accessible or no buried residues, leaving 215 for analysis.
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Protein Included chains Excluded chains

lehk ABC
lcl7 AM BCDEFGHIJKL
ljbO ABCDEFGHIJKLMX
liwg A
llgh A
leul A
laig HLM NOP
llOv ABCD MNOP
Ibgy ABCDEFGHIJK MNOPQRSTUVW
lbl8 A BCD

lum3 ABCDEFGH NMOPQRST
117v AB CD
119h A B
lfft ABC FGH
lh6i A BCD

lmxm A BCDEFG
lmsl A BCDE
lokc A
lp7b A B
lpv6 A B
lq l6 ABC
lrhz ABC
lkpl A BCD
lkqf ABC DEFGHI

Table 3.2: Identical chains included and excluded from the analyses of helix 
hydrophobicity and conservation.

3.2.4.9 Com parison o f the sequence conservation of accessible and buried  
residues

PSI-BLAST (Section 3.2.4.2) was used to identify sequence homologues for each of the 
proteins of known structure. The prediction of residue conservation amongst these homo
logues was performed by SCORECONS (Section 3.2.4.2).

For each TM helix, the average conservation score of the lipid-tail-accessible residues 
was compared to that for the buried residues. The calculation was performed separately 
for both the lipid-tail-spanning and head-group-spanning regions of the helices. As for 
the hydrophobicity analysis in Section 3.2.4.8, helices from identical chains were removed 
(Table 3.2). For the lipid-tail-spanning region, of the 455 TM helices in the dataset,
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217 remained after identical chains were removed. (In the case of proteins containing 
identical chains, the chains with identifiers closest the the beginning of the alphabet 
were arbitrarily kept at the expense of homologues with later identifiers). 8 of these 
helices contained either no accessible or no buried residues, and insufficient homologues 
were found to derive conservation scores for another 49 helices, leaving 160 for analysis. 
Similarly, for the head-group-spanning region, of the 439 non-identical TM helices in the 
dataset, 162 helices contained either no accessible or no buried residues, and insufficient 
homologues were found for 112 helices, leaving 165 for analysis.

3.2.4.10 Comparison o f the preferences of particular residues for lipid-tail- 
accessible or buried positions

The preference that a residue, X, shows for lipid-tail-accessible positions can be calculated 
using the following formula:

. . _  % of X in lipid-tail-accessible positions , nPropensity of X in environment E =  --------- ——— r.------—---- ;——— —  ---------- —-------—-----(3.4)
Average % of all residues in lipid-tail-accessible positions

3.2.4.11 H ydrogen bond analysis

Hydrogen bonding partners were analysed for the 1047 observed lipid-tail-accessible 
charged residues and the 1202 lipid-tail-accessible polar residues in the dataset. Charged 
residues are arginine, lysine, glutamate, histidine and aspartate. Polar residues are ser
ine, threonine, asparagine, glutamine, cysteine. The remaining residues are classified as 
hydrophobic. Hydrogen bonds were detected by HBPlus v3.0 (McDonald & Thornton, 
1994) and classified using a Perl script developed for the purpose. HBPlus identifies hydro
gen bonds using the inter-atom distance and angle criteria defined by Baker & Hubbard 
(1984) and confirmed in an analysis of bond geometries (Thornton et al., 1993). Main- 
chain/main-chain hydrogen bonds were excluded from the analysis, in order to analyse 
only the hydrogen bonding patterns of the residue side-chains. Intrahelical hydrogen 
bonds are those that are formed between 2 residues found 3 or 4 positions apart on the 
same chain. All other hydrogen bonds are classed as interhelical. Only hydrogen bonds 
to protein are detected by HBPlus so bonds to head-groups are inferred from visual in
spection of the structures.

Snorkelling residues are residues with Co: atoms within the lipid-tail-spanning region 
that adopt a conformation to permit their positively charged groups to reside in the 
head-group-spanning region (described in Section 3.3.8). Positively charged residues are 
classified as snorkelling if their C a atoms are less than 8A from the head-group-spanning 
region. (The length of the lysine side-chain was estimated at approximately 8A, from 
bond length calculations).
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3.2.4.12 Analysis of pore-lining residues

The characteristics of pore-lining residues within the lipid-tail-spanning or head-group- 
spanning regions were compared to those of buried and lipid-tail-accessible residues. Not 
all residues involved in transport were included, only those lining visible pores. This is 
because the UCPs are thought to contain a relatively large transport pore, for the reasons 
outlined in Chapter 2, Section 2.2.1. Only functional pores (defined as those through 
which transport is known to occur) were included in the analysis since a preliminary 
study showed differences between the residue composition of functional and non-functional 
pores. (Non-functional pores were more hydrophobic, probably because they are packed 
with phospholipids in the native structure). A functional pore was present within each 
protomer of the K-t- channel, aquaporin, the multidrug efflux transporter, the adenine 
nucleotide carrier, the inward rectifying K + channel, the protein conducting channel, the 
Clc chloride channel and the small and large mechanosensitive ion channels. The channels 
found in formate dehydrogenase, ATP synthase and the light harvesting protein, as well as 
the inter-protomer pores in aquaporin and the multidrug efflux transporter, were classed 
as non-functional and excluded from the analysis of pore-lining residue types. Functional 
pores are indicated in Figures 3.12 and 3.13.

3.3 Results

3.3.1 The dataset of transmembrane protein structures

At the time of dataset assembly (January 2004) there are 24 non-homologous ct-helical 
polytopic TM proteins with known 3-dimensional structures, and these are listed in Table 
3.3. The proteins average approximately 125kDa in size, although some are small single 
polypeptide chain proteins, whereas others are very large protein complexes consisting of 
up to 20 chains. They contain 455 TM helices in total, with an average of 19 TM helices 
per protein. The smallest protein, the adenine nucleotide carrier, has 6 TM helices, 
whereas the largest, the multidrug efflux transporter, has 36.

It is accepted that these proteins are unlikely to represent a random sample of the total 
proteome, due to greater scientific interest or ease of expression of some classes of proteins, 
such as prokaryotic proteins and the mitochondrial electron transport proteins, leading 
to their over-representation in the structural databases. This may lead to the dataset 
becoming biased by characteristics specific for these types of protein. However, since the 
dataset is also likely to be biased towards scientifically and medically important proteins, 
the implications of this bias may be reduced. In addition, the number of available TM 
protein structures is too small to allow rejection of a protein from the analysis based on
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anything other than close sequence similarity.



N am e P D B

Fumarate reductase (Complex II) llOv

Cytochrome Bel Complex III) lbgy

Cytochrome C oxidase (Complex IV) lehk

FIFO ATP synthase Chain C (Complex V) lcl7  

Photosystem I ljbO

Formate dehydrogenase lkqf

Multidrug efflux transporter liwg

Light harvesting protein llgh

Photosynthetic reaction centre laig

Calcium ATPase leul

CLC Cl-  channel lkpl

Reference Origin No. O /S  No.
Horn TM H

Iverson et al. (1999) Bacterial 1 1 12

Iwata et al. (1998) Eukaryotic 3 28

Soulimane et al. (2000) Bacterial 2 15

Girvin et al. (1998) Bacterial 1 1 28

Jordan et al. (2001) Bacterial 3 1 28

Jormakka et al. (2002) Bacterial 0 3 5

Murakami et al. (2002) Bacterial 0 3 12

Conroy et al. (2000) Bacterial 1 1 16

Chang et al. (1991) Bacterial 2 IP

Toyoshima et al. (2000) Eukaryotic 0 1 10

Dutzler et al. (2002) Bacterial 2 2 13
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Table 3.3: continued

N am e P D B  Reference Origin No. O /S  No.
Horn TM H

K+ channel lbl8 Doyle et al. (1998) Bacterial 0 1 8

ABC Transporter 117v Locher et al. (2002) Bacterial 2 2 9

Rhodopsin 119h Palczewski et al. (2000) Eukaryotic 3 2 7

Ubiquinol oxidase lfft Abramson et al. (2000) Bacterial 0 1 50

Aquaporin lh6i de Groot et al. (2001) Eukaryotic 1 1 32

Small mechanosensitive channel (MscS) lmxm Bass et al. (2002) Bacterial 0 7 3

MscL mechanosensitive channel (MscL) lmsl Chang et al. (1998) Bacterial 0 1 10

Adenine nucleotide carrier lokc Pebay-Peyroula et al. (2003) Eukaryotic 0 1 6

Inward rectifier K+ channel lp7b Kuo et al. (2003) Bacterial 0 4 8

Lactose permease lpv6 Abramson et al. (2003) Bacterial 0 1 12
co
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Table 3.3: continued

Nam e P D B Reference Origin No.
Horn

O /S No.
TM H

Nitrate reductase lql6 Bertero et al. (2003) Bacterial 0 2 10

Sec YE/5 protein conducting channel lrhz Van den Berg et al. (2004) Bacterial 0 1 11

Cytochrome B6F lum3 Kurisu et al. (2003) Bacterial 0 2 24

Table 3.3: Non-homologous polytopic a-helical membrane proteins with known 3-dimensional structure. 

Also given are PDB code (PDB), origin, number of homologues of known 3-dimensional structure (No. 

Horn), oligomeric state (O/S) and number of TM helices in the native protomer (No. TMH). The number 

of TM helices per protomer is given according to either SwissProt (Bairoch & Apweiler, 1997) annotation 

or visual inspection of protein structures if this is unavailable. The oligomeric state of the native protein is 

taken from the PQS server (K. Henrick, h t tp : / /p q s .e b i .a c .u k / ). *The photosynthetic reaction centre contains 

a chain that spans the membrane with a single TM helix. In retrospect this chain should have been removed 

from the dataset since it is not polytopic. Cofactors were not removed from the structures.
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3.3.2 L ocation  o f T M  h elices from  3 -d im en sio n a l co o rd in a tes

A clear trough in hydrophobicity was visible when surface-accessible residues were anal
ysed in slices taken along the plane of the membrane calculated by PSlice. This is illus
trated in Figure 3.5 for slice thicknesses ranging from 20A to 50A, for cytochrome Bel 
(PDB code lbgy). A 30A thick slice was selected since it gave the deepest, sharpest 
trough in hydrophobicity score in an arbitrary sample of 10 of the dataset proteins, allow
ing the TM slice to be identified as accurately as possible. This was in agreement with the 
majority of thicknesses given for the membrane lipid-tail environment in the literature. 
Whilst throughout this work a membrane lipid-tail thickness of 30A was used, this figure 
is thought to vary by up to 7.5A, (Bretscher & Munro, 1993; Killian, 1998) due to differing 
lipid composition and cholesterol content. This may have lead to the inclusion of some 
head-group-spanning residues in the lipid-tail-spanning region, or vice versa, particularly 
for some proteins such as the ATP synthase.

20A 30A 35A 40A —  50A
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Figure 3.5: Distribution of hydrophobicity of all surface residues of cy
tochrome Bel (PDB code lbgy), using slices of varying thickness along the 
plane of the membrane. The lower the hydrophobicity score, the greater the 
hydrophobicity. The hydrophobicity score for each slice was plotted on the 
x-axis at the centre of that slice.

The position of the TM slice was verified by visual inspection of the structure, as 
shown in Figures 3.6-3.8, and by the distributions of residues described in Section 3.3.5.1. 
Another valuable method to verify the predicted position of the TM slice would have 
been to combine the results from homologous proteins, since these are likely to have a 

very similar structure.
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laig - Photosynthetic reaction centre liwg - Multidrug efflux transporter

lbgy - Cytochrome Bel Ic l7 -F 1 F 0  ATP synthase C

lkqf - Formate dehydrogenase lehk - Cytochrome C oxidase

Figure 3.6: Structures of the dataset proteins showing the TM slice identi
fied by PSlice in red.
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lbl8 - K+ channel leul - Ca2+ ATPase

lmxrn - MscS channel

lh6i - Aquaporin

Figure 3.7: Structures of the dataset proteins showing the TM slice identi
fied by PSlice in red. This and all similar figures were produced using Pymol 
(©DeLano Scientific, 2004).

lfft, - Ubiquinol oxidase

ljbO - Photosystem I
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llOv - Fumarate reductase

119h - Rhodopsin

lmsl - MscL channel !pv6 - Lactose permease

Figure 3.8: Structures of the dataset proteins showing the TM slice identi
fied by PSlice in red.

117v - ABC Transporter

llgh - Light harvesting protein



Chapter 3. Computational analysis o f TM  protein structure 104

3.3.3 A comparison of the secondary structure characteristics 
of membrane and water-soluble proteins

Various statistics concerning the number, length and angle of a-helices and /3-sheets in 
TM proteins are given in Table 3.4, in comparison with the corresponding values for 
water-soluble proteins. These data are derived as described in the methods section. The 
results are not significantly different from those obtained previously with smaller datasets 
(Bowie, 1997; Ulmschneider & Sansom, 2001).

Average number of TM helices 19

Average TM helix length (residues) 23

Average length of all helices in TM proteins (residues) 11

Average length of non-TM helices in TM proteins (residues) 9 

Average length of helices in soluble proteins (residues) 9

Average length of /3-sheets in TM proteins (residues) 4

Average length of /3-sheets in soluble proteins (residues) 4

Average angular tilt of TM helices to membrane normal (°) 17

Table 3.4: Comparison of various secondary structure statistics for TM and 
water-soluble proteins. Only a-helical TM proteins are analysed: /0-sheets in 
TM proteins refer to those found in the water-soluble domains. For details 
of calculations, see Methods Section.

3.3.3.1 TM  helix length  analysis

The distribution of the lengths of non-TM helices in the 24 TM proteins is shown in 
Figure 3.9, in comparison with the lengths of TM helices. The average length of a TM 
helix in the current dataset is 23±6 residues, where as the average length of a non
membrane-spanning helix is 9 residues. Other studies have calculated the average length 
of a TM helix as 26 (Bowie, 1997) and 27 (Ulmschneider & Sansom, 2001) residues. These 
results are not significantly different from those obtained in this work using a much larger 
dataset. Given the differences between the datasets, and the large standard deviations
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associated with so few proteins, variation of this order of magnitude between the results 
of the different studies would be expected.

■  TM helices
■  Non-TM helices

<4 4-6 7-9 10-12 13-15 16-18 19-21 22-24 25-27 28-30 >30

Helix length (residues)

Figure 3.9: Distributions of the lengths of TM helices and non-TM helices 
in 24 membrane proteins.

As can be seen in Figure 3.9, the majority of helices of greater than 16 residues in TM 
proteins are TM helices. The remaining helices, and the /3-sheets in TM proteins, show 
a very similar distribution of lengths to the helices and sheets in water-soluble proteins. 
It can therefore be concluded that, apart from the addition of several longer helices that 
span the membrane, TM proteins do not appear to differ in their secondary structure 
composition from non-TM proteins.

3.3.3.2 P artia l m em b ran e-spannin g T M  helices

Even considering that different lipid compositions in eukaryotic and bacterial membranes 
lead to differing membrane thicknesses (see Section 3.1.1), a helix of 23 residues is likely 
to be more than adequate to span the membrane bilayer, indicating that most TM helices 
extend out of the membrane on at least one face. However, several proteins contain 
helices that do not fully span the membrane, but instead seem to cross only approximately 
halfway (the K+ channel (lbl8), aquaporin (lh6i) and the C1C Cl-  channel (lkpl)). In 
the K+ channel these partial helices are thought to play vital structural and functional 
roles by acting as the selectivity filter, reducing the energy barrier for ions crossing and 
helping to form the characteristic shape of the channel (Doyle et al., 1998). The partial
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TM helices point from the extracellular face of the bilayer to a water-filled cavity in the 
centre of the channel, halfway across the membrane. The dipole created by the partial 
negative charges on the C termini of these helices is thought to stabilise the translocating 
ions in this cavity where they are furthest from aqueous solution and the free energy 
barrier is highest. It is likely that the partial TM helices in aquaporin (de Groot et al., 
2001) and the CLC channel (Dutzler et al., 2002) play a similar role.

3.3.3.3 TM  helix angular tilt  analysis

TM helices tend to be approximately parallel to the membrane normal (the line perpen
dicular to the plane of the membrane), with an average deviation from the normal of 
17±11° and a maximum deviation of 40°. Given the large standard deviations associated 
with such small datasets, this value is not significantly different from that found previ
ously by Ulmschneider & Sansom (2001) (22°) and Bowie (1997) (21°), using fewer TM 
protein structures. The roughly parallel arrangement of TM helices is likely to facilitate 
the modelling of their packing, in comparison to that for water-soluble proteins. However, 
the work in Chapter 4 suggests that helix tilt can not be ignored during modelling. In 
contrast, the average deviation of non-TM helices in TM proteins from the membrane 
normal is 44°. This is illustrated in Figure 3.10. The wide spread of angles for non- 
membrane-spanning helices indicates that these helices show no tendency to be aligned 
with the membrane-spanning ones.

It was hoped that information about the length of a TM helix could be used to es
timate its angular tilt, and that this may be of use during modelling. The approximate 
length of the lipid-tail-spanning region of a TM helix can be estimated by maximising the 
difference in hydrophobicity between the predicted lipid-tail-spanning and head-group- 
spanning residues. However, as shown in Figure 3.11, there appears to be no significant 
correlation between the length of a hydrophobic segment and its angle to the membrane 
normal (R2 =  0.08). This lack of correlation is not due to the fact that the membrane 
lipid-tail-spanning region often contains TM helices which do not fully span the mem
brane, since even if these partial-spanning helices are removed, no correlation is observed. 
However, that partial-spanning helices exist suggests that there is no requirement for the 
length of a hydrophobic segment to match the thickness of the bilayer. As a result, infor
mation about the length of the lipid-tail-spanning part of a helix is unlikely to be of use 
in the prediction of the angular tilt of the helix in a 3-dimensional model.
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Figure 3.10: Comparison of the distribution of the angular tilt of TM and 
non-TM helices in 24 membrane proteins from the membrane normal pre
dicted by PSlice.
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Figure 3.11: Correlation between the lengths and angles from the membrane 
normal of TM helices in 24 membrane proteins.
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3.3.4 Analysis of pore diameter

12 of the dataset proteins contain a membrane-spanning pore. These proteins are shown 
in Figures 3.12 and 3.13, in a view along the membrane normal (perpendicular to the 
plane of the membrane), illustrating the arrangement of TM helices.
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liwg - Multidrug efflux transporter lbl8 - K+ channel

lc!7 - ATP synthase subunit C lkqf - Formate dehydrogenase

lh6i - Aquaporin lmsl - Mechanosensitive K+ channel

Figure 3.12: Views of the pore-containing TM proteins along the membrane 
normal, showing the pore and the arrangement of TM helices. This diagram 
was produced using Molscript ©1997-1998, Per Kraulis. Functional pores 
are indicated by a pale blue circle containing a ‘P \
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lp7b - IR K+ channel

lkpl - CLC Cl~ channel

llgh - Light harvesting protein lm xm  - Mechanosensitive channel

Figure 3.13: Views of the pore-containing TM proteins along the membrane 
normal, showing the pore and the arrangement of TM helices. This diagram 
was produced using Molscript ©1997-1998, Per Kraulis. Functional pores are 
indicated by a pale blue circle containing a ‘P ’. IR indicates inward rectifying.

lrhz - Protein conducting channel

lokc - Adenine nucleotide carrier
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When modelling a channel-containing TM protein from sequence, considerable con
straints could be imposed on the number of possible models if one could determine the 
approximate size of the pore and number of helices lining it. It is therefore significant 
that there is a relationship between the total number of TM helices and the number of 
pore-lining helices (R2=0.67, as shown in Figure 3.14(B)). Although based on limited 
data, this enables the number of pore-lining helices to be easily estimated for any protein. 
Secondly, it is valuable to note that there is a stronger linear relationship between the 
number of pore-lining helices and the average pore diameter, as shown in Figure 3.14(A) 
(R2=0.83). This information allows estimations to be made about the size of the pore 
and the number of pore-lining helices which may prove useful in modelling.

It can be seen that the diameter of the pores from the uncoupling protein TM models 
(see Chapter 2, Section 2.2.3) are less than the pore diameter in the dataset proteins with 
similar numbers of pore-lining helices. This is likely to be due to the fact that the pore 
diameters taken from the dataset proteins are measured from Co; to C a of the pore-lining 
residues, and do not consider the positions of the residue side chains, which will tend to 
reduce the actual pore diameter. The data suggests that Models 1 and 3, in which 6 of 
the 12 TM helices line a pore of diameter 10-15A, show the most similar arrangement of 
helices to that found in native proteins with 12 TM helices. Assuming they are dimeric 
proteins with one pore per monomer, these results therefore suggest that the UCPs are 
likely to show a structure more similar to Models 1 or 3 than to Model 2, in Chapter 2.
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Figure 3.14: (A): Analysis of the relationship between average pore diame
ter and the number of pore-lining helices for both the dataset proteins (dark 
blue dots) and the UCP helix models described in Chapter 2 (red circles). 
The line shown is represented by the equation y=2.79x. (B): Analysis of 
the relationship between the total number of TM helices and the number 
of pore-lining helices for both the dataset proteins and the UCP helix mod
els described in Chapter 2. The line shown is represented by the equation 
y=0.008x2 -I- 0.620x. Regression lines and correlation coefficients were ob
tained using Microsoft Excel.
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3.3.5 Analysis of residue propensities and hydrophobicity

3.3.5.1 D istribution of residue types across m em brane-spanning regions

Figures 3.15 and 3.16 illustrate the changing propensities of each residue type, as slices are 
taken through each protein parallel to the membrane plane. The region studied includes 
both head-group-spanning regions (between -30 and -15A and between 15 and 30A in 
the figures) and the lipid-tail-spanning region (between -15 and 15A). The results are 
in agreement with the known physicochemical properties of the residues, and with other 
experimental work. Several trends for residues to favour particular regions within either 
the lipid-tail-spanning or head-group-spanning regions are visible, such as a preference for 
the lipid-tail/head-group interface, or for the centre of the membrane lipid-tails.

It can be seen in Figure 3.15 that the charged residues arginine, lysine, aspartate 
and glutamate are far less frequent in the hydrophobic lipid-tail-spanning region than the 
highly polar head-group-spanning regions. Interestingly histidine, a positively charged 
residue, does not show this strong preference. This is probably due to its pK being close 
to 7, so that it carries a charge less often than arginine or lysine at physiological pH.

The ‘positive inside rule’ states that there is an enrichment in the positively charged 
residues arginine and lysine on the cytoplasmic side of the membrane, and of negatively 
charged residues on the extracytoplasmic side (von Heijne &; Gavel, 1988). It has been 
demonstrated to occur in archaean, bacterial and eukaryotic plasma membrane proteins 
(Wallin k  von Heijne, 1998), and in proteins of the inner mitochondrial membrane, the 
ER, SR and thylakoid membrane (von Heijne k  Gavel, 1988). In agreement with this, 
Figure 3.15 shows that arginine and lysine are enriched 2.5-fold in the intracellular relative 
to the extracellular head-group-spanning region.
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Figure 3.15: Distribution of particular residue types through the 
membrane-spanning region of TM proteins. The lipid-tail-spanning and 
head-group-spanning regions are indicated.
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head-group-spanning regions are indicated.
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This charge asymmetry has been shown to play a crucial role in insertion of TM helices 
with the correct topology (Rojo et al., 1999). The mechanism was originally thought to 
derive from the fact that the outside of the cell is positively charged relative to the 
cytoplasm, as a result of the potential across the membrane. This was thought to lead 
to a preference for the translocation of segments carrying the opposing, negative, charge 
(von Heijne & Gavel, 1988). Several groups have shown that the export of negatively 
charged segments is dependent upon a membrane potential (Schuenemann et al., 1999). 
However, recent work has shown that the link may be more complex, since the positive 
inside rule is obeyed by TM proteins from the plasma membrane of acidophilic bacteria, 
in which the membrane potential is reversed (van de Vossenberg et al., 1998). It has been 
suggested that only negatively charged protein tails are translocated either (1) because 
a negative charge is required for interaction with the translocation machinery or (2) 
because anionic phospholipid head-groups interact with positively charged regions and 
prevent their translocation (van Klompenburg et al., 1997; Rojo et al., 1999).

The polar residues show a preference for the head-group-spanning regions, although it 
is very weak for serine and threonine. This is likely to occur because serine and threonine 
are known to be able to satisfy their hydrogen bonding potential within a hydrophobic 
environment by hydrogen bonding to the backbone carbonyl oxygen of the previous turn 
in the helix (Gray & Matthews, 1984).

The hydrophobic residues, alanine, isoleucine, leucine, methionine and valine, show 
an opposite distribution to the polar and charged residues, being most common in the 
TM lipid-tail environment. On average, the aromatic residues tryptophan, phenylalanine 
and tyrosine peak at or near the interfaces between the lipid-tail-spanning and head- 
group-spanning regions, as has previously been observed (Yuen et al., 2000). Whilst 
tryptophan and tyrosine are strongly disfavoured in the centre of the lipid-tail-spanning 
region, however, phenylalanine is not. Tryptophan and tyrosine are likely to be too polar 
to be favourably situated at the centre of the lipid bilayer.

Of the remaining residues, glycine shows little change in distribution throughout the 
lipid-tail-spanning and head-group-spanning regions. This confirms work that suggests 
that glycine is not excluded from TM a-helices due to helix-breaking properties, as has 
been observed in water-soluble proteins (Li Sz Deber, 1992; Javadpour et al., 1999; Bywater 
et al., 2001). Cysteine appears to be disfavoured in the head-group region and at the very 
centre of the membrane, probably due to the high energetic cost of desolvating its highly 
polar thiol group. Proline shows a weak tendency to avoid the membrane lipid-tail region. 
This may be due to its tendency to disrupt a-helical structure.
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3 .3 .5 .2  C om parison o f th e  residue com position  o f th e  lip id -ta il-sp an n in g  and  
head-group-spanning regions

As would be expected, the regions of protein accessible to lipid-tails and head-groups 
show characteristic differences in their amino acid composition. These are shown in the 
propensities in Table 3.5 and Figure 3.17. Whilst these propensities give a useful es
timate of the preferences of different amino acids for either the head-group or lipid-tail 
region, it should be emphasised that much data is lost by this representation. Single-value 
propensities imply that the occurrence of a residue is constant throughout the entire lipid- 
tail-spanning or head-group-spanning region, whilst in fact there is much variation. This 
variation is derived from the differing environments experienced by residues of both differ
ing lipid-tail-accessibility, (as discussed in Section 3.3.5.4), and at differing heights within 
the membrane, (as shown in Figures 3.15 and 3.16). It seems likely that, due to this 
heterogeneity within each region, position-specific propensities would be more effective 
for predictive purposes.

Residue

Propensity WW scale
* Enriched in lipid-tail-spanning positions * Significant (P<0.05)

** Significant (P<0.01)
* Enriched in head-group-spanning positions *** Significant (P<0.001)

Figure 3.17: Comparison of the amino acid composition of the lipid-tail- 
spanning and head-group-spanning regions of TM proteins, indicating the 
high degree of correlation with the WW hydrophobicity scale. A propensity 
of greater than 1 indicates an enrichment in the lipid-tail-spanning region 
relative to the head-group-spanning region. Similarly, a propensity of less 
than 1 indicates an enrichment in the head-group-spanning region relative to 
the lipid-tail-spanning region.
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R esidue Occurrence Propensity  Significantly
enriched in

Ala 724 1.33±0.04 Lipid-tails
Arg 248 0.51±0.02 head-group
Asn 228 0.64±0.02 head-group
Asp 193 0.48±0.02 head-group
Cys 74 1.30±0.08 Lipid-tails
Gin 176 0.64±0.03 head-group
Glu 208 0.49±0.03 head-group
Gly 591 1.08±0.05 -

His 185 0.99±0.08 -

lie 538 1.46±0.05 -

Leu 920 1.44±0.06 Lipid-tails
Lys 211 0.44±0.03 head-group
Met 221 1.40±0.07 Lipid-tails
Phe 461 1.48±0.07 Lipid-tails
Pro 332 0.73±0.03 head-group
Ser 376 0.88±0.03 -

Thr 361 1.06±0.04 -

Trp 230 1.30±0.07 Lipid-tails
Tyr 222 0.93±0.05 -

Val 583 1.42±0.05 Lipid-tails

Table 3.5: Propensity of each residue type for the lipid-tail-spanning vs 
head-group-spanning region. See Methods Section for calculation of propen
sity. The total occurrence of each amino acid in the TM region is also 
given. The final column states, if applicable, in which environment (lipid- 
tail-spanning or head-group-spanning) the residue is significantly enriched in 
comparison with the other environment (P < 0.05).
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As can be seen from the propensities in Table 3.5 and Figure 3.17, the lipid-tail- 
spanning region, (as defined in Figure 3.1), is enriched in the hydrophobic and aromatic 
amino acids (W, F, L, I, M, V and A), relative to the head-group region. In contrast, 
the head-group region is enriched in polar and charged residues, (D, E, Q, K, R and N). 
Proline, whilst being relatively hydrophobic, is strongly enriched in the head group region 
relative to the lipid-tail-spanning region. This may be due to its ability to kink or break 
helices, in order to terminate the TM helices on either side of the membrane. Cysteine 
is strongly enriched in the lipid-tail-spanning region, for reasons that are not understood. 
Interestingly, the polar residues serine and threonine show very little preference for either 
location, suggesting that they can be well tolerated, or have valuable functions, in both 
environments. This is likely to be due to their ability to hydrogen bond with solvent, as 
in the head-group region, and with the previous backbone carbonyl oxygen of the same 
chain in a hydrophobic lipid-tail environment (Gray & Matthews, 1984).

Figure 3.17 illustrates the high degree of correlation between the propensities and 
White and Wimley scale (Wimley et al., 1996; Jayasinghe et al., 2001) hydrophobicity, 
emphasising the trend that the greater the hydrophobicity of a particular residue the 
greater its preference for the lipid-tail-spanning region. The ‘AVILM content’ of a partic
ular region was calculated as the percentage of the total residues that were of type A, V, I, 
L, or M, and displayed in Figure 3.18. This figure illustrates the strength of the preference 
of hydrophobic residues for lipid-tail-spanning regions over head-group spanning regions. 
Two clearly separate distributions can be seen, indicating that lipid-tail-spanning regions 
tend to have a greater proportion of hydrophobic residues than the head-group-spanning 
region. The average AVILM content of lipid-tail-spanning regions is 20% higher than that 
in head-group-spanning regions.

The distributions of AVILM content for both lipid-tail-spanning and head-group- 
spanning residues have a range of approximately 30%. This range is unlikely to indicate a 
possible variation in the methods by which different proteins achieve stability within the 
membrane environment. Instead it suggests that it is the relative difference in hydropho
bicity between TM and non-TM segments that drives insertion, rather than the absolute 
values.

3.3.5.3 Com parison o f the hydrophobicity of lipid-tail-accessible and buried 
lip id-tail-spanning regions

Whilst a similar separation was expected for buried residues versus lipid-tail-accessible 
residues within the lipid-tail-spanning region, this was not observed, as is shown in Figure
3.19. There is no significant difference between the total AVILM content of buried and
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Figure 3.18: Distribution of the AVILM content of TM regions spanning the 
lipid-tail region and head-group region of the bilayer for each dataset protein.
Two clearly separate distributions can be seen, indicating that lipid-tail- 
spanning regions tend to have a greater proportion of hydrophobic residues 
than the head-group-spanning region. AVILM content was calculated as the 
percentage of the total residues that were of type A, V, I, L, or M.

lipid-tail-accessible regions (mean percentages of residues AVILM are 48% in buried and 
53% in lipid-tail-accessible positions, P =  0.148). Both buried and lipid-tail-accessible 
residues within the lipid-tail region showed a great range of AVILM content, from 35 to 
70% and 40 to 75% respectively. To account for the huge variation, there may be differing 
driving forces that have caused particular proteins to adopt these different proportions of 
hydrophobic residues in buried and lipid-tail-accessible positions. However, these forces 
do not appear to be linked to the role of the protein, since there is no significant difference 
between the proportions of hydrophobic, charged, aromatic or polar residues in buried or 
lipid-tail-accessible positions of proteins of different function (ion pumps, ion channels, 
electron carriers or miscellaneous; data not shown). Again, this suggests that it is the 
relative difference in hydrophobicity between groups of residues, (both between lipid-tail- 
spanning and head-group-spanning residues and between buried and lipid-tail-accessible 
residues), that promotes TM protein folding and membrane insertion, rather than the 
absolute values. Further work, particularly more TM protein structures, will be needed 
before the reasons for this variation in hydrophobic amino acid content can be fully 

understood.
However, if we consider each helix separately, we find that lipid-tail-accessible residues 

are significantly more hydrophobic, according to the WW hydrophobicity scale, than
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Figure 3.19: Distribution of AVILM content of accessible and buried 
residues within the lipid-tail-spanning region. Distinct distributions cannot 
be seen, indicating that accessible and buried residues have similar propor
tions of hydrophobic residues. AVILM content was calculated as the percent
age of the total residues that were of type A, V, I, L, or M.

buried ones. (The mean hydrophobicity scores are -0.47 for 2510 lipid-tail-accessible 
residues and -0.12 for 1528 buried residues, P < 0.0001). This is illustrated in Figure
3.20. A similar result was achieved using the Kyte and Doolittle scale (Kyte & Doolittle, 
1982) (data not shown). As expected, the reverse trend is observed in the head-group- 
spanning region, where the buried residues are more hydrophobic that the accessible ones 
(p<0.001). This is shown in Figure 3.20.

As shown in Figure 3.20 that far less discrimination between buried and accessible 
residues can be achieved using hydrophobicity data from the head-group region than 
from the lipid-tail-spanning region. In fact it seems that there is an inherent level of 
hydrophobicity found in the core of all protein regions: in water-soluble proteins, in TM 
lipid-tail-spanning regions and in TM head-group-spanning regions. (The similar level of 
hydrophobicity of lipid-tail-spanning and head-group- spanning residues can be seen in 
Figure 3.20. That the core region of water-soluble proteins is of similar hydrophobicity 
to that of the lipid-tail region has been shown by other groups (Chothia, 1976)). Inter
estingly, this similarity in hydrophobicity implies that the packing interactions that occur 
in each of these environments are likely to be similar. Whether this is the case will be 
investigated in the following sections.

Whilst the core hydrophobicity of all proteins appears to remain relatively constant, 
the hydrophobicity of the surface residues is modified in order to facilitate interaction with 
the external environment: either water, membrane lipid-tails or membrane head-groups.

Accessible ■  Buried

% AVILM
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Figure 3.20: Comparison of the hydrophobicity, according to the White 
and Wimley scale, of lipid-tail/head-group-accessible and buried residues for 
each of the dataset TM helices. Plotted is the difference in hydrophobicity 
between accessible and buried residues on each helix. Only residues with Ca 
atoms in the lipid-tail-spanning region or head-group-spanning region of each 
helix are analysed. Homologous chains and segments lacking either accessible 
or buried residues were removed.

In the case of head-group-spanning residues, however, the inherent hydrophobicity of 
the buried residues appears to be similar to that required for optimal interaction with 
the phospholipid head-groups. This results in a very small discrimination between the 
hydrophobicity of head-group-accessible and buried residues in this environment. As a 
result, prediction of buried and accessible residues, at least using differences in hydropho
bicity, is likely to be much more effective within the lipid-tail-spanning region than the 
head-group region.

For predictive power we need to consider not just mean hydrophobicity values but also 
the strength of the relationship and the frequency with which exceptions occur. We found 
that in 74% of helices the mean hydrophobicity is greater for lipid-tail-accessible residues 
than for buried residues. Therefore, hydrophobicity can make a valuable contribution to 
prediction but, since the theoretical maximum accuracy of prediction is only 74%, other 
parameters will be required to increase the performance of the prediction.

Conversely, 26% of helices do not show the expected hydrophobicity characteristics, 
and some have lipid-tail-accessible residues that are considerably less hydrophobic than
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their buried residues (Figure 3.20). The situation seems to occur mainly in helices where 
the interaction with neighbouring helices is performed by hydrophobic residues, such as 
via the leucine zipper motif (Section 3.1.2, giving a higher than average hydrophobicity of 
the buried residues. When this is combined with one or more lipid-tail-accessible charged 
or polar residues, the hydrophobicity of the accessible residues in some cases becomes 
significantly less than that of the buried residues. The problem is increased when a helix 
contains only a single accessible or buried residue, so that the effect of a slightly unusual 
degree of hydrophobicity in this residue is magnified. This is the case, for example, for 
one helix in Figure 3.20 in which the lipid-tail-accessible residues are considerably more 
polar than the buried residues. However, there is only a single lipid-tail-accessible residue, 
a glycine, which gives the appearance of an accessible surface that is polar in comparison 
to the buried residues in the sequence HHAIALGLHTTTLILVKG.

There are various reasons for the occurrence of lipid-tail-accessible charged residues 
given in Section 3.3.8. In addition, the polar residues serine and threonine are known to 
be more commonly accessible to lipid-tails than predicted from their polarity, due to their 
ability to form hydrogen bonds with the preceding turn of the helix (Gray & Matthews, 
1984). These findings confirm that the folding of TM proteins does not simply rely on 
the principle of burying all hydrophilic residues and exposing all hydrophobic ones.

As described previously, there is no significant difference between the total AVILM 
content of buried and lipid-tail-accessible regions. This suggests that, while the total 
numbers of hydrophobic residues in each environment are similar, the proportions of each 
individual residue must be different, leading to the observed difference in WW hydropho
bicity score. Hence it is not simply being classified as a hydrophobic amino acid that 
leads to a preference for lipid-tail-accessible positions, but the specific physico-chemical 
properties of each amino acid, or the degree of hydrophobicity. In agreement with this, 
certain individual amino acids do show a significant preference for either accessible or 
buried environments, as described in the next section (Section 3.3.5.4).

In the head-group-spanning region, only 61% of helices show the expected trend, with 
buried residues more hydrophobic than lipid-tail-accessible residues. This much weaker 
relationship suggests that TM helix packing methods that make use of hydrophobicity 
data should probably consider the lipid-tail-spanning residues alone.

3.3.5.4 Com parison o f th e  preferences of particular residues for lipid-tail- 
accessible vs buried lipid-tail-spanning regions

Within the lipid-tail-spanning region, certain amino acids show a preference for either 
accessible or buried environments, as shown in Figure 3.21 and Table 3.6. This preference
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can be quantified for each residue using a propensity value (see Section 3.2.4.10). The 
hydrophobic amino acids leucine, phenylalanine and tryptophan both show a preference 
for lipid-tail-accessible positions. Consistent with the work of Ulmschneider & Sansom 
(2001), alanine shows a preference for buried positions, but the other hydrophobic residues 
show no significant preference. This is at first sight somewhat unexpected, given the hy
drophobicity of the bilayer. However, it appears to be due to a genuine lack of preference, 
with propensity values very close to 1, rather than a lack of statistical power due to the 
size of the dataset. It probably reflects both the ability of hydrophobic residues to inter
act favourably with the membrane lipid-tails and their important role in leucine zipper 
packing (Crick, 1953; Langosch & Heringa, 1998) of the TM helices.
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*  Enriched in lipid-tail-accessible positions * Significant (P <0.05)
** Significant (P <0.01)

*  Enriched in buried positions ***  Significant (P < 0 .001 )

Figure 3.21: Comparison of the amino acid composition of the buried and 
accessible membrane lipid-tail-spanning residues of 24 TM proteins. A value 
of greater than 1 indicates an enrichment in the lipid-tail-accessible positions 
relative to buried positions. Similarly, a value of less than 1 indicates an 
enrichment in the buried positions relative to lipid-tail-accessible positions.

In general, lipid-tail-accessible positions are slightly enriched in aromatic residues com
pared to buried (P < 0.05). This may be due to the fact that such large aromatic residues 
are difficult to pack efficiently between helices. In addition, aromatic residues are thought 
to play an important role in the anchoring of TM proteins at the correct height within
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the bilayer (Yuen et ai, 2000), for which an accessible position is likely to be required.
Glycine, alanine, histidine, cysteine and serine show strong preferences for buried 

positions. These results are consistent with the recent work of several groups who have 
shown the importance of glycine, alanine, serine and threonine in the close packing of 
TM helix interfaces (Ulmschneider & Sansom, 2001; Javadpour et al., 1999; Eilers et al., 
2000; Senes et al., 2000). Threonine shows a similar, but weaker and non-significant, 
preference. Overall, as would be expected, buried positions were enriched in polar residues 
compared to lipid-tail-accessible ones (mean percentage of residues that are polar in lipid- 
tail-accessible positions is 9% and in buried positions is 15%, P =  0.01).

The interaction of these small and polar residues forms the second major method by 
which TM helices pack, a mechanism that is rarely observed in water-soluble proteins 
(Eilers et al., 2002). Their small side chain volumes allow the close approach of polar 
residues on the facing helix to the backbone Ccn’s for hydrogen bonding (Senes et al., 
2001). The Ca-H ’ O bond has been recently shown to cluster at interface regions rich in 
these residues (Senes et al., 2001) and is thought to contribute considerably to protein 
stability (Shi et al., 2001, 2002). The importance of glycine in helix-packing, shown both 
in this work and in others (Javadpour et al., 1999; Eilers et al., 2000; Adamian & Liang, 
2001; Ulmschneider &; Sansom, 2001), is particularly interesting since each of the 6 UCP 
TM helices contains at least one highly conserved glycine residue (Aquila et ai, 1985). If 
several of these residues line one particular face of a helix it may be possible to predict 
with high confidence tha t this face is buried.

The polar residue glutamine and the charged residues arginine and lysine show a 
strong preference for lipid-tail-accessible positions (P < 0.01). This is an unexpected 
result since charged and polar residues are generally thought to be disfavoured in positions 
accessible to non-polar lipid-tails. Possible explanations are given later in Section 3.3.8, 
when the hydrogen bonding partners of lipid-tail-accessible charged and polar residues 
are analysed. Interestingly, glutamine, arginine and lysine share a very long and flexible 
side chain, perhaps facilitating their interaction with groups that are located too far away 
for other residues to reach. The other charged residues, with shorter side chains, tend to 
be buried (glutamate) or more evenly distributed between buried and accessible positions 

(aspartate).

3.3.5.5 The lip id -ta il-accessib ility  scale

There is very little correlation between the traditional hydrophobicity scales and the 
propensity of residues to be lipid-tail-accessible (Figure 3.22). Hence, a scale that can 
accurately predict the likely environment (buried or lipid-tail-accessible) of a lipid-tail-
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spanning residue must take into account these deviations between the two measures. A 
lipid-tail-accessibility (LA) scale was derived for this purpose from the observed propen
sities of lipid-tail-spanning residues to be buried.
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R esidue Occurrence P ropensity  Significantly
enriched in

Ala 555 0.89±0.27 Buried
Arg 100 1.12±0.40 -

Asn 93 1.01±0.43 -

Asp 72 1.02±0.51 -

Cys 63 0.90±0.54 Buried
Gin 83 1.23±0.31 Accessible
Glu 90 0.86±0.62 -

Gly 411 0.84±0.24 Buried
His 91 0.73±0.61 Buried
lie 492 1.05±0.29 -

Leu 771 1.15±0.18 Accessible
Lys 90 1.19±0.44 -

Met 183 1.06±0.35 -

Phe 434 1.11±0.26 Accessible
Pro 162 1.00±0.42 -

Ser 203 0.82±0.33 Buried
Thr 255 0.94±0.33 -

Trp 154 1.16±0.29 -

Tyr 92 144±0.27 -

Val 510 1.00±0.24 -

Table 3.6: Propensity of each residue type to be found in accessible vs buried 
positions in the lipid-tail-spanning region. The total occurrence of each amino 
acid in the TM-lipid-tail-spanning region is also given. The final column 
states, if applicable, in which environment (lipid-tail-accessible or buried) the 
residue is significantly enriched in comparison with the other environment (P 
< 0.05).
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Figure 3.22: Upper panel: Plot of the White and Wimley (WW) hydropho
bicity scale (Wimley et al., 1996; Jayasinghe et al., 2001), the Kyte and 
Doolittle (KD) hydrophobicity scale (Kyte &; Doolittle, 1982), the GES scale 
(Engelman et al., 1986) and our lipid-tail-accessibility (LA) scale against 
the accessible propensity of each residue. The LA scale is derived from this 
residue propensity data. The correlation coefficient (R2) for each scale with 
the propensity data is 1 for the LA scale, 0.07 for the KD scale, 0.002 for 
the WW scale and 0.14 for the GES scale. The values for a single residue 
on each scale are joined by a dotted line. Lower panel: % occurrence of each 
residue in the lipid-tail-spanning region.
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The value that a residue receives in the LA scale, shown in Figure 3.22, is simply 
computed by proportionally scaling the residue propensities into the desired range of -0.5 
to +0.5. Hence, this is not a traditional hydrophobicity scale, representing the water/lipid 
solubility of a residue, but a measure that encapsulates all of the factors affecting the 
positioning of a residue in a real TM helix. It seems likely that this scale will give 
far more reliable predictions of residue location than a hydrophobicity scale, since it is 
derived from the analysis of buried and lipid-tail-accessible TM residues. In contrast, 
hydrophobicity scales are often based on accessibilities in water-soluble proteins or on 
water/octanol or vapour partition coefficients of individual residues. The performance of 
the LA scale at prediction of buried and lipid-tail-accessible residues is tested in Chapter 
4.

When comparing the LA scale to several hydrophobicity scales, as shown in Figure 
3.22, major differences can be seen between them. Virtually none of the residues receive 
a similar score in both the LA and hydrophobicity scales, reflecting the lack of suitability 
of the hydrophobicity scales for prediction in TM proteins. In particular, whilst the tra
ditional hydrophobicity scales suggest that charged and polar residues in the membrane 
will be located in buried positions due to their hydrophilicity, the LA scale demonstrates 
that the opposite is true for arginine, lysine and glutamine. In addition, the hydrophobic
ity scales suggest a lipid-tail-accessible location for the hydrophobic residues, with polar 
residues showing less preference for either environment. However, the LA scale shows 
that polar residues are, in fact, the major residues which make up helix packing contacts 
and that hydrophobic residues show little preference for accessible or buried positions.

Unfortunately, on the LA scale, the residues with a strong preference for buried or 
lipid-tail-accessible positions are very rare within TM helices, as shown in the lower section 
of Figure 3.22. These residues, particularly arginine and lysine, will therefore be unable 
to make a major contribution to the prediction of helix face accessibility. Conversely, 
the very common residues, such as leucine and isoleucine, show very little preference for 
either environment. It is likely that this effect will be the limiting factor in the predictive 
power of the scale.

3.3.6 Analysis o f residue sequence conservation

As shown in Figure 3.23, lipid-tail-accessible residues are significantly less conserved in 
terms of sequence than buried residues in the lipid-tail-spanning region. (Mean conserva
tion scores calculated by SCORECONS (Section 3.2.4.2) are 0.63 and 0.68 respectively, 
P < 0.001, for 2115 lipid-tail-accessible and 1231 buried residues). Similarly, buried 
residues also appear to be more conserved than accessible ones throughout the whole
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protein (i.e. including both membrane-accessible and solvent-accessible residues). This 
is probably to be due to the requirement of buried residues to be conserved in order to 
maintain favourable interactions with neighbouring residues. Accessible residues, on the 
other hand, are under only weak selective pressure to be conserved, in order to facilitate 
more general interactions with solvent or lipid-tails.

0.6

 Lipid-tails Head-groupco|  0.4
CD9coO|  0.2
w9
8o<

0
T 3■•c3
CD

O
CO

o

- 0.2

Proportion of helices

Figure 3.23: Comparison of the conservation scores of lipid-tail/head-group- 
accessible and buried residues for each of the dataset TM helices. Plotted 
is the difference in hydrophobicity between accessible and buried residues on 
each helix. Only residues with Ca atoms in the lipid-tail-spanning region or 
head-group-spanning region of each helix are analysed. Homologous chains, 
segments lacking either accessible or buried residues, or those for which no 
homologous sequences could be obtained, were removed.

Whilst there is great variability in the actual average conservation score of buried and 
lipid-tail-accessible residues between proteins, and even between helices in the same pro
tein, in 73% of helices the buried positions are more conserved than the lipid-tail-accessible 
ones. A slightly weaker trend is observed when comparing the sequence conservation of 
accessible and buried head-group-spanning residues (shown in Figure 3.23), where 65% of 
helices have buried residues more conserved than head-group-accessible residues.

These results suggest that conservation is a method by which the buried face of many 
TM helices could be identified, although other information would be needed to improve 
the accuracy above the maximum of 73%. In addition, similar to the results for hydropho
bicity, the conservation of residues within the lipid-tail-spanning region is likely to make a 
slightly more reliable predictor of helix packing than in the head-group-spanning region.

64% of helices showed lipid-tail-accessible residues that are both less conservation and
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more hydrophobic than the buried residues. The variability between proteins suggests 
that in model prediction it will not be possible to identify lipid-tail-accessible residues 
simply based upon a cut-off of conservation score. However, the results suggest that, on 
comparing the conservation or hydrophobicity of each face of the helix, the most conserved 
or polar face is very likely to be buried.

The lipid-tail-spanning residues are more conserved than residues in general, when 
compared against all of the residues in the TM proteins in this study, as shown in Figure 
3.24. The greater conservation of TM residues than non-membrane-spanning residues is 
likely to be due to structural pressures during protein evolution that tend to maintain 
the high hydrophobicity of the membrane-spanning region compared to the rest of the 
protein.
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Figure 3.24: Comparison of the distributions of conservation scores for lipid- 
tail-spanning residues and all residues in 24 TM proteins. ‘All residues’ 
includes both membrane- and non-membrane-spanning residues.

3.3 .7  R o le  o f  b u ried  h ydroph ob ic  residues in transm em brane  

h elix  pack ing

It seems that the rules governing the locations of residues are more complex than the 
simple assumptions that all hydrophobic residues will prefer to be accessible to lipid-tails
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and all charged and polar residues will prefer buried environments. It therefore seems 
likely that problems that arise in hydrophobic moment-based prediction methods may 
be due to a number of residue types that do not conform to their expected environment 
preferences. Hydrophobic residues, for example, are common at interfaces for two reasons:

1. The small side chain volumes of alanine and glycine allow the close approach of polar 
residues on the facing helix, such as serine and threonine, to the backbone C a ’s for 
hydrogen bonding (Senes et al., 2001). Hence, despite their relative hydrophobicity, 
the Ca-H O bond has been recently shown to cluster at interface regions rich in 
these residues (Senes et ai, 2001) and is thought to contribute considerably to 
protein stability (Shi et ai, 2001, 2002).

2. Alanine and glycine provide pockets or troughs, into which can fit the /3-branehed 
hydrophobic residues isoleucine and valine, giving a very large surface area for hy
drophobic contact (Langosch & Heringa, 1998).

The considerable number of buried hydrophobic residues found in this analysis, and 
others (Eilers et a i, 2000; Adamian & Liang, 2001; Senes et a i, 2000; Eilers et al., 2002), 
suggests that the coming together of hydrophobic residues, to provide stabilising van der 
Waals forces, is more im portant in the packing of TM helices than is currently under
stood. It is believed that these interactions will be less important in folding in a lipid-tail 
environment than an aqueous one, since hydrophobic residues would be satisfied within 
the bilayer whether or not the protein folded. However, this does not mean that they 
will not play any role in the folding of membrane proteins. It seems likely that the spe
cific and close interaction of complementary hydrophobic ‘knobs’ and ‘holes’ within a TM 
helix bundle would be more favourable than a non-specific interaction with membrane 
lipid-tails. Since the precise 3-dimensional alignment of TM helices is often necessary for 
function, interactions of large scale hydrophobic regions may be more useful than pairing 
of many buried charges, which may result in the protein being too polar for membrane 

insertion.

3.3.8 Proposed roles for lipid-tail-accessible charged residues

There are several possible reasons why charged residues might be found in positions 
classified in this study as lipid-tail-accessible. These are:

• The charged residues may be paired

• The charged residues may be near the interface with the head-group region
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• The charged residues may line a pore or water-filled cavity and therefore not be 
truly lipid-tail-accessible

• The charged residues may be hydrogen bonded to other residues, water or cofactors

The contributions of each of these reasons to the number of lipid-tail-accessible charged 
residues was assessed, as shown in Figure 3.25(A). For comparison, the calculations were 
repeated for lipid-tail-accessible polar residues (Figure 3.25(B)). The results of these anal
yses are discussed in this section.
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Figure 3.25: (i) Hydrogen (H) bonding partners and (ii) types of hydro
gen bonds for (A) the 1047 observed lipid-tail-accessible charged residues 
and (B) the 1202 lipid-tail-accessible polar residues in the dataset. Hydro
gen bonds were detected by HBPlus v 3.0 (McDonald & Thornton, 1994). 
Main-chain/main-chain hydrogen bonds axe excluded. Since both hydrogen 
bonding partners are included, each hydrogen bond contributes twice to the 
analysis. Polar residues were assumed to be incapable of snorkelling.



Chapter 3. Computational analysis o f TM  protein structure 135

Pairing of lip id-tail-accessib le charges We tested the hypothesis that perhaps some 
charged residues prefer lipid-tail-accessible positions because they are paired and their 
charge is therefore somewhat neutralised. Within a hydrophobic environment, these 
paired charges would provide extremely strong bonds between the helices. This pro
cess does seem to occur, but it accounts for only 11% of the 1047 lipid-tail-accessible 
charged residues. It seems that for a charged residue to exist within a lipid-tail-accessible 
environment it need not necessarily be paired with an opposing charge if its hydrogen 
bonding requirements can be satisfied in other ways. 9% of lipid-tail-accessible charged 
residues form hydrogen bonds only with uncharged residues. This leaves 80% of lipid- 
tail-accessible charged residues that do not form hydrogen bonds with at least one other 
residue in the protein. These seemingly ‘unsatisfied’ residues are discussed later in this 
section.

Hydrogen bonding may occur either between two helices (interhelix) or between two 
residues separated by one turn on the same helix (intrahelix). The relative contributions 
of interhelix and intrahelix hydrogen bonding are shown in Figure 3.25 and an example 
of each is shown in Figure 3.26.

Interhelix hydrogen bonding is observed for 15% of lipid-tail-accessible charged 
residues. It may serve to anchor one helix relative to another, maintaining the correct 
conformation of the protein. Interhelical hydrogen bonds have been identified in the cal
cium ATPase with this role (Adamian & Liang, 2003). One example is shown in Figure 
3.26(A). In this case, the paired charges occur between helices that otherwise share very 
few interacting residues, and probably function to anchor the helices together in the cor
rect relative orientations. However, given the long and flexible side chains of arginine and 
lysine, this anchoring is unlikely to be highly rigid. An alternative role for interhelical 
hydrogen bonding may be to provide a driving force in the correct initial folding of a 
protein, particularly where the protein would otherwise have a tendency to mis-fold.

63 of the 1047 lipid-tail-accessible charged residues (6%) form intrahelix hydrogen 
bonds. An example is illustrated in Figure 3.26(B). Intrahelical salt bridges were first 
identified in globular proteins by Marqusee & Baldwin (1987), where they have been 
shown to increase the stability of helices. They also may serve to kink the helix, or to 
affect its flexibility, but this was not observed during visual examination of the dataset TM 
proteins. Chin & von Heijne (2000) have shown that charge interactions between lysine 
and aspartate residues placed one turn apart cause a polyleucine helix to be located further 
into the membrane. This suggests that the intrahelical pairing of the charges reduces the 
free energy change associated with membrane insertion, although the mechanism by which 
this occurs is unknown. Perhaps the interaction of charged and polar residues plays a
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A - Interhelical B - Intrahelical

Figure 3.26: A: An interhelical ionic bond between the lipid-tail-accessible 
charged residues, Hisl49C (red) and Asp36C (green) in ubiquinol oxidase 
(PDB code lfft) (Abramson et al., 2000). B: An intrahelical ionic bond 
between the lipid-tail-accessible charged residues, Asp59 (green) and Arg63 
(red) in the calcium ATPase (PDB code leul) (Toyoshima et al., 2000). This 
figure was produced using MolScript (©1997-1998, Per Kraulis).

similar role.
On average, each protein in the dataset has 12 inter-helical and 5 intra-helical hydrogen 

bonds (including those between both charged and polar residues), in addition to hydrogen 
bonds between main-chain atoms. Hence, almost one third of all hydrogen bonds (and a 
very similar proportion of all lipid-tail-accessible hydrogen bonds) formed between residue 
side-chains are intra-helical. Whilst the importance of inter-helix hydrogen bonding in 
TM proteins has recently been noted (Adamian & Liang, 2002, 2003), the significant 
contribution made by intra-helix interactions has not previously been recognised. This 
result has implications for the modelling of TM proteins. It suggests that, in general, the 
presence of charged or polar residues does not provide constraints by which helix-helix 
interactions can be predicted, since these residues need not be paired with other similar 
residues on adjacent helices.

In te rac tio n  o f lip id -ta il-accessib le  charges w ith  w ater and  head-groups As de
scribed above, approximately 80% of lipid-tail-accessible charged residues (842 out of 
1047) do not form hydrogen bonds with any other residue in the protein. Of these, 25
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(3%) formed hydrogen bonds with water. However, given the frequent difficulty in deter
mining the precise location of water molecules in a structure, and the low resolution of 
many membrane protein structures, this figure may be affected by crystallographic errors.

The majority (532 or 63%) of the 842 unsatisfied residues were found close to the 
lipid-tail/head-group interface. It seems likely that these latter residues are able to reside 
favourably within the hydrophobic lipid-tail environment because they can ‘snorkel’ their 
charged groups up into the head-group region where they can form hydrogen bonds with 
water molecules or with polar atoms of the head-groups. An example is shown in Figure 
3.27. Snorkelling can be clearly identified by visual inspection in many of the proteins 
analysed. The phenomenon is well known for both lysine and arginine (Killian &; von 
Heijne, 2000; de Planque et al., 1999; Mishra et ai, 1994), due to their long, positively 
charged side-chains. Further support for this hypothesis derives from the observation 
that, on average, 65% of the potential snorkelling residues in each protein are arginine or 
lysine. In contrast, a value of only 37% would be expected by chance alone, due to the 
relative frequencies of each residue type in the TM lipid-tail-spanning region as a whole. 
A possible role of snorkelling residues may be in vertically anchoring the protein in the 
membrane.

Figure 3.27: A ‘snorkelling’ lysine residue in cytochrome C oxidase (PDB 
code lehk) (Soulimane et al., 2000). The Ca  of lysl6B (red) is located within 
the TM lipid-tail-spanning region but the charged side chain is able to reach 
the polar head-group region.
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Role of lip id-tail-accessib le charges in pore lining Charged residues are often 
required for the function of the protein, perhaps in the lining of an ion channel pore or 
the binding of cofactors or ligands. 10 of the 24 proteins in the analysis contain functional 
pores. Hence, it was postulated that some of the charged residues classified as lipid-tail- 
accessible, due to their large accessible surface area, may actually line a water-filled pore 
or cavity, and hence not be truly accessible to lipid-tails. However, only 75 of the 6835 
lipid-tail-accessible residues (1%) were located within a channel. In addition, only 7 
charged residues were found lining any of the pores, and these each made at least one 
interhelical hydrogen bond to another residue. Hence location within a water-filled pore is 
not solely responsible for satisfying the hydrogen bonding requirements of any accessible 
charged residues.

On analysis of the 75 pore-lining residues, it was found that only 9% were charged, 
20% were polar, 7% were aromatic and 50% were non-aromatic hydrophobic residues. 
The most common pore-lining residues were isoleucine (16%), alanine (16%) and glycine 
(15%). The pore-lining residues are similar in hydrophobicity to buried residues (which 
also contain 50% of buried residues). The reason for the relatively high hydrophobicity of 
pore-lining residues is likely to be that they are suited to efficient flow of polar substrates, 
such as ions. This is because hydrophobic pore-lining surfaces prevent strong interactions 
between the substrate and the channel that may hinder transport. This finding is in 
contrast to several previous assumptions that a water-filled pore would tend to be lined 
with polar residues (Arechaga et al., 2001; Milks et al., 1988; Opella et a i, 1999; Oiki et al, 
1990). This knowledge is vital in the location of pore-lining helix faces when modelling 
pore-containing TM proteins.

Shown in Figure 3.28 is a comparison between the proportion of pore-lining residues of 
each residue type and the proportion of buried and accessible lipid-tail-spanning residues 
of each type. It can be seen that there is little difference between the profiles of pore-lining 
and buried residues, indicating tha t distinguishing between these groups of residues using 
a predictive method based on residue propensities would be very difficult. The problem 
is probably due, at least in part, to the relatively small number of pore-lining residues 
available in the dataset (75). The finding suggests that considerably more 3-dimensional 
structures of pore-containing TM proteins will be required before predictive methods can 
identify a channel’s pore-lining residues from sequence alone.
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F igu re  3.28: A comparison of the proportion of pore-lining, buried and 
lipid-tail-accessible residues of each residue type, in the lipid-tail-spanning 
region.
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Similarly, there is no significant difference between the sequence conservation of pore- 
lining residues and buried residues (Figure 3.29, the average conservation score was 0.69 
for pore-lining and 0.68 for buried residues). This result reflects the strong requirement 
for the conservation of both buried and pore-lining residues, albeit for different reasons. 
(Buried residues are likely to be conserved to maintain structure, while the conservation of 
pore-lining residues is im portant functionally). Hence, sequence conservation is unlikely to 
be ol use in the identification of pore-lining residues. The fact that pore-lining residues are 
difficult to distinguish from buried residues by these methods may hinder the modelling 
of pore-containing TM proteins.
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F igu re  3.29: A comparison of the distribution of sequence conservation 
scores for 57 pore-lining residues, and residues in buried and lipid-tail- 
accessible positions in the lipid-tail-spanning region. The mean conserva
tion is 0.68 for buried residues, 0.69 for pore-lining residues and 0.59 for 
lipid-tail-accessible residues. There is no significant difference between the 
conservation of pore-lining and buried or lipid-tail-accessible residues.

N on-hydrogen  b o n d ed  lip id -ta il-accessib le  charged residues The remaining 285 
(27%) charged, lipid-tail-accessible residues appear to be genuinely accessible to lipid- 
tails. No source of hydrogen bonding has been identified for them by visual inspection of 
3-dimensional structures, suggesting that they remain unsatisfied. It is possible that these 
residues form hydrogen bonds with cofactors or other molecules that are not found in the 
crystal structures. Alternatively, it may result from slight inaccuracies in the location of
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the lipid-tail-spanning slice.

Hydrogen bonding patterns of lipid-tail-accessible polar residues

Figure 3.25 illustrates that, in general, polar lipid-tail-accessible residues form relatively 
similar hydrogen bonds to charged lipid-tail-accessible residues. Lipid-tail-accessible po
lar residues show a slightly greater tendency to form hydrogen bonds with polar and 
hydrophobic residues than do charged residues. It seems that the majority of hydrogen 
bonds made by charged and polar residues are to other residues of the same broad type.

77% of the polar residues lack hydrogen bonds to protein or water, considerably greater 
than the value of 27% obtained for non-snorkelling unsatisfied lipid-tail-accessible charged 
residues. This result is likely to reflect, at least in part, the reduced hydrophilicity of 
polar residues, leading to a weaker requirement for polar residues to satisfy their hydrogen 
bonding potential compared to charged residues. Alternatively, the assumption that polar 
residues are unable to snorkel to the head-group region due to their shorter side chains 
than charged residues may be incorrect for some residue types.

A slightly greater proportion of the hydrogen bonds formed by polar lipid-tail- 
accessible residues are intra-helical than those formed by charged lipid-tail-accessible 
residues. This is likely to be due to the ability of polar residues, particularly serine 
and threonine, to hydrogen bond with main-chain atoms in the previous turn of the helix 
(Gray & Matthews, 1984).

3.4 D iscussion

During this chapter, the currently available polytopic TM protein structures were anal
ysed and 24 TM protein families, represented in the protein structure databases, were 
identified. This number is more than twice that available for any previous analysis. Basic 
analysis of these structures were performed, generally confirming the results of previous, 
smaller studies by identifying the preferences of different residues for different TM envi
ronments. The results clearly show that the majority of TM helix-helix contacts are made 
by either small relatively polar residues, particularly glycine, alanine and serine, or large 
hydrophobic residues. The aromatic residues, and many of the charged and hydrophobic 
residues, show strong preferences for lipid-tail-accessibility.

This work confirms the results of Javadpour et al (1999), using only 4 TM proteins, 
indicating that charged residues in the lipid-tail-spanning region show a preference for 
lipid-tail-accessible positions. However, the conclusions contrast with the more recent 
work of Ulmschneider & Sansom (2001), who stated a trend for the opposite preference.
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Despite the larger dataset used for the latter analysis (15 TM proteins) the results are 
likely to have been biased by the inclusion of multiple members of the same protein family.

Possible explanations for the presence of lipid-tail-accessible charged residues have 
not previously been investigated. Here we show that the majority of lipid-tail-accessible 
charged residues are not paired, but do satisfy their hydrogen bonding potential in other 
ways, namely by snorkelling their charges into the head-group region, but also by inter
action with other residue types. Interestingly, almost one third of the interactions with 
other residues are intrahelical.

As lipid-tail-accessible charged residues are present more often than would be expected 
by chance, it is likely that they confer some advantage to protein folding or function. For 
intrahelical paired charges, this may consist of increasing the stability of the protein, as 
has been shown for water-soluble proteins (Marqusee & Baldwin, 1987), and for a small 
polyleucine TM helix (Chin & von Heijne, 2000). The next steps will involve further 
experimental work to determine how this increase in stability is achieved and whether 
unpaired lipid-tail-accessible charged and polar residues have a similar role.

The thickness of the membrane varies between organisms, particularly between 
prokaryotes and eukaryotes, due to different lipid-tail compositions. For example, the 
hydrophobic length of a C22 phosphatidylcholine bilayer, as is optimal for the bacterial 
KcsA K+ channel, is thought to be approximately 34A (Williamson et a l , 2003), whereas 
that for OmpF in a bacterial membrane is approximately 25A (O’Keeffe et a l , 2000). 
These differences may have caused inaccuracies in the location of lipid-tail-spanning and 
head-group-spanning residues. At present it was felt that the dataset is not sufficiently 
large to permit division of the structures into prokaryotic and eukaryotic sets for separate 
analysis. However, this approach will likely prove an interesting study in the future, once 
more structures are available. The present study represents a set highly biased towards 
prokaryotes (78%), and it is therefore important to focus future structural genomics efforts 
more towards eukaryotic membrane proteins.

Many features of TM proteins were identified during this work that differ from those 
found in water-soluble proteins. TM helices are longer, more parallel and more highly 
conserved than the helices in water-soluble proteins. In addition, they contain different 
residues at buried and lipid-tail-accessible positions. The preferences of residues for buried 
or lipid-tail-accessible positions in TM proteins cannot simply be predicted by the use of 
a traditional hydrophobicity scale, since it is not true that all hydrophobic residues prefer 
lipid-tail-accessible positions and all hydrophilic residues prefer to be buried. A ‘lipid-tail- 
accessibility scale’ is developed during this work that represents the residue preferences 
found in TM proteins. Many poorly understood factors involved in residue positioning 
in TM proteins are encompassed in the LA scale, which shows very little correlation
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with hydrophobicity scales. The LA scale, together with other knowledge gained during 
this work, will be of use in the prediction of TM protein structure in the future. The 
next chapter will investigate the use of these data for prediction of buried and lipid- 
tail-accessible residues, and use the results to formulate a model for the 3-dimensional 
structure of the uncoupling proteins.



Chapter 4

M odelling o f uncoupling protein  
structure using hydrophobicity and 
conservation analysis of the primary 
sequence

4.1 Introduction

4.1.1 Aim s

This chapter uses semi-automatic methods to identify the most likely arrangement of un
coupling protein transmembrane (TM) helices. It builds upon the results of both Chapters 
2 and 3. Chapter 2 identified a list of possible TM helix (TMH) arrangements that are 
consistent with experimental and phylogenetic data for the family. It was concluded that 
no single arrangement of TM helices was more consistent with the currently available data 
than the others. Chapter 3 analysed the characteristics of TM proteins of known structure, 
and identified significant differences in hydrophobicity, residue type and evolutionary con
servation between residues accessible to the membrane lipid-tails and those buried within 
the TM helix bundle. The importance of this finding lies in the fact that residue type, 
hydrophobicity and conservation are all sequence-based parameters that can therefore be 
obtained, and used in model prediction, for proteins for which no 3-dimensional structure 
is available.

This chapter attem pts to use these observed differences between lipid-tail-accessible 
and buried residues to select between the models defined in Chapter 2 in a more rigorous 
manner. This is achieved by predicting, from their sequence characteristics, which residues

144
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are likely to be buried and which are likely to be lipid-tail-accessible. An estimate of the 
accuracy of the method is made by performing the prediction on TM proteins of known 
structure. These predictions of residue location are then used to select the most likely 
model of helix arrangement from Chapter 2.

4.1.2 M otivation

The value of knowledge of the 3-dimensional arrangement of uncoupling protein TM 
helices can be divided into two main areas. Firstly, the ability to test the model via cross- 
linking experiments and other techniques will allow us to gain a greater understanding of 
the structure of the entire family. Secondly, the model will be of use in the guidance of 
mutational experiments, by identifying the likely functional residues, and this will lead 
to a greater understanding of the mechanism of UCP transport and regulation. On a 
broader level, this work has implications not only for increasing our understanding of the 
UCPs, but also of all other a-helix bundle TM proteins. Since this major class of proteins 
is thought to comprise 20-50% of most genomes (Arkin et al., 1997; Wallin & von Heijne, 
1998) and contains a huge number of potential drug targets, modelling techniques like 
this one will be of the utmost importance until high through-put TM protein structure 
determination is possible.

4.1.3 Previous work on TM  protein structure prediction

Due to lack of structural data, TM structure prediction methods have often been based 
on sequence data (Donnelly et al., 1993; Pilpel et al., 1999) or on very small numbers of 
TM protein structures (Donnelly et al., 1993). Some methods also analysed TM helices 
by comparing their characteristics to those of soluble proteins (Rees et al., 1989). Taylor 
et al. (1994) used manual, helical wheel based methods in attem pt to model the packing 
of bacteriorhodopsin TM helices. More recently, work in the area has concentrated on un
derstanding both the mechanisms involved in TM helix interaction, by characterising the 
residues involved, (Rees et al., 1989; Eilers et al., 2000; Jiang & Vakser, 2000; Javadpour 
et al., 1999; Ulmschneider & Sansom, 2001; Adamian & Liang, 2001) and the geometry of 
TM helices, in terms of length and angle (Bowie, 1997; Ulmschneider & Sansom, 2001). 
These studies have lead to considerable advances in the automatic prediction TM helix 
location, and, through the application of the Positive Inside Rule particularly, of TM 
protein topology (von Heijne & Gavel, 1988). It is now possible to identify TM helices 
and predict their topology with an accuracy of greater than 90% (Jayasinghe et al., 2001; 

Jones et al., 1994; Moller et al., 2001).
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Fleishman &; Ben-Tal (2002) used knowledge of residue environment preferences to 
predict the likely arrangement of pairs of TM helices with a relatively high level of accu
racy. (73% of predictions showed a root mean square deviation, compared to the actual 
structure, of less than 2A). Pellegrini-Calace et al. (2003) have used position-specific 
membrane potentials to perform simulated annealing for the modelling of TM protein 
structure. However, due to high computational demands it is likely to be some time be
fore the method is suitable for the modelling of larger TM proteins. Chen & Chen (2003) 
have used Monte Carlo folding methods to predict the seven-helix structure of rhodopsin 
with a secondary structure alignment error of 11%. However, each of these methods rely 
upon residue potentials and other data derived from soluble proteins. Given the con
siderable differences between the packing of TM and soluble protein helices (Rees et al., 
1989; Eilers et al., 2000; Jiang & Vakser, 2000; Javadpour et ai, 1999; Ulmschneider & 
Sansom, 2001; Adamian & Liang, 2001), the use of data derived from soluble proteins is 
likely to limit the accuracy of these methods. Homology modelling of proteins belonging 
to a family in which at least one structure is known is another technique that has been 
used recently (Giorgetti & Carloni, 2003; Nikiforovich et al., 2001). When this work was 
performed, however, no structure was yet available for any member of the mitochondrial 
carrier protein family, to which the UCPs belong.

More recently, structural data  was used in the form of helix packing moments (Liu 
et al., 2004c). However, the latter method was applied only to three protein families, 
and its effectiveness was not quantitatively assessed. In addition, the packing moments 
were not combined with any other form of data that may have improved the accuracy 
of the prediction considerably. The ways in which this predictive scale can be applied to 
generate and score TM helix arrangements in the modelling of TM proteins has also not 
been explored.

Two main attem pts have been made at modelling members of the MCF. Nelson & 
Douglas (1993) used manual helical wheel variphobicity-based methods in combination 
with mutational analysis of the charged residues in the yeast ADP/ATP translocase. As 
described in Chapter 2, all members of the MCF show a pseudo-3-fold sequence repeat 
which indicates that they will show a pseudo-3-fold symmetric structure. While they ad
hered to pseudo-3-fold symmetry in the arrangement of the TM helices, Nelson & Douglas 
(1993) did not position homologous residues from each helix in equivalent positions. In 
addition, they modelled the family with one transport channel per monomer, despite the 
lack of evidence for or against this arrangement. More recently, Ledesma et al. (2002) 
produced a model for UCP1, using computational docking methods. However, the pair- 
potentials used were derived from soluble proteins, shown by many to differ considerably 
from TM proteins (Rees et al. (1989); Eilers et al. (2000); Jiang & Vakser (2000); Javad-
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pour et al. (1999); Ulmschneider & Sansom (2001); Adamian & Liang (2001) and this 
work, Chapter 3). In addition, the model produced by Ledesma et al. (2002) lacked any 
form of 3-fold symmetry per monomer.

There is therefore a need for a simple, computationally inexpensive method for the 
prediction of TM protein structure for all families. Given the considerable differences 
between the packing of TM and soluble protein helices it should use structural data derived 
from TM proteins alone. Since the number of TM protein structures has doubled since 
the last comprehensive analysis (Ulmschneider & Sansom, 2001), considerable increases 
in accuracy should now be possible. In addition, a 3-dimensional model of the UCPs 
is required in which the functional unit conforms to the requirements that it exists as a 
dimer with pseudo-3-fold symmetry per monomer. Finally it will be important to compare 
the likelihood of models containing one and two transport channels to determine which 
is most likely to represent the native form of the protein.

4.1.4 Experim ental evidence relevant to U C P structure

The possible models for UCP TM helix arrangements considered in this chapter are de
rived from the work of Chapter 2. Several assumptions have been made to limit the 
number of possible models. These assumptions are based on the experimental data out
lined below, but are discussed more fully in Chapter 2, Section 2.2.1.

4.1.4.1 Evidence th at th e functional U C P  is a dimer

As described in Chapter 2, evidence suggests that various members of the mitochondrial 
carrier family (Brandolin et al., 1982; Bisaccia et al., 1996; Kotaria et al., 1999; Schroers 
et al., 1998; Trezeguet et al., 2000), including the UCPs (Lin et al., 1980; Klingenberg & 
Appel, 1989), are dimers in their functional form. Much of this evidence is circumstantial, 
and most would not entirely rule out a higher-order oligomeric form. However, a higher 
oligomer is likely to be arranged as a dimer or trimer of dimers, with a functioning 
transport channel being formed by each dimer (Brandolin et al., 1982; Huang et al., 
2001). The UCPs are hypothesised to function as dimers for the purpose of this work 
since constraints tha t limit the number of possible TM helix arrangements are badly 
needed. It is thought that, if a higher oligomer is correct, since the functional unit is 
thought to be a dimer, the model will remain valid.

In addition, several monomeric variations of the models are included for comparison. 
Since cross-linking and molecular weight determinations of native and functional expressed 
protein suggest a dimeric form, the interfaces between dimers are likely to be less tightly 
bound than the intra-dimer interfaces. If the dimer is in equilibrium with a higher order
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oligomer, the inter-dimer interface is likely to have characteristics of both buried and lipid- 
tail-accessible residues, in order tha t it can be satisfied in both environments. This may 
help to minimise the problems associated with adopting a dimeric model if a higher-order 
oligomer proves to be correct.

4.1.4.2 Evidence th at th e functional U C P shows pseudo-3-fold sym m etry per 
m onom er

The requirement for pseudo-3-fold symmetry in the models derives from the tripartite 
domain structure of the UCP sequence. Each domain, comprising approximately 100 
residues and including 2 TM helices (as described in Chapter 2, Section 2.1.6.1), is highly 
similar to the others. The tripartite structure is thought to derive from the triplication of 
an ancestral single domain protein. Since each domain is homologous, they are very likely 
to fold into similar structures, giving rise to pseudo-3-fold symmetry per monomeric unit.

4.1.4.3 Evidence th at th e functional U C P  contains a single pore for transport

There is some evidence to suggest that the mitochondrial carrier proteins contain one 
transport pore per functional dimeric unit. This work has been carried out on the phos
phate carrier (Schroers et al., 1998) and the ADP/ATP translocase (Huang et al., 2001). 
Due to the high sequence similarity between the members of the mitochondrial carrier 
protein family it seems valid to assume that, if some members of the family contain one 
pore per functional unit, the UCPs will also. However, since the evidence for a single 
pore is weak, a model containing two transport channels is included in the analysis for 
comparison with the single channel models.

4.1.4.4 D ifferences b etw een  lip id-tail-accessible and buried residues

Analysis of 24 TM protein structures in Chapter 3 lead to the conclusion that, in 64% of 
helices, residues buried within the TM helix bundle are both less hydrophobic and more 
conserved than those th a t are lipid-tail-accessible. While the level of conservation and 
hydrophobicity varied considerably among the helices the differences between buried and 
lipid-tail-accessible residues in each helix were highly significant. This illustrates that it 
is the difference in variphobicity between the buried and lipid-tail-accessible residues on 
a single helix that determines its folding, and not the absolute values. A cut-off based 
method would therefore not be suitable for identifying buried residues from conservation 
and hydrophobicity scores. A ‘lipid-tail-accessibility’ (LA) scale was also developed in 
Chapter 3, which was derived from the propensities of residues to be buried within the
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helix bundle. This scale may also be used to distinguish buried from lipid-tail-accessible 
residues.

4.1.4.5 G eom etric inform ation from TM  protein structure

The UCPs were assumed to contain a pore through which proton transport occurs, despite 
that fact that some proteins tha t transport protons, such as bacteriorhodopsin, do not 
contain an obvious pore. The assumption that the UCPs have a pore is based upon 
the knowledge that other members of the family, which are likely to show a very similar 
structure, transport large molecules like ATP, for which a pore would be required. In 
addition, Gonzalez-Barroso et al. (1997) have shown that if i t’s gating loops are removed, 
UCP function will a non-specific pore. Now that the structure of the adenine nucleotide 
carrier has been determined, this assumption has been validated.

The analysis of TM protein structure in Chapter 3 described the probable size of the 
pore and the number of TM helices likely to be lining it. A relationship was found between 
the total number of TM helices and the number of pore-lining helices, and between the 
number of pore-lining helices and the diameter of the pore. This information allows 
predictions to be made about the size of the pore and the number of pore-lining helices, 
purely from the knowledge tha t the UCP monomer contains 6 TM helices.

The work showed that, in a protein with 12 TM helices, as the UCP dimer is assumed 
to be, 6 of the TM helices are likely to contribute to the lining of the pore. In addition, the 
channel through such a protein is likely to be approximately 15A in diameter (excluding 
side-chain volume). Alternatively, if a model is assumed in which each monomer forms 
a separate channel, 4 of the 6 UCP monomer TM helices are likely to contribute to the 
lining of the pore. This gives a pore diameter of approximately 10-15A. These data provide 
support for Models 1 and 3t-u respectively, since these models have a helix arrangement 
that is most similar to TM proteins of comparable size and known 3-dimensional structure. 
Consistent with these predictions, the structure of the related adenine nucleotide carrier 
(Figure 4.18) has a funnel-shaped pore with an average diameter of approximately 15A 
(calculated using the method described in Chapter 3, Section 3.2.4.6) and a maximum 
diameter of 20A (Pebay-Peyroula et al., 2003).

4.1.4.6 Proposed  m odels for U C P  TM  helices

The models developed in Chapter 2 from the above information are illustrated in Figure 
4.1. While the majority of evidence supports a dimeric, single pore structure, monomeric 
and two-pore models are included for comparison. It is hoped that knowledge of TM 
protein structure from Chapter 3 will permit these models to be ranked according to the
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likelihood that they represent the actual UCP structure.
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Figure 4.1: Models 1, 2 and 3: Possible arrangements of uncoupling protein 
transmembrane helices. Each helix, represented as a circle, has a diameter of 
10A. Each monomeric unit, one of which is shaded, consists of 6 TM helices.
Model 1: 6 of the 12 dimer helices contribute to the pore, producing a pore 
with a diameter of approximately 10A. Model 2: All of the 12 dimer helices 
contribute to the pore, producing a pore with a diameter of approximately 
30A. Model 3: Each monomer forms a separate transport channel with a 
diameter of approximately 10A.

4.1.5 S u m m a ry

The aim of this chapter is to identify the most likely arrangement of the UCP TM helices 
from sequence alone. This will involve the following stages:

1. Development of a method for the prediction of buried and lipid-tail-accessible 
residues in TM helices, based on the principle that lipid-tail-accessible residues are 
less conserved, more hydrophobic and of different residue types than those buried 
in the helix bundle

2. Testing, evaluation and optimisation of this method using the dataset of known TM 
protein structures from Chapter 3
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3. Use of this algorithm to predict which residues of UCP1 are more likely to be buried

4. To identify the most likely TM helix arrangement for the uncoupling proteins, based 
on the results of this algorithm, various variphobicity analyses and the experimental 
evidence described in Chapter 2

5. Lastly, the results of the modelling algorithm for the UCPs are compared to the 
recently solved structure of another member of the family, the adenine nucleotide 
carrier (PDB code 10KC) (Pebay-Peyroula et al., 2003). The alignment of this 
protein with the UCPs is given in Figure 4.22 in Section 4.4.1. It shows 20% 
sequence identity with UCP1.

4.2 M ethods

4.2.1 Overview o f m ethods

The goal was to develop methods which can use data derived from sequence alone to pro
vide information about UCP structure. Information was sought about the location and 
role of both particular residues and whole helices, in order that one model could be iden
tified as the most likely. The first task was to identify the buried and lipid-tail-accessible 
faces of TM helices, using various characteristics of the residues, including hydrophobicity 
and sequence conservation. This enabled the helices to be orientated within each potential 
model. The second stage was to discriminate between the proposed models, by provid
ing an overall ‘score’ for each potential structure, according to its compatibility with the 
sequence data. In addition, the probable location of each TM helix (pore-lining, buried 
within the protein or peripheral to the helix bundle) was identified from its sequence 
characteristics and combined with experimental data to provide evidence for or against 
each model. This strategy is summarised in Figure 4.2.

Analysis of TM protein structures has shown that residues buried within the TM 
helix bundle are smaller, (Jiang & Vakser, 2000) less hydrophobic and more conserved 
than lipid-tail-accessible residues, and they also contain a different distribution of residue 
types (Chapter 3). Major differences between the rules governing the location of particular 
residue types in TM and soluble proteins have been identified. A ‘lipid-tail-accessibility 
scale’ was also derived in Chapter 3, reflecting the propensity of each residue to be buried 
in the lipid-tail-spanning region of TM proteins. This knowledge was used in an attempt 
to distinguish buried from lipid-tail-accessible residues in the UCPs and select between 
the proposed models. The method was developed and tested using 23 of the 24 TM
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Figure 4.2: Flow diagram showing the strategy used to model the UCPs.

protein structures described in Chapter 3, Section 3.3.1. (The structure of the adenine 
nucleotide carrier was excluded since it belongs to the same family as the UCPs).

The potential models were scored according to the degree of correlation between the 
position of each residue in the model and its characteristics of conservation, residue type 
and hydrophobicity. The methods used in this chapter therefore can be divided into 4 
stages, which are described in turn in this section:

1. Development of the prediction algorithm

2. Assessing the accuracy of the algorithm

3. Use of the algorithm to identify buried residues

4. Model generation and scoring

4.2.2 A n algorithm  to predict the buried face of TM  helices

The algorithm used for the prediction of buried residues from sequence considers each 
helix as a separate unit. Each helix is represented as a helical wheel, as first described 
by Schiffer & Edmundson (1967), with centre at point (0,0). Each residue around the
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circumference of the helical wheel is represented as a vector, with magnitude equal to the 
parameter used for scoring. The direction of the vector is determined by the position of 
the residue on the helical circumference. A vector sum is used to combine the individual 
vectors for each residue into a single helix vector which indicates the predicted buried face 
of the helix. The method is derived from the calculation of hydrophobic moments used 
by Eisenberg et al. (1982b).

Various parameters, described in Section 4.2.2.1, were used for scoring including the 
LA scale developed in Chapter 3, the Kyte and Doolittle (Kyte & Doolittle, 1982) (KD) 
and White and Wimley (Wimley et al., 1996; Jayasinghe et al., 2001) (WW) hydropho
bicity scales, residue volume (Tsai et al., 1999) and sequence conservation. In the case of 
conservation and residue volume, the values assigned to each residue type were scaled to 
lie between 0 and 1. Highly conserved or small residues therefore received a score close to 
1, indicating that they are likely to be buried. These residues would make a large contri
bution to the size and direction of the helix vector. In contrast, poorly conserved or large 
residues received a score close to 0, and would be able to make little contribution to the 
helix vector in that direction. The KD, WW and LA scales were, however, scaled to lie 
between -0.5 to +0.5. This allowed hydrophobic residues, or those with a tendency to be 
lipid-tail-accessible, to make a negative contribution to the helix vector in that direction.

The sequence positions of the UCP TM helices were taken from Aquila et al. (1985), 
who predicted helix location using hydrophobicity. Only the central 18 residues of each 
helix were used in order to minimise the effect of inaccuracies of TM helix location, 
which may have lead to the inclusion of head-group-spanning residues. A variation of the 
prediction algorithm was developed for the UCPs, which allowed a single prediction to 
be made for each of the two groups of homologous helices. This was achieved by basing 
the prediction upon the mean parameter values of the three helices in each group. The 
parameters used for the UCP buried helix face prediction were those identified as giving 
the most accurate prediction for the proteins of known structure.

4.2.2.1 Scales used for pred iction

Three different scales were used for prediction, as described below.

1. The White and Wimley (WW) scale (Wimley et al., 1996; Jayasinghe et al., 2001) 
is calculated from the differential partitioning of residues between water and n- 
octanol, and therefore represents purely a chemical property, the hydrophobicity, of 
the residues. Only if hydrophobicity is the major driving factor in TM helix packing 
would this scale would be expected to perform well in prediction.
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2. The Kyte and Doolittle (KD) scale (Kyte & Doolittle, 1982) is derived from a com
bination of residue accessibility scores in soluble proteins and water-vapour transfer 
free energies. Hence the KD scale contains information about the environment pref
erence of the residue, in addition to its hydrophobicity. However, the relevance of 
this information concerning the preferred accessibility of residues in soluble proteins 
to prediction in TM proteins may be limited, considering the known differences 
between these two classes of protein.

3. A lipid-tail-accessibility (LA) scale was derived from the TM-lipid-accessible/buried 
propensities observed in the analysis of TM protein structure described in Chapter
3. The value that a residue receives in the empirical scale is computed by proportion
ally scaling the residue propensities into the desired range of -0.5 to +0.5. Hence, 
this is not a traditional hydrophobicity scale, representing simply the water/lipid 
solubility of a residue, but a measure that encapsulates all of the factors affecting 
the positioning of a residue in a real TM helix bundle. It therefore seems likely that 
this scale will give the strongest predictions. As with all of the parameters used for 
prediction, the higher its value the greater the tendency for a residue to be found 
in buried positions.

4.2.2.2 C onservation scoring m ethods used

All conservation scores were computed by SCORECONS (Valdar &; Thornton, 2001), 
using all default parameters, as described in Chapter 1, Section 1.3.2. For the UCPs, 
analyses were carried out using conservation scores derived from the whole mitochon
drial carrier protein family, the UCP subfamily and the ratio of UCP/M CF conservation. 
MCF-derived conservation scores were generated using the 170 non-redundant sequences 
retrieved from a PSI-BLAST search, using a threshold of lx l CT40. This relatively high 
cut-off was used to ensure tha t function was preserved amongst all homologues identified. 
UCP-derived scores were calculated for 30 of these sequences, known to belong to the 
UCP subfamily. For the TM proteins of known structure, analyses were carried out at 
one level only, also using a threshold of lxlO-40.

4.2.3 A ssessing th e accuracy of the prediction

It is desirable to assess the performance of the prediction algorithm for two reasons. 
Firstly, it gives an estimate of the confidence with which predictions for the UCPs can 
be made. Secondly, it enables different prediction methods to be compared, particularly 
various methods of conservation and hydrophobicity scoring, in order to optimise the



Chapter 4. Computational modelling o f UCP structure 155

performance of the algorithm.

The performance of the algorithm was assessed, using a jack-knifing procedure, by 
performing the prediction on the 23 of the 24 TM proteins described in Chapter 3, Section
3.3.1 (the adenine nucleotide carrier was excluded). Since the structures of these 23 
proteins are known, the relative accessible surface area (%ASA) calculated by NACCESS 
v2.1.1 ((c), S. Hubbard and J. Thornton, 1992-1996) was used to identify the correct buried 
and accessible faces of the helix. This is achieved in a similar way to that described above, 
in which a vector sum is taken of the residue vectors, the magnitude of each is determined 
by their 1-%ASA. (1-%ASA is used, not %ASA, in order to identify the most buried, not 
the most accessible, helix face).

Performance was assessed by calculating the average the difference in angle between 
the helix vectors generated from the predictive parameter and from the %ASA. This 
value is referred to as the angular error. Since a jack-knifing procedure was used, the data 
derived from each protein were excluded from the set used to predict the buried helix 
faces of that particular protein. This method maximises the amount of data available, to 
increase the accuracy of the prediction, while allowing the prediction parameters to be 
independent of the protein used for testing.

The various parameters used for prediction, described in the previous section, were 
used alone and in combination to optimise the performance of the algorithm, by min
imising the mean angular deviation over all 178 helices in the dataset. Predictions were 
made and tested for the TM proteins of known structure using not only the whole helix, 
but also the centre of the helix with 1, 2, 3 or 4 residues removed from either end. This 
allowed the most effective method to be identified for the use in the UCP prediction.

4.2.4 U sing the algorithm  to identify the m ost buried face of 
the U C P  TM  helices

Multiple sequence alignments, annotated with conservation scores by SCORECONS, were 
generated for the entire mitochondrial carrier protein family, using the methods described 
in Section 4.2.2.2. This data  was then used as input for the prediction algorithm developed 
in this chapter, to identify the likely buried face for each of the UCP TM helices. The 
predictions were based on family-derived conservation, KD hydrophobicity and LA scale 
scores and the terminal 2 residues from each end of the helices were excluded. This method 
was adopted since it gave the best performance when tested on the 23 TM proteins of 
known structure, as discussed in Results Section 4.3.2.
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4.2.5 M odel generation and scoring

Each of the TM helix models described in Chapter 2 were scored according to their 
compatibility with different types of data. This enabled them to be ranked in order of 
the likelihood that they represent the actual UCP structure. The scoring methods are 
described in the following sections.

1. Scoring against experimental data

The most likely model can be selected by assessing the degree of correspondence 
between the residue locations of the model and the experimental evidence for their 
position and role shown in Table 4.1. Models were generated by rotating each 
helix until the buried face identified by the algorithm was buried within the model 
helix bundle and the opposing face was accessible to membrane lipid-tails. Since no 
scoring system can be employed with so few pieces of data, the models are simply 
ranked according to the number of pieces of experimental evidence with which they 
are consistent.



Chapter 4. Computational modelling o f UCP structure 

M utant H+ C l” N T P  pH N otes
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D27N +

D27E -

H214N/W +

D209N +

Probably not directly involved in trans
port, instead required to maintain na
tive conformation (Echtay et a l ,  2000a; 
Urbankova et al ,  2003)

Shows need for negative charge (Echtay 
et al ,  2000a; Urbankova et a l ,  2003)

When unprotonated blocks NTP bind
ing (Echtay et al ,  1998)

Retract H214 when it is protonated 
to allow NTP binding (Echtay et al,  
2000a)

D210N +  - - +  Retract H214 when it is protonated
to allow NTP binding (Echtay et al ,  
2000a)

R83I - - +
R182Q
R267Q

Suggested to bind nucleotide phos
phate, but essential for whole MCF sug
gesting not a direct role Echtay et al  
(2001a); Modriansky et a l  (1997)

R91T +  - +

Cysteines -

C24 +
D27 +
T30

W280

Thought to influence nucleotide binding 
via an H bond to E190, but this H bond 
is impossible (Echtay et al ,  2001a)

None of 7 cysteines required for activity 
(Arechaga et a l ,  1993).

Triple mutant fully non functional 
(Arechaga et al ,  1993).

Quenching suggests location in water- 
filled cavity. May bind nucleotide 
purine ring in pore (Jezek et al ,  1998).

Table 4.1: Summary of the results of a range of mutagenesis experiments, 
describing the mutation, its effect on UCP function and its consequent im
plications for the location of the residue concerned. Column headings ‘H+’, 
‘Cl- ’, ‘NTP’ and ‘pH’ refer to H+ and Cl” transport, nucleotide binding and 
the pH sensitivity of nucleotide binding respectively. A ‘-I-’ indicates that 
this factor is affected by the mutation, whereas a indicates that the factor 
shows a wildtype phenotype despite the mutation.
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2. Scoring against conservation and hydrophobicity data and LA score

The models presented in Figure 4.1 are very schematic, representing only helical 
topology. A key step is to ‘translate’ these models into residue-based models, in 
which each residue can be assigned as either lipid-tail-accessible or buried. To 
achieve this the ‘buried positions’ were defined for each model, using the method 
shown in Figure 4.3. Lipid-tail-accessible and pore-lining residues were those that 
remained, adjacent to the membrane lipid-tails or pore respectively, once all buried 
residues had been identified. The pore-lining residues were then grouped with the 
buried residues, due to their similar characteristics of conservation and residue 
propensity, as described in Chapter 3. However, improvements in accuracy may 
be possible when more buried residues have been analysed and their distinct char
acteristics more clearly defined.

45° 45°

Figure 4.3: Definition of buried positions within each model. The residues 
buried between two helices are defined to be those found within a 90° arc (red 
lines) centred on the line connecting the centres of those two helices (black 
line).

Next, each residue type was assigned two scores per parameter, representing the 
probability tha t a residue of th a t type is found in a buried or accessible position, 
given the value it obtains according to that parameter. For example, if scoring 
based on the hydrophobicity parameter, a hydrophobic residue such as leucine would 
obtain a high score if lipid-tail-accessible (a favourable position), but a low score if 
buried (an unfavourable position). These are referred to as ‘residue type scores’. For 
the conservation param eter, rather than residue type scores, each sequence position 
received a different score according to its particular conservation, as described below.
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The scores of all of the residues in a model are summed, taking the relevant value, 
depending upon whether tha t residue is buried or accessible in that model. Since a 
high residue score indicates tha t the residue is found in the most likely environment, 
the sum of all the residue scores generates a ‘model score’ representing the degree 
of fit shown between the model and the data. This value can be used to assess the 
likelihood that that model is the correct one.

The parameters used for prediction were KD hydrophobicity, LA score, residue 
volume and sequence conservation, both alone and in combination. For residue 
volume and KD hydrophobicity, the residue type scores were simply the parameter 
values, scaled to run from -0.5 to 0.5, for buried residues and the same values 
multiplied by -1 for accessible residues. For the LA scale the propensities to be 
buried or lipid-tail-accessible, as described above, were used. For residues in buried 
positions in the model, the conservation-based score was taken as the conservation 
score calculated by SCORECONS, subtracting 0.5 to give equal weighting with 
the other parameters used. The value for accessible positions was taken as the 
SCORECONS score, subtracting 0.5 and multiplied by -1, representing the idea 
that lipid-tail-accessible residues have a low probability of being highly conserved.

For each model, each helix was rotated in turn and a score calculated for all of 
the resulting possible arrangements. Homologous helices were constrained to be 
located in equivalent rotational positions, in order to maintain pseudo-3-fold sym
metry. Model scores were then generated by summing the scores of the individual 
helices. The score quoted for each model is that obtained for the highest scoring 
helix arrangement with 3-fold symmetry. In the case of the score based upon all 
parameters combined, the models were scored using the average of the residue scores 
from all parameters.

Theoretically, the maximum score using this method is 54 and the minimum possible 
is -54. However, these values could only be obtained if all 108 residues in the model 
obtained the maximum or minimum score of 0.5. These values are clearly unob
tainable, particularly for the combined score, since the different scoring parameters 
have different residue types with maximum and minimum scores.

3. Scoring against UCP/M CF conservation ratio data

Residues with a high U CP/M CF conservation ratio (Section 4.2.2.2) are likely to 
play functionally im portant roles specifically in the UCPs, and hence will be enriched 
in pore-lining residues. In contrast, residues showing high conservation across all 
sequences are likely to play general structural roles throughout the whole MCF
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family. Hence these data  can also be used to score the likelihood of the UCP 
models.

The 20 residues with highest UCP/M CF conservation ratio and the 10 residues 
with highest conservation in the MCF were used for scoring. The buried, lipid- 
tail-accessible and pore-lining positions for each model were defined as described 
previously. Predictions were considered correct for (1) residues with high UCP/M CF 
conservation ratios (functional), found in either a buried or pore-lining positions and 
(2) residues conserved throughout the family (structural) that are found in buried 
(but not pore-lining) positions. A score was then calculated for each model, as:

Np +  Ns
Score* = -----    (4.1)

Where:

Score* =  Score for Model X.

Np =  Number of correctly predicted high UCP/M CF conservation ratio residues 
(functional).

Ns =  Number of correctly predicted high MCF conservation score residues (struc
tural) .

N =  Total number of residues analysed =  30.

Hence, a score of 100 would represent a perfect fit between the model and the data, 
with every residue found in the environment expected from its conservation ratio.

4.2.6 D eterm ining the position of TM  helices in the helix bundle

Information concerning the location of the UCP TM helices would be of use in selecting 
between the proposed models or validating the selection made by other methods. It was 
therefore necessary to investigate the ability of various parameters to predict the location, 
either buried in the helix bundle or accessible to lipid-tails at the periphery, of the 138 
helices in the TM proteins of known structure. The average %ASA was calculated for 
each helix by taking the mean of the %ASAs for each residue in that helix.

The distribution of mean helix %ASA values was approximately normal with a mean of 
22%, so that there was no clear cut-off which would allow buried and lipid-tail-accessible 
helices to be easily distinguished. A cut-off of 12% ASA was therefore arbitrarily selected 
and used to determine the proportion of buried helices for each protein. On average, 30% 
of helices in each protein had a mean %ASA of less than 12% and were classified as buried, 
while the remaining 70% of helices were classified as lipid-tail-accessible. If each protein is
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omitted in turn, in an attem pt to jack-knife the results, the average proportion of buried 
helices varied from 27%, for all proteins except lum3, to 33%, for the set excluding ljbO. 
Given the small number of TM helices found in each protein, these variations had no 
effect on the number of helices classified as buried, indicating that no particlar protein 
biases the dataset. The mean value of 30% was therefore used for all proteins.

Next, the ability of various parameters to predict helical location was tested. The 
average conservation, residue volume, KD, WW and LA scale score were calculated for 
each helix, by taking the mean of the values for each residue. The same proportion of 
buried and lipid-tail-accessible helices was predicted as had resulted from the classification 
based on %ASA (30%). Taking conservation as an example, 30% of the helices with the 
highest conservation score in the protein were predicted to be buried, and the remaining 
helices were predicted to be lipid-tail-accessible. The process was repeated for all of the 
23 proteins in the dataset.

If a helix was both predicted by its conservation score to be buried, and classified as 
buried due to mean %ASA of less than 12%, it was considered a true positive. Similarly, 
if a helix was predicted by both its conservation score and its mean % AS A to be lipid-tail- 
accessible, it was considered a true negative. Conversely, an incorrectly predicted helix 
was considered either a false positive or negative. The effectiveness of the method was 
assessed by calculating a % accuracy as the number of true positives plus true negatives, 
divided by the total number of helices. The method was then repeated to test the ability 
of residue volume, KD, WW and LA scale score to predict helix location. Combined scores 
were obtained by summing the helix scores according to each individual parameter. The 
results of the analysis are given in Table 4.2 in the Results section.

The next stage was then to use this information to make a prediction about the 
location of TM helices in the UCPs. Since a combination of all parameters (conservation, 
LA, WW and KD scale and residue volume), termed the ‘all-parameter combined score’, 
demonstrated the greatest predictive ability in proteins of known structure, this method 
was used. The 2 UCP helices (30% of 6 TM helices) with the highest score were predicted 

to be buried.

4.3 R esults

4.3.1 O verview of results

The results for this work can be divided into five main parts. The first is the analysis 
of the accuracy of the prediction algorithm developed. This is followed by the results of 
the optimised algorithm in the form of helical wheels of each UCP TM helix indicating
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their predicted buried faces as vectors. Various variphobicity analyses are then described, 
including hydropathy profiling of whole TM helices and a comparison of residues that 
are conserved across the whole MCF and the UCPs alone. A discussion of the likelihood 
of each of the models described in Chapter 2 is given, based on the predictions from 
the algorithm, the detailed variphobicity analysis and experimental mutagenesis work. 
Finally, the proposed model is compared to the actual structure of a related protein that 
has recently been solved, the adenine nucleotide carrier.

4.3.2 Effectiveness of th e prediction algorithm at identifying the 
m ost buried helix face

Figure 4.4 gives a summary of the performance of the algorithm using various combina
tions of parameters. Removing one residue from either end of each helix increased the 
average performance for all parameters, as measured by the mean angular error, from 
23° to 19°. Using this method, the combination of LA scale and conservation gave the 
greatest accuracy, with an average angular error between predicted and actual buried 
vectors of 11°. However, this method was greatly affected by removal of residues from 
the helix ends, suggesting tha t it may be very sensitive to the accuracy of locating the 
helices in the sequence. Consequently, KD hydrophobicity, LA scale and conservation has 
been selected for use for performing the UCP prediction, since this method gave very high 
accuracy (13°) and very similar results for different helix lengths. As an illustration of the 
high accuracy of the method, 95% of the 178 TM helices in the dataset were predicted to 
within 25° of the actual vector. Furthermore, the performance of this method is expected 
to increase, as more TM protein structures are solved, and the standard errors associated 
with the LA scale are reduced.

The accuracy of even the best similar scales for prediction of buried TM helix faces 
is considerably less than th a t for our LA scale. For example, the mean angular error for 
helix centres (one residue removed) is 16° for the LA scale alone, 27° for the helix packing 
scale developed by Liu et al. (2004c) and 46° for the Kprot scale (Pilpel et al., 1999).

The LA scale alone gives a very similar accuracy to the KD. This is unexpected, since 
the LA scale is derived from an analysis of TM residues, where as the KD scale is based on 
accessibilities in soluble proteins and on water/vapour partition coefficients. The reasons 
for this seem to be th a t those residues with very high or low scores on the LA scale, and 
therefore that have the most discriminatory power during prediction, are very infrequent. 
Most of the very common residues have scores close to 0 on the LA scale, and will therefore 
be able to contribute little to the accuracy of the prediction. In contrast, residues with 
high discriminatory power on the KD scale, like the very hydrophobic residues I, L and



Chapter 4. Computational modelling o f UCP structure 163

40

35

30

S 203
05

l  15 
© 10

I W hole helix □  Helix centre

0 > 00>;00
* < i< :

2 * 0 0 0 0 0 o  o  o

Parameter combination

Figure 4.4: Average angular error scores for 178 non-homologous TM helices 
of known structure using various combinations of parameters for prediction. 
See Section 4.2.3 for a description of the calculation of angular error. ‘Helix 
centre’ indicates that one residue has been removed from either end of the 
helix. C =  sequence conservation; W = White and Wimley hydrophobicity; 
V =  residue volume; L =  lipid-tail-accessibility scale; K =  Kyte and Doolittle 
hydrophobicity.

V, are extremely common. This may explain the unexpectedly high performance of the 
KD scale relative to the LA scale.

Despite this, it is apparent tha t the LA scale carries some different and complementary 
information to that in the KD scale. For example, the average angular error for the helix 
centre is 16° for KD scale but 13° for the KD and LA scales combined. This indicates 
that the LA scale will make a valuable contribution to TM protein modelling, particularly 
as more structures become available and the accuracy with which the LA scale is defined 

increases.

4.3.3 Predicted  T M  buried residues of UCP1

The buried face of the UCP TM helices, as identified by the prediction algorithm, are 
shown in Figure 4.5. Crucially, it can be seen that homologous residues are found on 
the buried face of TMHs 1, 3 and 5 and TMHs 2, 4 and 6. This is important because 
it implies that the homologous helices do occupy equivalent positions and therefore that 
the real structure does indeed show pseudo-3-fold symmetry.

4994
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Figure 4.5: Helical wheels of the UCP TM helices with arrows (red) showing 
the predicted buried face. The helices are aligned by sequence to illustrate 
the homologous position of the buried vector in helices 1, 3 and 5 and in 
helices 2, 4 and 6.
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4.3.4 P re d ic t in g  th e  likely  p osit ion  o f U C P  T M  helices

As shown in Table 4.2, while all of the parameters showed some ability to predict helix 
location, the accuracy was increased to 81% by basing the prediction upon the sum of all 
parameters. The average all param eter combined score for each of the UCP TM helices 
are shown in Figure1 4.6.

P a ra m eter  % A ccu racy

KD 68
WW 64
LA 66

Conservation 73
Residue volume 64

KD+LA+Conservation 78
All parameters 81

Table 4.2: Ability of various parameters to predict the location of 178 TM 
helices from proteins of known structure. % accuracy was calculated as de
scribed in Section 4.2.6.

a? 1.2oow

1 0.80
aJ 0.6 
a>

2 0.4ca
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c
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F igure 4.6: Sum of average all-parameter combined score for each UCP TM 
helix. The mean of 6 individual helix values is indicated by the dashed line.

The methods used successfully to predict helix location for proteins of known structure 
were based on the assumption th a t approximately 30% of the TM helices in each protein

Mean = 0.89

1 2 3 4 5 6
UCP TM helix
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tend to be buried within the helix bundle, equivalent to 2 of the 6 UCP helices. As 
shown in Figure 4.6, TM helix 2 and, particularly, 3 are the UCP helices with the highest 
combined scores, and hence are the most likely to be buried. There is no obvious pattern 
in the scores received for each helix and the even- and odd-numbered helices do not appear 
to differ in their scores. Therefore, in order to maintain pseudo-3-fold symmetry, evidence 
suggests that all helices are located in equivalent positions. If this were the case, rather 
than being due to differences in helix location, any variation in the score of the helices 
must either be explained by random noise or by other, perhaps functional, constraints. 
One possibility is that the helices form a ring, but that the monomer-monomer interface 
is formed mainly by helix 3, decreasing its accessibility to lipid-tails relative to the others. 
Conversely, the lower score of TM 6 could be explained by its location on the opposite 
face of the monomer to the interface, leading to its relative protrusion into the lipid-tails.

4.3.5 Inform ation derived from family- and subfamily-specific 
conservation scores

4.3.5.1 O verview

Since all members of the MCF are of common evolutionary origin, they will share a 
common 3-dimensional structural fold, despite their divergent functions. Hence, residues 
highly conserved throughout the whole family are likely to play important roles in main
taining that structure and, in the TM region, will be found in positions buried within the 
helix bundle. A few highly conserved MCF residues may also be required for common 
aspects of transporter function, such as conformational changes associated with transport.

Members of the UCP subfamily will also require conservation of the important 
‘structure-determining’ residues. However, since this group is much less heterogeneous 
in function than the entire MCF, UCP-specific conserved residues will be enriched for 
residues im portant for UCP function. These may include residues involved in nucleotide 
binding, lining of the transport pore and gating.

Hence, a comparison of the location of MCF and UCP-specific highly conserved 
residues, as shown in Figures 4.7 and 4.8, may be used to identify regions of the protein 
with different roles. Specifically: (1) those residues conserved in both the MCF and the 
UCPs are likely to play a general structural role, (2) those conserved in the UCPs alone, 
identified by a high U C P/M CF conservation ratio, are more likely to have a UCP-specific 

functional role.



Chapter 4. C omputational modelling o f UCP structure

c\| T- 0 0  CD CSI O
CD O  O  O

Conservation Score

F ig u re  4 .7: Comparison of UCP-derived conservation score and MCF- 
derived conservation score along the length of the UCP sequence. Horizontal 
lines divide the UCP sequence into its 3 homologous domains. TM : trans- 
membrane helix, C : cytosolic loop, M : matrical loop.
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F ig u r e  4 .8 : Ratio of UCP-derived conservation score to MCF-derived con
servation score along the length of the UCP sequence. A ratio of 1 indicates 
equal conservation in the UCPs and the whole of the MCF, whereas a ratio of 
greater than 1 indicates greater conservation in the UCPs than in the rest of 
the family. Horizontal lines divide the UCP sequence into its 3 homologous 
domains. TM : transmembrane helix, C : cytosolic loop, M : matrical loop.
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4.3.5.2 Identification o f residues likely to play functional roles specific to  the  
U C P  subfam ily

The average UCP/M CF conservation ratios for each TM helix are given in Table 4.3. 
There is no significant difference between the UCP/M CF conservation ratios of TMHs 
1, 3 and 5 and TMHs 2. 4 and 6. Interestingly, as can be seen in Figure 4.8 and Table 
4.3, TMHs 5 and 6 have a significantly greater UCP/M CF conservation ratio than the 
other TM helices (P «  0.02). This indicates that they are relatively more conserved 
in the UCPs alone and suggests tha t these helices play a greater role than the others 
in UCP-specific functions. This is likely to be due to adaptations that occurred in the 
specialisation of an ancestral MCF protein into one more closely resembling a modern 
UCP. The relationship between these changes within a single domain and the pseudo- 
3-fold symmetry of the protein is unknown, although the result is consistent with the 
finding that more nucleotide binding residues have been found in this domain than the 
others (Bouillaud et al., 1986; Mayinger & Klingenberg, 1992; Bouillaud et al., 1994).

T M  helix R atio

1 1.56±0.38
2 1.72±0.35
3 1.47±0.35
4 1.63±0.38
5 1.91±0.48
6 1.92±0.55

Table 4.3: Average U C P/M C F conservation ratio for each TM helix.

Closer analysis of the TM helices by this method has identified a series of residues that 
are 2-3 times more conserved in the UCP-subfamily than amongst the whole MCF. These 
residues are listed in Table 4.4. This list will be useful to guide the choice of position 
for site-directed mutagenesis, in order to increase our understanding of UCP function 
and mechanism of action. Interestingly, the residues given in this table include several for 
which functional roles have already been identified in the UCPs by experimental means. It 
does not include other (proposed) im portant functional residues, such as the homologous 
arginines, which play a more general role in all MCF members.

W280 has been shown to be located in a water-filled cavity, and proposed to aid in 
binding of the nucleotide in the pore, via an aromatic interaction with its purine ring 
(Jezek et a l, 1998). Although it has not been investigated, the other aromatic residues in
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R esidue R atio  T M  helix U C P-specific role

170

L277 2.98 6
M284 2.94 6
C224 2.84 5
F223 2.77 5
W280 2.51 6
L219 2.34 5
F31 2.33 1

F274 2.33 6
T226 2.32 5
N281 2.31 6
A88 2.25 2

V192 2.25 4
E190 2.23 4
S230 2.32 5
D27 2.18 1
Q82 2.17 2
Q131 2.15 3
C24 2.14 1

H214 2.11 5
A218 2.11 1

Interaction with purine ring

pH control of nucleotide binding 

H+ transport

pH control of nucleotide binding

Table 4.4: 20 residues within the TM helices with the highest UCP/M CF  
conservation ratios, indicating functional roles specific to the UCPs. The 
final column identifies residues for which experimental evidence has already 
suggested functional roles (discussed in Chapter 2).

Table 4.4, F31, F223 and F274, may play a similar role. While the ADP/ATP translocase 
must also interact with nucleotides, since its role is in their transport it would be unlikely 
that similar residues would be involved. In particular, stabilising interactions provided 
by bulky groups like aromatic residues, which would likely hinder movement through a 
pore, seem unlikely. Hence a UCP-specific role would be expected for these residues.

In contrast, the inclusion of two cysteine residues, C24 and C224, in the list of residues 
that likely play a functional role in the UCPs is unexpected. Arechaga et al. (1993) have 
demonstrated that none of the 7 cysteine residues are essential for UCP function. Further 
experimental work is needed to explain this finding.
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4.3.5.3 Identification  o f  specific residues likely to  have structural roles 
throughout th e  m itochondrial carrier fam ily

Residues with general structural roles appear to occur with roughly equal frequency 
throughout the whole length of the sequence. They are shown in Figure 4.8 as being 
highly conserved in both the MCF and the UCPs. These residues, 10 of which are listed 
in Table 4.5, are likely to be found in buried positions, forming im portant helix-helix 
contacts.

R esidue M CF
C onservation

TM  helix Angular 
error (°)

G175* 0.99 4 20
G123 0.99 3 60

G269* 0.99 6 20
G76* 0.96 2 20
G119 0.95 3 20
P32+ 0.95 1 120

P231+ 0.94 5 120
R276 0.91 6 40

P132+ 0.83 3 120
R83 0.80 2 40

Table 4.5: 10 TM residues with the highest conservation scores (across both 
the UCPs and MCF). These residues are likely to have general structural 
roles, such as TM helix packing. The angular error column shows the angle 
between the predicted buried vector and the position of the residue, giving 
an indication of whether it is found on the predicted buried face of the helix.
* Indicates homologous glycines and + indicates homologous prolines.

Note that 5 out of the 10 residues in Table 4.5 are glycines, known to be both extremely 
common and im portant in TM helix packing (see Section 3.1.2, Chapter 3). The finding is 
consistent with the results of the prediction algorithm, since all but one of these glycines 
were found just 20° from the buried vector, suggesting they are found on the buried face of 
the helix. Strong evidence would be provided for a particular UCP model if it permitted 
these residues to be located in buried positions.

Despite their high conservation, the remaining residues in Table 4.5 are unlikely to be 
buried residues forming im portant helix-helix contacts. 3 of the residues are homologous 
prolines, residues known to have im portant structural roles due to their ability to kink 
helices. Hence, these residues are likely to have a structural role without necessarily being
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buried, explaining their large angular errors given in Table 4.5. The final 2 residues in 
Table 4.5 are 2 of the homologous arginines. As discussed, there is some evidence to 
suggest that these residues play an important role in transport but it is not clear whether 
this role is direct. It is therefore not possible to determine whether their high conservation 
is due to a functional or a structural role throughout the family.

4.3.5.4 Im portance o f th is  work for U C P m odelling

The implications of this work for UCP-model prediction are that the residues conserved 
over the entire MCF are likely to be more informative of structure than those conserved 
specifically amongst the UCPs. Hence, MCF-derived conservation scores will be used for 
the prediction of buried and lipid-tail-accessible UCP residues. Residues in the TM region 
that are specifically conserved in the UCP subfamily may indicate a pore-lining role, since 
this region would have required specialisation for H+ transport and nucleotide/fatty acid 
regulation. These residues, identified above, should therefore be assigned a pore- lining 
position, if possible, during model optimisation.

Figure 4.9 shows residues with particularly high or low UCP/M CF conservation ra
tios on helical wheel representations for the UCP TM helices. TMHs 5 and 6 have a 
significantly greater UCP/M CF conservation ratio than the other TM helices, suggesting 
they play a greater role in UCP-specific functions. Mutagenesis may help to establish the 
role of these residues. However, there is no significant difference between the UCP/MCF 
conservation ratio of TMHs 1, 3 and 5 and TMHs 2, 4 and 6.
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F ig u re  4.9: Helical wheel representations of the UCP TM helices, showing 
residues predicted to have a structural (red) or functional role (yellow) by 
analysis of their UCP/MCF conservation ratio.
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The difference between UCP- and MCF-derived scores explains the correlation between 
family-derived conservation and hydrophobicity visible in Figures 4.12 and 4.13, since both 
primarily reflect the pattern  of structurally important residues. The conservation scores 
derived from the UCP subfamily, however, display a very different pattern of variation, 
probably because they are enriched in residues with a functional role.

4.3.6 Im plications for the m ost likely 3-dim ensional m odel of 
U C P1

4.3.6.1 A nalysis o f  individual TM  helix helical w heels

Helical wheels for each of the UCP1 TM helices were produced and the residues coloured 
according to their conservation scores and LA scale (shown in Figures 4.10-4.13). Study of 
these figures confirms that helices 1, 3 and 5 differ slightly in their variphobicity patterns 
from 2, 4 and 6, as observed when comparing the conservation and KD scale scores of the 
helices. That TM helices 1, 3 and 5 show different characteristics to 2, 4 and 6 suggests 
that the structure does contain pseudo-3-fold symmetry of the monomer. However, the 
differences between the two groups are not large and it is therefore difficult to determined 
whether or not the findings support models in which the two groups of helices occupy 

different positions.
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F ig u re  4 .10: Helical wheels for the UCP TM helices, coloured by LA 
score. Colours run from white (most lipid-tail-accessible) to dark blue (most 
buried).
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F ig u re  4 .11: Helical wheels for the UCP TM helices, coloured by UCP- 
specific conservation score. Residues coloured blue show greater that 80% 
conservation over the UCP subfamily.
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F ig u re  4 .12: Helical wheels for the UCP TM helices, coloured by conser
vation score derived from the whole MCF. The key to the colouring of this 
figure is shown in Figure 4.14.
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F ig u re  4 .13: Helical wheels for the UCP TM helices, coloured by hydropho- 
bicity 0 1 1  the White and Wimley scale (Wimley et al., 1996; Jayasinghe et al., 
2001). The key to the colouring of this figure is shown in Figure 4.14.
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Hydrophobicity Conservation

<0.15 <0.15

0.15-0.3 0.15-0.3

0.3-0.45 U 0.3-0.45

0.45-0 .6 ■ 0.45-0.6

m 0.6-0.75 ■ 0.6-0.75

0.75-0 .9 ■ 0.75-0.9

u >0.9 ■ >0.9

F igu re  4.14: Key used for colouring helical wheels in Figures 4.12-4.13.

4.3.6.2 S coring  o f T M  helix  m odels

The scores that each model received according to its compatibility with various forms of 
data are shown in Figure 4.15 and are discussed in the following sections. The parameters 
selected for analysis are (i) KD hydrophobicity, (ii) residue volume and (iii) a combination 
of KD hydrophobicity, LA scale score and sequence conservation. The former method gave 
the highest mean score for all models, indicating a good fit between KD hydrophobicity 
and the models. Secondly, residue volume gave the highest standard deviation between 
the scores of different models, suggesting it could provide the best discrimination between 
good and bad models. Finally, the combined KD, LA and conservation score was the 
method that performed best at predicting the most buried helix face for TM proteins of 
known structure.

Unfortunately there is little discrimination between the scores of many of the models, 
particularly according to some parameters. This is likely to be due to the fact that some 
of the modelling assumptions, such as the straight, parallel nature of the helices, were 
perhaps too simplistic. If this were the case, even the correct model would not show a 
complete correspondence with the data since it could not account for these effects.

In general, the highest scoring models were those that are variations on Model 3, 
with the dimeric unit consisting of 2 rings of 6 TM helices, each surrounding a pore. In 
addition, a model in which the monomer-monomer interface is formed by helices 2, 3 and
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4 seems to be most compatible with the data. These findings are discussed in more detail 
in the following sections.
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F ig u re  4 .15: Average scores for each model, according to their compatibility 
with several forms of sequence data. ‘Average’ indicates the average of the 
other methods shown. In each of the variants of Model3a-r the monomer- 
monomer interface is formed by the helices shown above. The structures of 
Models la-Id are shown in Figure 4.16. Model 2 consists of a ring of 12 
TM helices surrounding a pore. Models 3a-3u are illustrated in Figure 4.17. 
Models 3a-r are dimeric and 3s-u are monomeric. In Models 3a-3f and 3s the 
odd and even numbered helices are found in equivalent positions. In Models 
3g-31 and 3t the odd numbered helices are found in more buried positions 
than the even. In Models 3m-3r and 3u the even numbered helices are found 
in more buried positions than the odd.

M odel 1 Figure 4.16 shows schematically the variations of Model 1, referred to as Mod
els la, lb , lc and Id. While Models la  and lb  obtain very low scores, they show a compact 
arrangement of TM helices, similar to that seen in other TM proteins (Chapter 3, Section 
3.3.4). In contrast, the most loose-packed Models, lc and Id, are less similar to proteins 
of known structure. As can be seen in Figures 3.6-3.8 in Chapter 3, the majority of TM 
proteins tend to have more compact arrangements of TM helices, similar to that seen in 
Models la  and lb. However, the models showing a ‘loose packing’ of the helices (Models 
lc and Id), cannot be discounted for this reason, because the arrangement of helices is
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similar to that soen in ATP synthase subunit C (Girvin et al., 1998). Interestingly, this 
protein is also an H+ channel.

The scores of Models la-d are very sensitive to the scoring parameters used: they 
score very highly according to two methods in Figure 7, but very poorly in the other. 
I his suggests that the high scores of Models lc and Id are not reliable indicators of the 
likelihood of these models.

Model la Model lb

Model lc Model Id

F ig u re  4 .16: Models la, lb, lc and Id: Alternative arrangements of uncou
pling protein transmembrane helices for Model 1. Each helix, represented as 
a circle, has a diameter of 10A.

Models la  and lc  would permit a pore-lining location for the homologous arginines 
found on TM helices 2, 4 and 6, consistent with their proposed role in binding of the 
nucleotide phosphate (Modriansky et al., 1997). However, the presence of these residues 
in virtually all members of the MCF, most of which do not bind nucleotides, argues 
against such a direct role (Echtay et al., 2001a). Hence this data cannot be used to select 
between Models la  and lc, in which TMHs 2, 4 and 6 are pore-lining and Models lb  and 
Id, in which they are located peripherally.

In summary, while Models lc and Id score the most highly, Models la  and lb  show a 
compact arrangements of TM helices, similar to that seen in other TM proteins. However, 
the scores are very dependent upon the scoring parameters used.
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M odel 2 Model 2 has obtained  a relatively high score compared to other arrangements, 
suggesting a good correlation w ith the available data. However, this model has a very 
different s tructure  to the o ther TM proteins in the dataset of Chapter 3. It also seems 
unlikely th a t such a large pore would have evolved, even in order to transport the largest 
substrates of the family such as ATP. It would be particularly difficult for the UCPs to 
maintain specificity through such a large pore. These factors suggest th a t overall,
Model 2 is an unlikely candidate for UCP structure.

M odel 3 I’he variations of Model 3 are shown in Figure 4.17. As shown in this figure, 
they can be grouped into 3 classes. These are those in which the even and odd-numbered 
helices occupy equivalent positions, (Models 3a-f) those in which TMHs 2, 4 and 6 are 
more peripheral (Models 3g-l) and those in which TMHs 1, 3 and 5 are more peripheral 
(Models 3m-r). Monomeric forms of Model 3 are also considered (Model 3s-u).

Model 3a-f Model 3g-l Model 3m-r

Model 3 s Model 3t Model 3u

F ig u r e  4 .1 7 :  Models 3a-u: Alternative arrangements of uncoupling protein 
transmembrane helices. Models 3b, 3h and 3n are shown as representative 
examples of each class of dimeric models, although any 2 sequential helices 
may form the monomer-monomer interface for each class. Each helix, rep
resented as a circle, has a diameter of 10A. TMHs 1, 3 and 5 are shaded to 
highlight their different positions in each group of models. Model 3s-u are a 
monomeric forms of Models 3a-f.

Models 3s, 3t and 3u are contrary  to the evidence that suggests th a t the UCPs are
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functional as a dimer. However, they do obtain scores relatively similar to most other 
Model 3 variants, suggesting th a t the oligomeric structure of the UCPs may merit further 
investigation. All forms of Model 3 assume that the weak experimental evidence for a 
single-pore arrangement of the UCP dimer is incorrect (Schroers et al., 1998; Huang et al, 
2001). They show a pore size similar to those observed for TM proteins of known structure 
in Chapter 3. Interestingly, the structure of these models would allow independent folding 
of each monomer, before dimerisation. On the other hand, it is harder to propose a 
plausible folding mechanism for the other models, in which the nascent chains must first 
dimerise before undergoing simultaneous folding. Crucially, Model 3 also includes all of 
the highest scoring models, making it appear a likely candidate for UCP structure.

Model 3 is the only one which could account for the greater UCP/M CF conservation 
ratio observed for TMHs 5 and 6, by permitting them to form the monomer-monomer 
interface. However, this theory requires that the UCPs are the only members of the family 
to dimerise in this way. In addition, the models in which this is the case (Models 3e, 3k 
and 3q) score poorly compared to other variations and are inconsistent with the predicted 
lipid-tail-accessible locations of TMHs 5 and 6. Hence, the low conservation ratios of 
TMHs 5 and 6 are likely to be due to UCP-specific functional, rather than structural, 
differences between the helices.

Interestingly, despite the lack of difference between the all-parameter combined loca
tion scores of the even- and odd-numbered helices, the highest scoring models are Models 
3g-l, in which TMHs 1, 3 and 5 are more pore-lining than TMHs 2, 4 and 6. Perhaps, 
as an alternative to movement of the whole helix towards the centre of the bundle, the 
relative tilting of 3 of the helices is responsible for the increased score of these models, 
while being too subtle to be detected as differences in helix location. In support of this 
hypothesis, the mean LA scores of the odd-numbered helices are significantly greater than 
those of the even-numbered helices (P < 0.05, data not shown), indicating that helices 1, 
3 and 5 may be more buried. While helix tilt is not considered in the current strategy, 
and therefore the hypothesis can not yet be tested, it seems that it will be valuable to 

include this factor in future methods.
The second highest scoring of all models is Model 3h. This model is consistently 

the highest scoring of the variations of Model 3. In this model, the monomer-monomer 
interface is formed by TMHs 2 and 3. In addition, the high scores of Models 3g and 
3i suggest that, if Model 3h is correct, while TMHs 2 and 3 play the major role in 
the interface, a smaller contribution in made by TMHs 1 and 4. This finding is very 
consistent with the predicted buried location of TMHs 2 and 3, relative to the others. 
It is also interesting th a t the use of KD hydrophobicity as a scoring parameter detected 
increased scores for the other models with interfaces formed by TMHs 2 and 3, Models 3b
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and 3n (Figure 4.15). The likely importance of TMHs 2 and 3 in the monomer-monomer 
interface has also been suggested by Nelson & Douglas (1993).

In conclusion, several very highly scoring models are variations on Model 3, with 
monomeric or dimeric units consisting of rings of 6 TM helices surrounding a pore. How
ever, the highest scoring variations of Model 3 are inconsistent with the prediction that 
the even- and odd-numbered helices are predicted to occupy equivalent positions, due to 
their similar all-parameter combined scores. This suggests that some combination of the 
two arrangements may be the correct one: in which the helices are tilted to allow the 
even numbered helices to be slightly more buried that the others, perhaps only at one 
end of the pore. That TMHs 2 and 3 form the monomer-monomer interface seems likely. 
Overall it is difficult to draw strong conclusions about the correct model from these data 
since the scores are relatively similar and two contradictory models (Models Id and 3h) 
receive similarly high scores.

4.3.6.3 A nalysis o f  th e  exp erim ental evidence

There are few, if any, pieces of experimental evidence which unequivocally restrict the 
location of a residue to a particular environment. Firstly, some of the data can easily 
be discounted. For example, while there have been suggestions of an ionic bond between 
R91 and E190 (Echtay et al., 2001a), helical wheel representations show that this bond is 
impossible if equivalent positions are to be observed for homologous helices, in accordance 
with pseudo-3-fold symmetry. This constraint can therefore not be used in modelling.

The second problem derives from the inability to determine whether the loss of func
tion (eg H+ transport or nucleotide regulation) that occurs on mutation is caused directly 
by the loss of a participating residue, or indirectly due to disruption of the native con
formation. For example, there have been suggestions that D27 (Klingenberg & Echtay, 
2001) and the homologous arginines (Echtay et al., 2001a) have pore lining positions, but 
there is also strong evidence against a direct role in transport (Echtay et al., 2000a; Ur- 
bankova et al., 2003; Echtay et al., 2001a; Modriansky et al., 1997), failing to confirm this 
location. Similarly, it is not known whether the role of H214 in regulation of nucleotide 
binding requires the direct positioning of H214 itself within the pore. Consequently, little 
weight can be attached to the degree of correspondence between particular models and

experimentally derived information.
With this in mind, the degree of correspondence between each of the optimised models 

and the experimental da ta  has been assessed, and is summarised in Table 4.6. Models 2 
and 3 are the most consistent with the experimental data, while Models lb  and Id are 
the least consistent. However, the experimental data are not conclusive enough to be
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M utant la  lb  lc  Id  2 3 UCP

D27 lines transport pathway - + - + + + +
E190- pH sensitivity + - + - + + +
H214- pH sensitivity - + - + + + +
R83/R182/R267 line H+ transport 
path

+ - + - + + +

R91/E190 H bond - - - - - - -
W280 in water-filled cavity + - + - + + _*
C24/188/224 lipid-tail-accessible + - + + + + +

Number correct/7 4 2 4 3 6 6 5

Table 4.6: Comparison of the degree of agreement between each of the opti
mised models and the experimental data. The experimental data is described 
in Chapter 2 and summarised in Table 4.1. The column entitled UCP indi
cates the agreement of the UCP homology model, described in Section 4.4.1, 
with the data. A +  indicates that a model is consistent with a particular 
piece of experimental evidence and a - indicates that they are inconsistent.
Notes: 1. The pore-lining location of all three homologous arginines was 
considered to be consistent with one piece of experimental evidence. 2. The 
R91/E190 H bond is impossible for all models that show pseudo-3-fold sym
metry. 3. * indicates that the lack of agreement between this data and the 
homology model is likely to be due to problems with the sequence alignment 
used.

confident of a single correct model.

4.3.6.4 C onclusions

It is not possible to select between the models with high confidence using any single 
method in isolation: experimental data, predictions of helix location or scoring according 
to compatibility with sequence data. However, after study of the combined results of 
these analyses, summarised in Tables 4.7—4.9, it can be concluded that a model similar
to Model 3h but with tilted helices is perhaps the most likely, since it:

•  obtains the second highest score for compatibility with the sequence data

• is consistent with 6 out of 7 pieces of experimental data

• is able to account for the likely buried position of TMHs 2 and 3, within the
monomer-monomer interface, as predicted by their all-parameter combined score
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•  is able to reconcile the apparently contradictory predictions of helix location ob
tained using the all-param eter combined score and LA score, because helix tilting 
may permit different relative positions of helices at different heights in the membrane

This model consists of two bundles of 6 TM helices, each around a pore. The helices 
may be tilted and the monomer-monomer interface is likely to be formed mainly by TMHs 
2 and 3, with smaller contributions from TMHs 1 and 4. While Model Id scored slightly 
higher than the selected Model 3h according to compatibility with some forms of sequence- 
based data, other sources of evidence suggest that this model is considerably less likely 
than Model 3h.

E vidence for M odels la ,  l c  Evidence for M odels lb , Id
Helices 2, 4 and 6 lining the pore Helices 1, 3 and 5 lining the pore

Models la and lc score most highly for 
compatibility with some forms of data

Model la is supported by 4 pieces 
of experimental evidence (Experimen
tal data favours models with TMHs 2, 
4 and 6 lining the pore, although this 
evidence is unreliable)

Models lb and Id score most highly for 
compatibility with other forms of data

Model lb is supported by only 2 pieces 
of experimental evidence

The kinking caused by the conserved 
prolines found in TMHs 1, 3 and 5 
would be less disruptive to helix pack
ing if they were peripherally, as is seen 
in ATP synthase subunit C

TMHs 1, 3 and 5 contain a conserved 
proline that may facilitate a conforma
tional change associated with transport

Table 4.7: Evidence for and against the pore-lining location of UCP TM 
helices 1, 3 and 5 (Models lb  and Id) and 2, 4 and 6 (Models la  and lc). 
These models are illustrated in Figure 4.16.
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E vidence for M od el 2 Evidence against M odel 2

Consistent with all 7 pieces of experi Significantly greater conservation ratio
mental data of TMHs 5 and 6

Model 2 shoes a dissimilar proportion
of pore-lining residues to TM proteins
of known structure

Table 4.8: Evidence for and against Model 2. Model 2 consists of a ring of 
12 TM helices around a pore.

E vidence for M od el 3 Evidence against M odel 3

Models 3h/i score very highly for com Inconsistent with weak evidence sug
patibility with various forms of data gesting a single pore per dimer

Consistent with 6 pieces of experimen Significantly greater conservation ratio
tal evidence of TMHs 5 and 6 consistent only with

Models 3e, 3k and 3q

Similar pore size to TM proteins of
known structure

Assembly of monomeric units easy for
these models

Table 4.9: Evidence for and against Model 3. For descriptions of the varia
tions of Model 3, see Section 4.3.6.2.
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4.4 D iscussion

4.4.1 Com parison o f th e  U C P model with the actual structure 
of the adenine nucleotide carrier

While this work was being completed, the structure of the adenine nucleotide carrier 
(ANT), another member of the mitochondrial carrier protein family, was solved by X-ray 
crystallography at a resolution of 2 .2k  (PDB code 10KC, R factor 0.22) (Pebay-Peyroula 
et al., 2003). The structure is shown in Figures 4.18 and 4.19. This protein would be 
expected to show the same fold as the UCPs, since they are evolutionarily related (the 
ANT shows 20% sequence identity and 25% similarity to UCP1). Hence its structure can 
be used to assess the accuracy of the model proposed in this chapter for the UCPs.

The protein does indeed consist of a pseudo-3-fold symmetric ring of 6 TM helices 
around a pore with a diameter of 15-20A, consistent with the predictions made in this 
chapter. However, the protein exists as a monomer in the crystal, so its putative dimeric 
status in vivo needs further investigation. It is, therefore, not yet possible to establish 
whether or not the prediction tha t the monomer-monomer interface is formed by TMHs 
2 and 3 is correct.
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IMM

Matrix

F ig u re  4 .18: Structure of the adenine nucleotide carrier (Pebay-Peyroula 
et al., 2003) in a view perpendicular to the membrane normal. IMS: Inter
membrane space; IMM: Inner mitochondrial membrane; Matrix: Mitochon
drial matrix. The red box shows the location of the membrane lipid-tail- 
spanning and head-group-spanning regions, as defined by PSlice (see Chapter 
3). This figure was produced using MolScript.
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F ig u re  4 .19 : Structure of the adenine nucleotide carrier (Pebay-Peyroula 
et a l 2003) in a view along the membrane normal. This figure was produced 
using MolScript.
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The performance of the prediction of buried helix faces is summarised in Figure 4.20. 
The best performance in proteins of known structure is based upon a combination of 
KD, LA and conservation scores with one residue excluded from each end of all helices. 
However, this method performs relatively poorly for the UCPs, with an average angular 
error of 71°. The best prediction for the UCP helices is made by KD and LA score, giving 
an angular error of 25°. T hat both of these angular errors are considerably greater than 
the average for proteins of known structure (13°) suggests that the prediction was more 
difficult for the UCPs than for proteins on average (assuming that the dataset used was 
a representative set of all proteins).

F igure 4.20: Schematic diagram showing the relative positions of the pre
dicted (solid arrows) and actual (dashed arrows) buried faces of the UCP TM 
helices. The prediction was made, in this case, using KD hydrophobicity, LA 
score and conservation for the central helix residues. When the helices are 
considered independently (top 6 helical wheels), the average angular error 
between the predicted and actual vectors is 62°. When 3-fold symmetry of 
homologous helices is preserved (lower 2 helical wheels) the average angular 
error is 54°.

The accuracy of the prediction for the UCPs was reduced when pseudo-3-fold sym
metry was not enforced (Figure 4.20). (This was achieved by predicting each helix indi
vidually, rather than combining the features of helices 1, 3 and 5 and of helices 2, 4 and
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6, to give a single prediction for each group). Using this method, the average angular 
error was increased from 25 to 69°, for a prediction based on KD and LA score in the 
helix centre. This result illustrates the value of including in a predictive method specific 
biological knowledge about the protein of interest, such as that concerning symmetry.

The problems th a t have been encountered with the UCP modelling are likely to be 
due to the high tilt angles of all of the helices, and the kinks caused by the conserved 
prolines in TMHs 1, 3 and 5. For simplicity, the current method models TM helices 
as both straight and parallel to the membrane normal. As demonstrated by the high 
accuracy of the method on the proteins of known structure (mean angular error 13°), the 
assumptions made were valid based on the available data. Unfortunately, however, the 
adenine nucleotide carrier shows more helix kinking and tilting than most of the previously 
available structures, and is therefore modelled less accurately.

The assumption of straight, parallel helices allowed a single face of each helix to be 
identified as buried, as can be seen in Figure 4.21(A) as a vertical stripe of residues. 
When this is not the case in the actual structure, even the closest model will not obtain 
a very high score for compatibility with the sequence data. This is observed in Figure 
4.21(B), where several scattered groups of residues are buried, rather than the predicted 
vertical stripe. It is also shown in Figure 4.20, where, despite pseudo-3-fold symmetry 
of structure, accessibility vector sums do not generally identify homologous buried faces 
of the helices. It is therefore not surprising that there was little differentiation between 
correct and incorrect models throughout this work. However, it was assumed that for 
proteins where kinking or tilting occurs, the correct model will still be identified because 
it will show a better fit than the other models with the data.

The tilt of the UCP helices creates a pore that is funnel-shaped, with the widest part 
at the cytosolic end. At the cytosolic side of the membrane the even and odd-numbered 
helices seem to contribute roughly evenly to the pore, very similar to Model 3s. At the 
matrix side, however, the pore is almost entirely closed due to the protrusion of the ends 
of TMHs 1, 3 and 5, more similar to model 3u. The protrusion of helices 1, 3 and 5 
into the pore is made possible because homologous prolines (P32, P132 and P231) cause 
these helices to kink by 50-60° inwards. This narrowing of the pore is likely to form part 
of the gate tha t gives the protein its observed transporter-like, rather than channel-like, 
properties (Arechaga et al., 2001), as described in Chapter 2.

Now that the structure of the ANT is known, it can be used as a template for homology 
modelling, to obtain a high resolution structural model of the UCPs. The sequences of 
the ANT, UCP1, UCP2, UCP3, and two other members of the mitochondrial carrier 
protein family, the deoxynucleotide carrier and the citrate transporter, were aligned using 
ClustalW (Thompson et al., 1994) and a homology model was produced using the SWISS-



Chapter 4. Computational modelling o f UCP structure

A TM1 Predicte M2 Predicted

LSI * 79
Q84 Q82

TO*

A88 S86

B TM1 Observed TM2 Observed

Figure 4.21: Helical nets of UCP TM helices 1 and 2, showing (A) the 
predicted buried face and (B) the actual buried residues, as calculated from 
the structure of the adenine nucleotide carrier (Pebay-Peyroula et a/., 2003). 
Buried residues are shown in bold and italics. Actual buried residues were 
taken as those with less than 10% relative accessible surface area.

MODEL server (Schwede et al., 2003). The alignment is given in Figure 4.22.
Despite a sequence identity of only 20% between UCP1 and the ANT, ClustalW was 

able to align the sequences giving regions of similarity spread roughly evenly throughout 
their whole length. Of the 307 residues in UCP1, 20 were totally conserved across all 6 
aligned sequences (shown in Figure 4.22). Almost identical levels of similarity are found 
within the TM helices and the extra-membrane loops, suggesting that both regions have 
important roles. (31% of TM residues were identical to all other residues at that alignment 
position, or showed only conservative or semi-conservative substitutions, compared to 
32% of non-membrane-spanning residues). The majority of the insertions and deletions 
are found in the loops connecting the TM helices. The only exceptions to this are a two- 
residue deletion in TMH5 and a single-residue deletion in TMH6 of the ANT relative to 
the UCPs. Strongly conserved regions at either end of these helices prevent the alignment 
being adjusted to place these deletions in loop regions, and hence the model is only an
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approximate one. However, it remains valuable, since the ability to assess the degree 
of correspondence between the UCP model and the experimental data is unlikely to be 
greatly affected.

As shown in Table 4.6, the homology model is consistent with virtually all of the 
experimental evidence concerning the likely role and location of the UCP residues. As 
suggested by the experimental data, the functional residues D27, E190, R83 and R182 are 
all found in a pore-lining position in the UCP model. Conversely, the cysteine residues at 
positions 24, 188 and 224 are all found in lipid-tail-accessible positions, as suggested by 
the lack of effect on UCP function caused by their mutagenesis (Arechaga et al., 1993). 
While quenching studies suggested tha t W280 is found in a water-filled cavity (Jezek et al, 
1998), the model indicates th a t this residue is likely to be lipid-tail-accessible. Similarly, 
R276 is lipid-tail-accessible in the UCP model, despite an experimentally determined 
role in UCP function indicating either a buried or pore-lining position (Echtay et al., 
2001a; Modriansky et al., 1997). However, these problems may be explained by the fact 
that the positions of W280 and R276 in the model are likely to have been affected by the 
deletion at position 277. In support of this, the other homologous arginines are both pore- 
lining. There is no evidence from the UCP homology model to suggest that the proposed 
R91/E190 ionic bond is formed. Therefore, in agreement with the results of Chapter 3, 
the presence of opposing charges in adjacent helices does not necessarily indicate that 
these residues will interact or even be located close to one another in the 3-dimensional 
structure.

It can be concluded th a t, while the experimental data is generally consistent with the 
actual UCP structure, it is very difficult to use this information to constrain the number 
of possible models. This is because the data is likely to be consistent with a number 
of alternative structures. If mutagenesis data is to be used to constrain the number of 
models, a large number of m utants at carefully selected positions will be needed, and 
careful interpretation of the result will be required. Often, any value of mutagenesis and 
related experimental techniques in modelling is likely to be restricted to verifying the 
likelihood of a model proposed by another method.
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Figure 4.22: M ultiple sequence alignment of the adeninine nucleotide car
rier (ANT) and several other members of the mitochondrial carrier protein 
family, used to generate the homology model for UCP1. CTP: Citrate trans
port protein; DNC: Deoxynucleotide carrier. The coloured alignment was 
generated using M ultiA ln (Corpet F, 1988). Red and blue indicate respec
tively positions w ith  greater that 90% and 50% identity.
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4.4.2 C onclusions

The value of the approach taken to TM protein modelling in this work lies in the potential 
to produce models in the absence of any structural information for the family concerned, 
and without relying upon the use of soluble protein structural information. The method 
has been shown to be effective a t detecting buried helix faces in TM proteins of known 
structure, and will be of use for this purpose for all membrane proteins where structural 
information is desired. The method has also enabled the UCP models to be ranked 
in order of likelihood, perm itting selection a of single model which fits the available 
data most closely. Models proposed by this method will be a useful starting point in 
experimental studies aimed at increasing our understanding of the structure and function 
of any protein family, particularly by targeting cross-linking and mutagenesis studies. 
However, the model proposed for the UCPs is highly tentative. The model selected did 
not score significantly higher than other models by any one method used here. Hence a 
single technique has not yet been identified tha t is able to select one model above the 
others in an autom atable way, at least for the UCPs.

Since the structure of a related protein has recently been solved it has been possible 
to assess the accuracy of the predictions made. The main problems with the approach 
seem to be th a t the method models TM helices as ideal helices arranged in parallel and 
the suggestion th a t the protein was a dimer. Large deviations from these assumptions, 
such as the kinked, highly tilted or partially-spanning helices seen in the actual structure, 
cause inaccuracies in the modelling.

As a first a ttem pt a t ab initio modelling, the current method has a number of lim
itations. For example, the m ethod is unlikely to be able to select a single model with 
confidence for proteins th a t have kinked or tilted helices. However it remains useful for 
any TM protein: if one model scores significantly more highly than the others this implies 
that (i) the protein structure will be similar to that of the model and (ii) the helices of 
the protein are relatively straight and parallel. On the other hand, for proteins for which 
all models score more similarly, a single model cannot be selected in the absence of con
straining mutagenesis or other experimental data. This implies an irregular helix packing 
arrangement, with a considerable number of tilted TM helices. In this case, the predicted 
buried residues on each helix will provide useful structural information and may be able 
to guide experimental studies to help further limit the number of possible models.

In the present work a protein showing pseudo-3-fold symmetry was studied, in order 
to constrain the number of possible models. However, for families for which there are no 
simplifying symmetry constraints, the method remains useful, provided sufficient compu
tational resources are available to deal with the large number of potential models that
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must be considered. There remain large standard deviations associated with the values 
of the LA scale, and more TM protein structures are needed to improve the accuracy of 
predictions using this scale. Finally, reliable information about the oligomeric state of 
the protein is essential to translating the predictions of buried helix faces into possible 
arrangements of TM helices for scoring. Now that these limitations have been identified, 
improved modelling methods can be developed which incorporate these factors.

In conclusion, this work has involved in investigation into not only UCP structure, 
but also into our current understanding of membrane protein structure and our ability 
to model it. The work has shown that, while the model proposed for the UCPs showed 
similarities with the correct structure, the technique is too simple and not yet good 
enough to predict models with confidence for proteins with tilted or kinked helices. More 
membrane protein structures will need to be solved, and our understanding of the ways 
in which they pack to obtain stability will need to increase, before improved accuracy 
is possible. In addition, it seems tha t more complex modelling procedures, in which 
helix tilting and kinking are considered, will be needed to increase predictive accuracy 
for many protein families. Therefore, although the structures of membrane proteins are 
limited by their unusual environment and they are less diverse than water-soluble proteins, 
the challenge of predicting their tertiary structure from sequence has yet to be solved.



Chapter 5

M echanism s by which D A F-16  
regulates ageing in Caenorhabditis 
elegans

5.1 Introduction

5.1.1 T he in su lin /IG F  signalling pathway and control of lifespan

As described in the Introduction (Chapter 1), the insulin/IGF-like signalling (ILS) path
way regulates lifespan. The pathway (illustrated schematically in Figure 1.2) is highly 
conserved in insects, such as Drosophila melanogaster, nematodes, like Caenorhabditis 
elegans and mammals, such as Mus musculus. Despite this conservation, several regions 
have undergone expansion in one or more species. For example, while Drosophila has 7 
insulin-like ligands (Brogiolo et al., 2001), C. elegans is thought to have 37 (Pierce et al, 
2001). When ligands bind to the DAF-2 receptor, the signal is transferred, via the various 
signalling proteins shown in Figure 1.2, to a transcription factor known as DAF-16 (in C. 
elegans) or FOXO (in Drosophila). As illustrated in Figure 5.1, the phosphorylation of 
DAF-16/FOXO leads to it being excluded from the nucleus, both directly and indirectly 
affecting transcription of various target genes. DAF-16 belongs to the forkhead family of 
TFs. Members of the this family share a common DNA binding motif known as a fork- 
head, or winged helix, domain (Greenberg & Boozer, 2000) and appear to have important 
roles in controlling development (Hope et al., 2003).

The many functions of the ILS pathway are complex. In fact, rather than a simple 
linear pathway, it is perhaps more appropriate to consider the pathway as a network, with 
multiple inputs th a t are integrated and processed before conversion to multiple outputs. 
One method for attem pting  to establish the processes controlled by this pathway is to

198
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Insulin-like signalling

Nucleus

DAF-16 Active

Inactive, phosphorylated
Other TFs

Direct target 
genes

Indirect target 
genes

Reproductive development 
Growth

Dauer formation 
Longevity

Figure 5.1: A simplified view the mechanism by which ILS inactivates DAF- 
16 and controls lifespan, illustrating the concept of direct and indirect DAF- 
16 target genes. TFs: transcription factors.

ablate various members of the cascade and identify phenotypic changes in the resulting 
mutants. This m ethod has suggested a role for the insulin/IG F pathway in the control 
of both growth and developm ent (Gems et al., 1998; Brogiolo et al., 2001) and lifespan 
(Kimura et al., 1997a; T a ta r et al., 2001; Clancy et al., 2001; Holzenberger et al, 2003).

The role of ILS signalling in ageing appears to be evolutionarily conserved from ne
matodes (Ogg et al., 1997) to m am m als (Holzenberger et al,  2003; Bluher et al, 2003). 
Similarly, the pathw ay regulates DAF-16 transcription factors in a range of organisms. 
DAF-16 has been shown to activate longevity-promoting genes and repress genes that ac
celerate ageing (Lee et al., 2003; Ookum a et al., 2003; Murphy et al, 2003). It therefore 
seems likely th a t the targets  of DAF-16 are the direct biochemical determinants of ageing 

in many species, possibly including humans.
As described in C hapter 1, the current theories suggest that DAF-16 acts as a switch 

to divert resources between grow th and reproduction or cellular maintenance and repair 
(Henderson & Johnson, 2001). W hen food is scarce or conditions are otherwise poor, DAF-
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16 enters the nucleus, leading to an extension of lifespan and a reduction in fecundity. The 
function of this response is likely to be to delay reproduction until conditions are more 
suitable. Lifespan extension appears to be achieved by increases in expression of genes 
involved in cellular maintenance and repair. In contrast, when conditions are good, DAF- 
16 remains phosphorylated and inactive in the cytoplasm, due to the action of the ILS 
pathway. This favours growth and reproduction over maintenance, repair and longevity, 
leading to a normal lifespan. In addition to responding to the external conditions it 
seems likely tha t DAF-16 is also able to sense the state of the reproductive system (Hsin 
& Kenyon, 1999). From these combined signals the DAF-16 is able to determine whether 
both internal and external conditions are more suited to maintenance or reproduction, 
and allocate resources accordingly.

To truly understand the way in which IGF signalling and DAF-16 regulate ageing 
requires a method to identify and study the specific regulated genes and gene products 
involved. It is possible to use mutagenesis studies to identify the transcriptional targets of 
DAF-16, by selecting genes whose expression is altered in ILS pathway mutants. However, 
as illustrated in Figure 5.1, many of the genes with altered expression levels will not be 
direct targets, but instead are regulated indirectly, via other factors.

One method to identify direct transcriptional targets with more certainty, however, is 
via the analysis of the non-coding sequences surrounding the genes that are differentially 
expressed in ILS mutants. It is possible to look for correlations between the occurrence 
of a particular transcription factor binding site in these regions and the expression of the 
associated genes, using techniques described in Section 5.1.2.1. Here, DAF-2 mutants will 
be compared against DAF-2/DAF-16 mutants, to identify patterns of gene expression 
present when DAF-16 is constitutively on or off respectively. This may allow DAF-16 
binding elements to be identified in direct targets, and other elements to be found in 
other longevity-associated genes controlled by different transcription factors.

Several previous studies have made the current work possible. Firstly, Kim et al. 
(2001) produced a gene expression ‘topom ountain’ map, by clustering C. elegans genes 
that showed similar expression patterns across multiple studies and a range of conditions. 
The authors found th a t some ‘m ountains’ were enriched for genes expressed in the same 
cell types, where as others contained genes functionally related by being involved in the 
same cellular process, such as heat shock proteins or collagens. These mountains enable 
predictions to be made about the role of unknown genes, according to the characteristics 
of the mountain to which they belong. The study has also provided large groups of 
co-regulated genes, whose expression can be compared between wild-type and long-lived

mutants to identify general patterns.
Such a comparison was performed by McElwee et al. (2004), who annotated all C.
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elegans genes, using the topom ountain groups produced by Kim et al. (2001), and gene 
families from INTERPRO (Apweiler et al., 2000) and GO (Ashburner et al., 2000). They 
then compared expression between DAF-2/DAF-16 and DAF-2 mutants using EASE (Ho- 
sack et al., 2003). EASE detects significant over-representation of particular classes of 
genes within a set of co-regulated genes, compared to the genome as a whole. The method 
allowed McElwee et al. (2004) to identify functional classes of genes which are over
represented amongst up-regulated (longevity-associated) and down-regulated (ageing- 
associated) genes. The 20 classes of genes most over-represented within longevity- and 
ageing-associated genes are shown in Table 5.2 in Section 5.2.4.

The current study analyses the transcription factor binding sites associated with each 
of these ageing- and longevity-associated gene groups, in order to determine by which 
transcription factors their expression is regulated. The value of this approach lies in the 
fact that the groups contain co-regulated and often functionally related genes, permitting 
different transcriptional control elements to be identified that are specific for each group. 
In contrast, the combined analysis of all DAF-16 regulated genes would be unlikely to 
uncover many significant patterns of motif over-representation, due to the great variability 
of genes, and therefore of transcriptional mechanisms, included. This work has allowed the 
genes to be classified into direct and indirect targets of DAF-16 and other transcription 
factors involved in control of longevity to be identified. These results are discussed with 
respect to the role each transcription factor or class of genes may play in the regulation 
of longevity by DAF-16. As a result, it is hoped that our understanding of the role of 
DAF-16 in longevity, and the mechanisms of ageing itself, will be increased.

5.1.2 T ranscription factors

Transcription factors (TFs) are proteins tha t regulate the expression of genes, and hence 
the synthesis of proteins. In this way they can control the function and development 
of the cell, and consequently the whole organism. They function by binding to specific 
transcription factor binding sites in the DNA, generally upstream of the gene they control, 
in the promoter region. Transcription factors are modular proteins consisting of several 
discrete domains, each with a defined function. These will include a DNA-binding domain, 
such as the forkhead domain of DAF-16, and one or more activation or repression domains 
which interact with the DNA or with other transcription factors or cofactors to affect gene 

expression.
Each transcription factor controls the expression of a specific gene or set of genes, via 

a characteristic binding site. Generally, transcription factor binding sites (TFBSs) are 
less than lObp in length. They are often degenerate (so that more than one base can
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be tolerated at certain positions). Transcription factors are often compartmentalised to 
particular cell types. Some are continually present and others are released or activated in 
response to certain signals, either from the external environment or from within the cell 
itself. They therefore function to integrate environmental signals and convert them into 
the appropriate response within the cell. Identification and characterisation of TFBSs is 
important for understanding how this process occurs, and can provide clues about the 
control of complex biological processes.

TFBS motifs are often represented as weight matrices, rather than simple consensus 
sequences. These can be obtained using a variety of experimental techniques such as 
nuclease or restriction enzyme footprinting (Hardenbol et al., 1997; Wilson et al., 2001; 
Papavassiliou, 2001), binding site selection (Baes & Declercq, 1998) or methylation pro
tection (Shaw & Stewart, 1994; Reid &; Nelson, 2001). Such methods are used to identify 
a set of sequences to which a particular TF will bind. These sequences are then aligned 
and converted to a m atrix, in which at each position the probability of observing each of 
the 4 bases is described. As a result, each occurrence of the motif observed is considered 
as just one example of all possible sequences the motif can take, with a probability at
tached to it. The im portance of the use of these matrices is that they are able to increase 
the accuracy of TFBS identification by perm itting degeneracy and distinguishing between 
mismatches of different severity (Staden, 1984; Quandt et al., 1995).

In order to achieve integrated control of the cell, each gene is likely to be controlled by 
multiple, interacting factors and contain multiple binding sites within its promoter (Yuh 
et al., 1998). There is therefore a need to identify and characterise as many transcription 
factors and their binding sites as possible and to give consideration to the interactions 
between these proteins when investigating transcriptional control. An understanding of 
these processes is crucial to understanding the gene regulatory networks that define cell 
function. Some of the com putational techniques that can be used are described in the 

following section.

5.1.2.1 M eth od s for th e  identification  of transcription factor binding sites

There are two main com putational methods that have been used to identify transcription 
factor binding sites. These are often termed the ‘single species, multiple gene’ and the 
‘single gene, multiple species’ approaches. Examples of both of these methods are reviewed 
in more detail by Duret & Bucher (1997). More recently, methods which combine the 
two techniques have been developed in an attem pt to make use of the strengths, whilst 
avoiding the disadvantages, of each. Several experimental techniques have also been used, 
although the present large-scale sequencing initiatives have fuelled the need for more
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rapid, computational approaches in addition. However, it should be stressed that all 
computational methods for transcription factor binding site identification only identify 
potential functional TFBSs. Experimental confirmation of the identified candidate motifs 
is therefore necessary.

Single species, m u ltip le  gen e approaches Single species, multiple gene approaches 
generally make use of m otif searching algorithms. These algorithms are used to search for 
motifs that are over-represented in the promoter sequences of otherwise unrelated genes, 
often that have been shown to be co-regulated.

The single species, multiple gene approach can be divided into knowledge-based and 
blind search methods. Knowledge-based methods search for previously identified motifs, 
often using libraries of weight matrices (Quandt et al., 1995; Chen et al., 1995; Prestridge, 
1996). Pre-computing and verifying the weight matrices in this way enables searches for 
TFBSs to be completed much more accurately, but no more slowly, than methods using 
simple consensus sequences (Q uandt et al., 1995). Examples of this class of approach are 
Match (Kel et al., 2003) and Clover (Frith et al., 2004). These methods search promoters 
for instances of known TFBSs, such as those that are stored in the Transfac Database 
(Wingender et al., 2001).

In contrast to the knowledge-based methods, blind-search techniques align the pro
moters, usually of a set of co-regulated genes, to identify over-represented motifs that 
are candidates for TFBSs. These methods tend to be slower and more computationally 
expensive than searching for known motifs but they are necessary to identify new motifs 
that have not previously been characterised. Examples of blind-search methods are Alig- 
nACE (Hughes et al., 2000) and MEME (Bailey & Elkan, 1994). These methods output 
alignments of over-represented motifs and an associated E-value. One difficulty with these 
approaches is th a t there is no simple method to compare the identified motif with those 
already known to determine whether it is novel or whether its binding factor is known. 
Often, due to the lack of completeness of the databases, the only method is to compare 
the motifs to the literature to assign them to known TFs.

Single gene, m u ltip le  sp ecies  approaches Single gene, multiple species approaches 
are often referred to as phylogenetic footprinting (Tagle et al., 1988). There are two 
main varieties of phylogenetic footprinting. The first method requires the alignment 
of promoter regions from orthologous genes from a range of species. Algorithms are 
then used to identify regions th a t are more conserved than the surrounding sequence. 
TFBSs are assumed to be more conserved than adjacent regions since selective pressure 
to maintain functional sites will tend to lead to slower evolution. Many studies have
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shown the validity of this approach by identifying TFBSs tha t have previously been 
experimentally determ ined (Blanchette & Tompa, 2002; Cliften et al., 2003; Berezikov 
et a/., 2004). However, the results of phylogenetic footprinting studies are very sensitive 
to the alignment program  used and the divergence of the species analysed (Cliften et al., 
2003; Berezikov et al., 2004).

In contrast to the alignment-based methods described above, the algorithm Footprinter 
uses the species tree as an approximation of the phylogenetic relationships between the 
orthologous sequences (Blanchette & Tompa, 2002; Blanchette et al., 2002; Blanchette 
& Tompa, 2003). It then identifies motifs for which the parsimony score (the number of 
mutational changes) is unexpectedly low, given the divergence of the species in which the 
motif was found. The accuracy of the approach is improved by using relatively diverged 
sequences to minimise background conservation but reducing the effects of misalignment 
and of binding site turnover by only requiring that motifs are found in a subset of the 
species. Also, because it searches not only for TFBSs that are identical between species, 
but also those with a low parsimony score, its false negative rate is further reduced.

The phylogenetic footprinting method assumes that regulatory mechanisms are con
served between species. W hilst this is generally thought to be the case, the regulatory 
motifs of several gene families have been missed by this method due to divergence that 
has occurred (Blanchette & Tompa, 2002). It has also been suggested that there is consid
erable turnover of TFBSs, so th a t 30-40% of human TFBSs are not functional in rodents 
(Dermitzakis & Clark, 2002). Regulatory elements that have been fixed relatively recently 
in evolution may also be missed.

M ultiple gene, m u ltip le  sp ecies approaches More recently there has been a move to 
try to combine the two approaches described above, leading to development of a ‘multiple 
gene, multiple species’ approach. One particular method, named PhyloCon, locally aligns 
the promoters of orthologous genes and uses these alignments to generate profiles of 
each promoter (Wang & Stormo, 2003). These profiles are then compared between co- 
regulated genes, in order to identify conserved motifs. Improvements in performance over 
other techniques were identified using this method. Regression-based techniques, such 
as MOTIF REGRESSOR (Conlon et al., 2003), have also been successful. In addition, 
various improvements have been suggested, such as the explicit use of phylogenetic trees 
or permitting gups in motifs, th a t are likely to increase accuracy in the future.
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5.1.3 A im s

The current chapter aims to exploit available TFBS analysis tools and microarray data 
concerning gene expression levels during ablation of DAF-2 and DAF-2/DAF-16, in an 
attempt to:

1. identify potential DAF-16 binding sites

2. identify genes th a t are potential direct transcriptional targets of DAF-16

3. investigate functional classes of DAF-16 regulated genes with a potential evolution
ary conserved role in ageing

4. identify and investigate the factors controlling the expression of other potential 
longevity determining genes (indirect targets of DAF-16)

5. identify potential transcription factors or hormones within the direct DAF-16 targets 
that may contribute to downstream effects on lifespan

6. ultimately to increase our understanding of the mechanisms by which DAF-16 con
trols lifespan

It is hypothesised th a t DAF-16 initiates a regulatory cascade, similar to that illustrated 
in Figure 5.2, th a t leads to coordinate control of a large number of genes that determine 
lifespan. Some longevity-determining genes will be directly bound by DAF-16 itself. In 
addition, some of the targets of DAF-16 are hypothesised to be TFs or hormones, which 
in turn may initiate expression or repression of a further set of indirect target genes, in 
response to DAF-16 activity. Throughout this chapter it is hoped that these proteins, 
and the direct and indirect targets of DAF-16, will be identified.

At the end of the chapter, in Section 5.4, we will return to these aims and discuss how 

fully they have been achieved.
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f
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F igure 5.2: Hypothesised mechanism by which DAF-16 regulates lifespan.
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5.2 M ethods

5.2.1 O verview  o f m eth od s

The methods used throughout this chapter attem pt to divide and sub-divide the longevity- 
and ageing-associated gene classes identified by McElwee et al. (2004) according to their 
transcriptional control. Firstly, as shown in Figure 5.3, longevity-associated gene classes 
were divided into direct and indirect targets of DAF-16. Then, as far as possible, within 
the direct and indirect targets, sets of gene classes controlled by different combinations 
of other TFs were identified. This will permit a clearer understanding of the mechanisms 
by which lifespan is controlled by the interaction of DAF-16 with other TFs.

DAF-16

TFa TFb TFx TFy TFz

I \

\
\

Group A Group B Group C
i \ 4 

Group X Group Y Group Z

Direct targets Indirect targets

Figure 5.3: Illustration of the division of DAF-16 target gene classes into 
groups regulated by similar TFs.

The major tools used throughout this work are listed in Table 5.1.
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M ethod Address and notes

Clover
Frith et al. (2004)

http : / /z lab . bu. edu/clover  
Tool for detection of TFBS over-representation

TransFac
Wingender et al. (2001)

http://www.gene-regulation. com/pub/databases.html#transfac  
Database of TFs and DNA-binding profiles

T F B last http://www.gene-regulation.com/cgi-bin/pub/programs/tfblast/tfblast.cgi?
Wingender et al. (2001) BLAST-based tool to identify TFs from sequence

Altschul et al. (1997)

CisOrtho
Bigelow et al. (2004)

http: / /www. dev.wormbase. org/db/cisortho/query  
Database of predicted C. elegans and C. briggsae orthologue pairs

Table 5.1: Online tools for TFBS analysis used in this work.

http://zlab
http://www.gene-regulation
http://www.gene-regulation.com/cgi-bin/pub/programs/tfblast/tfblast.cgi
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5.2.2 Identification  o f transcription factor binding sites by 
Clover

The genes within each of the functional classes described in Section 5.2.4 were analysed 
using Clover. Clover uses the matrices in Transfac to identify possible TFBSs in a set 
of sequences. It then calculates a raw score, indicating the predicted occupancy of the 
TFBS, based on a therm odynam ic model. This score will be high if the sequences match 
very closely to the m atrix. Scores for multiple sites are combined, for example if the 
site is repeated several times within a single promoter, or if weak ‘shadow’ sites exist, 
partially overlapping or surrounding a stronger site. Multiple copies of a site are thought 
to increase binding affinity and occupancy, perhaps by guiding the TF along the DNA to 
the correct site, or perhaps by allowing cooperative binding of multiple factors.

The raw score for each TF  binding m atrix is then compared between the gene set 
of interest and a background set of sequences from the same genome. A probability 
(P) value is calculated to indicate the degree of over- or under-representation of TFBS 
occupancy within the studied gene list, compared to the background. Multiple testing is 
used (1000 randomisations), in order to increase the accuracy with which the probability 
is calculated. Since a similar level of false positives would be expected between the gene 
list and background, any difference in score between the two sets is likely to be caused by 
functional sites. In this way, the level of false positives is much lower than if all individual 
genes containing hits against the binding matrix were reported as targets of that TF.

The genes classes described in Section 5.2.4 were analysed using Clover with all de
fault parameters. The 5’ and first intron sequences were analysed separately, and the 
background used was all 5’ or first intron sequences, respectively, in the whole C. ele
gans genome. The m atrices used to search each set of genes were (1) All 582 insect and 
vertebrate matrices in Transfac Professional, v8.1; (2) All nematode matrices and consen
sus sequences from Transfac Professional, v8.1 (Binding consensus sequences were used, 
where a m atrix was unavailable, to generate an artificial matrix for searching), (3) Several 
ageing-associated m atrices from the literature, shown in Figure 5.4.
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DAF-16 BINDING 
ELEMENT ASSOCIATED 
ELEMENT (DAE)

CTTATCA
CTTATCA
CTTATCA
CTTATCA
CTTATCA
CTTATCA
CTTATCA
CTTATCA
CTTATCA
CTTATCA

HEAT-SHOCK ELEMENT 
(HSE)

AAGCCCGG
GTCTCGGA
TTCTCGAA
TTCTCGAA
TTCTAGAA
TTCTAGAA
TTCTAGAA
TTCTAGAA
TTCTAGAA
TTCTAGAA
TTCTAGAA
TTCTAGAA

HEAT-SHOCK 
ASSOCIATED SEQUENCE 
(HSAS)

TTGTCCT
GAGTCAT
GAGTTAT
GGGTTTT
GGGTTTC
GGGTTTC
GGGTTTC
GGGTGTC
GGGTGTC
GGGTGTC
GGGTGTC
GGGTGTC

DAF-16 BINDING ELEMENT (fDBE)

GTGGGTTGTTTACATCTA
AATTGTTGTTTACTGAAC
TTGTATTGTTTACGXXXX
TGCTTTTGTTTACATTTT
TATTGTTGTTTACGACAT
GTATGTTGTTTACGTCAT
GATCTTTGTTTACCCCTA
GATGATTGTTTACTACTA
AGGATTT GTTTACGTGTA
CGATCTTGTTTACAACTT
GTGAGTTGTTTACXXXXX
GGACCTTGTTTACTATTT
CGATGTTGTTTACCTTGA
CGAGGTTGTTTACAAATT
CGTGATTGTTTACACAAA
AGGGGTTGTTTACAATAT
GAGCTTTGTTTACAATTT
TAGAGTTGTTTACGTACT
CGCTATTGTTTACAAATA
AGGAGTTGTTTACAACGT
CCTGCGTGTTTACAATTT
TTACGTTGTTTGTGAATA
TCTTGTTGTTTTTCTCGT
CAGCGATGTTTACCCCTT
GGGTGTTATTTACATXXX
XXXGATTGTTTGTTTCAG
XXXXGATGTTTACACTTA
TTGTTTTGTTTATCCCCT

HYPOXIA RESPONSE 
ELEMENT (-LIKE) (HRE)

CGGTACGTGATTTT
GTCTACGTGACTTT
AAAAACGTGACAAT
CTCCACGTGATATC
GCGTACGTGATAAT
CTATACGTGAGTCA
GGATACGTGACAAC
TGGAACGTGAAAAG
GTGAACGTGATAAA
GCCTACGTGATTTA
TAGAACGTGAGAAA
CAGCACGTGACGCA
AACTACGTGAAGAA
ACCCACGTGAAGCT
GCAAACGTGAATAA
GCGTACGTGATTAG
GTCTACGTGAGAAA
AAATACGTGAATGA
ATTCACGTGATCAA
AGAAACGTGAATTT
GATCACGTGAATGA
CCTTACGTGATAAT
CTTAACGTGATAAA
TTAAACGTGAATTA
AAAAACGTGATAAA
TCTCACGTGACTCA
AAAAACGTGAAAGA
AGTCACGTGAGAAT
CGCTACGTGATATT
GAGTACGTGACATA
CTAAACGTGAATTT
GCAAACGTGACATA

Figure 5.4: Ageing-associated matrices from the literature that were used in 
this study. They are two heat-shock matrices, the heat shock element (HSE) 
and heat shock associated element (HSAS) (GuhaThakurta et a l , 2002), 
the DAF-16 binding-element (fDBE) (Furuyama et al., 2000), the DAF-16 
associated element (DAE) (Murphy et al., 2003) and the Hypoxia-response 
element (HRE) (personal communication, J.A. Powell-Coffman).
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TFBSs over- or under-represented with a P value of less than 0.01 were reported 
and the motifs identified were compared between the different classes of genes. Over- or 
under-representation of TFBSs corresponding to different TFs from the same sub-family, 
according to Transfac annotations or the published literature, were combined. This gave 
a non-redundant list of binding sites for each gene class analysed.

The longevity-associated gene classes were classified as direct targets of DAF-16 if 
they were significantly enriched for the DAF-16 binding element (DBE) from Transfac 
(N$DAF16_01) (P <  0.01). In contrast, indirect targets of DAF-16 were those genes 
whose expression increased in DAF-2 m utants but that lacked over-representation of the 
DBE. The gene classes were grouped into ‘regulatory sets’ which contained similar com
binations of over-represented regulatory elements. The literature was searched for infor
mation regarding im portant TFs from each regulatory set, in order to attem pt to define 
a mechanism by which each may contribute to a long-lived phenotype.

5.2.3 Identification  o f transcription factors whose expression is 
altered in D A F -2  m utants

This was performed using TFB last, a BLAST-based tool (Section 1.3.1) available as part 
of the Transfac website. Coding sequences of all proteins with altered mRNA expression in 
DAF-2 m utants were downloaded from EnSmart (Kasprzyk et al., 2004) and BLASTED 
against the sequences of all known TFs found in Transfac. Matches with an E-value of 
less than l -20 and with expression fold changes of greater than 1.5 or less than 0.5 were 
selected for further exam ination. This further examination involved running PSI-BLAST 
(Section 1.3.1) (for a maximum of 20 iterations or until convergence, using a threshold of 
le-40) to identify sequence relatives. (In the case of transcript F26D12.1, this stringent 
threshold gave only one sequence relative, so a value of le -20 was used). The sequences 
of these relatives and of the query sequence were aligned using CLUSTALW (Thompson 
et al., 1994) and the resulting phylogenetic tree was generated using PHYLIP (Felsenstein, 
1993). Those query sequences whose closest identified orthologue was a known TF were 
classified as likely TFs themselves. Possible C. elegans homologues were identified from 
WormBase (WormBase web site, http://www.wormbase.org, release WS120, March 2004) 
and the literature. The function of these TFs, and their known targets, are discussed 
with respect to a possible role of these TFs in the control of lifespan.

http://www.wormbase.org
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5.2.4 D ataset o f analysed  genes and sequence collection

The sets of genes analysed were those associated with various functions implicated in 
the control of lifespan by McElwee et al. (2004). These authors used Affymetrix whole 
genome oligonucleotide microarrays to measure gene expression levels in various mutants 
of C. elegans: (i) daf-2(m577); (ii) daf-2(m577), DAF-16; (iii) daf-2(el370) and (iv) daf- 
2(el370), DAF-16. Since DAF-2 inactivates DAF-16, this method enabled a comparison 
of gene expression between m utants where DAF-16 activity was constitutively on (i and 
iii) or off (ii and iv). Two daf-2 m utant alleles were used to reduce the likelihood of 
detecting allele-specific changes in gene expression that are unrelated to ageing. Statistical 
methods (see McElwee et al. (2004)) were used to identify a list of 1348 up-regulated and 
926 down-regulated genes, with a median false discovery rate of 5%.

McElwee et al. (2004) annotated these lists of differentially-expressed genes, using 
information from a number of databases and the expression topomountain map of Kim 
et al. (2001) (Section 5.1.1), and analysed them using EASE. EASE is described as a 
tool for autom atically converting a list of genes, derived from studies such as microarray 
analysis, to a set of functional ‘them es’ associated with tha t list (Hosack et al., 2003). This 
is achieved by detecting functional classes of genes that are significantly over-represented 
amongst the gene list of interest. McElwee et al. (2004) identified a number of gene classes 
over-represented amongst the up-regulated and down-regulated genes in DAF-2 mutants. 
These gene classes are likely to be associated with longevity and ageing respectively.

The 20 functional classes most strongly associated with longevity and 20 classes most 
strongly associated with ageing, according to the McElwee et al. (2004) study, were se
lected for analysis. These functional classes are shown in Table 5.2. The value of dividing 
the longevity- and ageing-associated genes into groups according to their function lies in 
the ability to investigate the different transcriptional control of each of the classes of genes 

regulated by DAF-16.
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F u n ction  N um ber EASE
of genes score

G00004497 Monooxygenase activity 22 1 - 8

G00016491 Oxidoreductases 35 1-e

E A SE  ageing-associated  classes: down-regulated

Class 2 genes Potential ageing-associated genes, defined by Murphy 
et al. (2003)

59 l -17

Two-fold down Genes down-regulated by two-fold or more as animals 
recover from dauer (Wang & Kim, 2003)

141 l -13

Four-fold down Genes down-regulated by four-fold or more as animals 
recover from dauer (Wang & Kim, 2003)

71 l -6

Mount 8 Intestine, antibacterial, UGTs 81 l -15

Mount 19 Amino acid and lipid metabolism, cytochrome P450 71 j - 5 0

Mount 21 Lipid metabolism 33 ^ - 1 5

Mount 24 Amino acid and lipid metabolism, fatty acid oxida
tion

49 j - 3 2

Mount 27 Amino acid metabolism, energy generation 28 j - 1 8

Mount 31 Unknown function 10 I-7

Lipid Lipid metabolism, defined by Wang &; Kim (2003) 43 l -9
metabolism

IPR002213 UDP-glucuronosyl/UDP-glucosyltransferases 18 1-8

UGT UDP-glucuronosyl/UDP-glucosyltransferases, 
defined by Wang Sz Kim (2003)

18 l -8

Transporters General substrate transporters, defined by Wang & 
Kim (2003)

47 l -7

G00016758 Transferases, transfer hexosyl groups 17 l -7

IPR005828 General substrate transporter, transport small so
lutes in response to chemiosmotic ion gradients

17 1 — 6

G00006810 Transport proteins, involved in the transport of all 
substrates

47 l -5

IPR003366 Protein of unknown function DUF141 29 j - 2 3

T a b le  5 .2: continued  on next page
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Class F u n ction  N um ber EASE
o f genes score

IPR004119 Protein of unknown function DUF227 9 1-5

IPR005071 Protein of unknown function DUF274 11 1-9

IPR001304 C-lectins 26 1-5

Table 5.2: Ageing- and longevity-associated functional classes of genes anal
ysed. See Kim e t  al. (2001) for a description of the methods used to generated 

the ‘M ount’ groups. EASE scores are taken from McElwee et al. (2004). The 

lower the score the greater the over-representation of a functional class with 

ageing- or longevity-associated genes.

Sequences used in the analysis were taken from the e_snip file, downloaded from 
CisOrtho (Bigelow et al., 2004). The sequences of the 5’ upstream region (including 
the 5’ untranslated region) and of the first intron were extracted from this file for (1) 
all genes in the C. elegans genome (2) all genes for tha t are up- or down-regulated by 
DAF-16 and classified as belonging to each ageing-associated functional group described 
in Table 5.2. The length of 5’ sequences were limited to lOOObp, since few TFBSs are 
found more than this distance from the transcription start site.

The Ensembl tool EnsM art (Kasprzyk et al., 2004) was used to obtain the protein 
coding sequences of the genes for which expression had been determined, for use with

TFBlast (see Section 5.2.3).

5.3 R esults

5.3.1 L o n g e v ity -a s so c ia te d  g en es  and  th e ir  regu la tion

5.3.1.1 Identification  o f  d irect and indirect D A F-16 targets

In the introduction to this chapter it was hypothesised that DAF-16 initiates a cascade, 
shown in Figure 5.2, th a t regulates lifespan. This work has enabled us to add considerable 
data to this hypothesised cascade. In particular, likely direct and indirect DAF-16 target 
gene classes have been identified, as summarised in Table 5.3 and Figure 5.5. Strong
over-representation of DAF-16 binding elements (DBEs) are observed in all direct target

gene classes (P<0.01 in all cases).
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Mount 8 (intestine, antibacterial, UG Ts) Cytochrome P450s (IPR002401/2403/1128) 
Mount 15 (unknown function) Monooxygenases (G00004497)

Mount 17 (collagen) Glutathione-S-transferases (IPR004045/4046)
M etabolism (G 00008152) Transposases (IPR001888)

Oxidoreductases (G 00016491) Mount 6 (neuronal genes)
Dauer-specific tag genes

Table 5.3: Sum m ary of direct and indirect DAF-16 target gene classes, as 
identified during this work.

5.3.1.2 T he role o f lo n gev ity -associa ted  gene groups in the control of lifespan 
by D A F -16

A wide range of gene classes are implicated in the response to DAF-16. While the cy
tochrome P450s, UDP-glucuronyl transferases and glutathione-S-transferases have previ
ously been proposed to have a role in the control of longevity by DAF-16 (Murphy et al., 
2003; McElwee et al., 2004), the mechanisms by which this occurs require considerable 
further investigation. This section discusses with respect to the literature what is cur
rently thought to be the role of each of the longevity-associated gene groups in the control 
of lifespan.

M etabolic genes The role of metabolic genes in the control of longevity is difficult 
to interpret mechanistically, due to the extremely wide variation in function between the 
genes in this class (G0008152, General metabolism). However, many of these genes appear 
to be direct targets of DAF-16, and may therefore play a role in longevity determination.

Theory suggests th a t lifespan is extended when metabolic resources are diverted from 
growth and reproduction to maintenance and repair, and that this balance may be con
trolled by DAF-16 (Henderson & Johnson, 2001). Hence we would expect the up-regulated 
metabolic genes to be specifically involved in the latter processes. The up-regulation of 
general metabolic genes is not related to lipid or protein metabolism, since as shown in 
Table 5.2, many gene classes related to these functions are strongly down-regulated in 
DAF-2 mutants. Instead, up-regulation of metabolic genes is likely to be due to the up- 
regulation of a number of other functional classes of genes within G00008152. Possible 
candidates, highly consistent with the current theories of ageing, are genes involved in 
the metabolism of drugs, toxins, xenobiotics, hormones and reactive oxygen species and 

genes involved in the regulation of metabolism itself.
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Mount 6 Mount 6 is enriched in neuronal genes. These genes in general appear to be 
indirect targets of DAF-16 associated with longevity. The finding that neuronal genes are 
involved in the control of lifespan, is consistent with the work of Wolkow et al. (2000), 
who have shown the im portance of neuronal gene expression in lifespan extension. The 
authors showed th a t expression of DAF-2 specifically in neurones, but not in muscle or 
intestine, is sufficient to restore normal longevity of knockout animals. They concluded 
that DAF-16 causes changes in neuronal gene expression, leading to the release of a cell 
non-autonomous factor, th a t is proposed to regulate lifespan. It follows that this set 
of neuronal genes is likely to contain key longevity-determining genes, and experimental 
analysis of this set is likely to be fruitful. However, as discussed later, more recent work 
has failed to confirm the im portance of neuronal genes in control of lifespan (Hsin & 
Kenyon, 1999; Libina et al., 2003). It will be im portant to determine whether the DAF- 
16 regulated Mount 6 genes are indeed neuronal. The identity of these genes requires 
further investigation.

Mount 17 Despite the enrichment of Mount 17 for collagens, only 3 of the 40 genes in 
this group th a t are up-regulated in DAF-2 m utants have this function (McElwee et al., 
2004). Hence the over-representation of Mount 17 genes amongst up-regulated genes is 
likely to be due to the role of other, non-collagen, genes in longevity.

Genes involved in x en o b io tic  m etab o lism  It has been proposed that one mech
anism by which lifespan is extended may be via the up-regulation of genes involved in 
detoxification (McElwee et al., 2004; Murphy et a l, 2003). Such genes may function by 
protecting the cell against xenobiotic and other toxic compounds, which may contribute 
to the damage th a t accumulates with age. Genes involved in xenobiotic detoxification 

include:

•  cytochrome P450s (CYPs). These enzymes are non-specific monooxygenases, of 
great clinical im portance (Werck-Reichhart & Feyereisen, 2000), that act on a wide 
range of compounds leading to metabolism and synthesis of hormones and activation 
and detoxification of drugs (reviewed in Omiecinski et al. (1999)).

•  UDP-glucuronyl transferases (UGTs). The UGTs are found in the endoplasmic 
reticulum, where they glucuronidate small lipophilic molecules, solublising them to

permit excretion.

•  Glutathione-S-transferases (GSTs). GSTs detoxify electrophilic compounds either 
by adding the tripeptide glutathione, via peroxidase activity or by passive binding.
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Several classes of xenobiotic detoxification genes are up-regulated in long-lived animals 
(McElwee et al., 2004; M urphy et al., 2003) and in dauers (McElwee et al., 2004; Wang & 
Kim, 2003). Murphy et al. (2003) have directly demonstrated a role for CYPs and UGTs 
in longevity using RNAi. Hence there is a growing body of evidence in support of the role 
of xenobiotic m etabolism in longevity. However, the mechanisms by which these genes 
are activated remain poorly understood.

The current study suggests th a t antibiotic proteins and the UGTs (Mount 8) are 
likely to be direct targets, while CYPs and GSTs appear to indirect targets of DAF-16. 
As shown in Table 5.5, GSTs appear to be regulated by heat shock factors, consistent with 
the proposal, described in Section 5.3.1.3, tha t both DAF-16 and heat shock proteins are 
required for extension of lifespan (Hsu et al., 2003). It can therefore be hypothesised that, 
in unfavourable conditions, both DAF-16 and heat shock factors are activated, which in 
combination stim ulate the expression of CYPs, GSTs and UGTs, leading to extension of 
lifespan.

Intestinal genes In addition to antibacterial and UGT genes, Mount 8 is enriched with 
intestinal genes. These genes are up-regulated in long-lived, DAF-2 mutants and appear to 
be direct transcriptional targets of DAF-16. In C. elegans, the intestine has a lipid-storage 
role, similar to th a t of adipose tissue in mammals. An im portant role for the intestine 
in nematode ageing has been shown by Libina et al. (2003). These authors have shown 
that expression of DAF-16 in the intestine alone is sufficient to cause a 50% extension of 
lifespan in DAF-2 m utants, although expression in other tissues is also required for full 
extension. Expression of DAF-16 in the intestine fully restores wildtype lifespan in germ- 
line deficient animals, suggesting th a t the germ-line signals that control lifespan Hsin & 
Kenyon (1999) are m ediated through the intestine.

In addition, insulin-like peptides are expressed in the intestine and found in Mount 
8 (Kim et al., 2001) and their expression is regulated by the DAF-2 pathway (Murphy 
et al., 2003). Libina et al. (2003) have suggested that the intestine may act as the pancreas 
of C. elegans, secreting insulin-like peptides in response to food, providing feedback to 
DAF-16 about the level of nutrient supply, and perhaps also contributing to the cell non- 
autonomous effects of DAF-16 (Apfeld & Kenyon, 1998). However, as discussed in Section 
5.3.4, the insulin-like peptides studied in the current work are all believed to be expressed 
primarily in the nervous system (according to WormBase annotations).

Another function may contribute to the up-regulation of Mount 8 intestinal genes in 
long-lived m utants. Many of the Mount 8 intestinal genes are likely to be involved in 
protection against bacterial infection, including enzymes that degrade bacterial cell walls, 
proteins and DNA (Kim et al., 2001). Some Mount 8 genes, such as metallothionein,
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are involved in the binding and detoxification of heavy metals and other toxins. Hence 
Mount 8 genes may extend lifespan by protection of the organism from damage induced 
by toxins and bacterial infections. The importance of the intestine in control of lifespan 
may therefore be linked to  its relatively high exposure to toxins and infection. In support 
of this hypothesis, it has recently been shown that long-lived ILS pathway mutants are 
more resistant to bacterial infection than wildtype (Laws et al., 2004). In summary, it 
seems that the intestine plays an im portant role in control of lifespan in C. elegans.

Mount 15 Mount 15 is by far the most over-represented group in the longevity- 
associated genes (McElwee et al., 2004). It contains a large number of genes of unknown 
function. T hat these genes appear to be direct targets of DAF-16 suggests that they 
may be im portant determ inants of longevity and they therefore require further study. In 
addition, all Mount 15 genes are also up-regulated in dauers, suggesting a link between 
these genes and the longevity of dauers and DAF-2 mutants (McElwee et al., 2004). Heat 
shock factor-1 (HSF-1) is another TF im portant in longevity that is found in Mount 15. 
While it is not up-regulated in DAF-2 m utants this is probably due to the fact that its 
action is controlled post-translationally (DiDomenico et al., 1982).

While there is some evidence for the importance of Mount 15 in ageing, McElwee 
et al. (2004) have shown th a t Mount 15 is the least evolutionarily conserved of all of the 
longevity-associated gene groups. This suggests tha t these genes may be less important in 
the control of lifespan in other species than in C. elegans, where they may have undergone 
expansion linked to dauer formation.

Transposases Both transposases in general (IPR0001888) and the mariner transposase 
subclass were up-regulated in long-lived DAF-2 mutants. Transposases are enzymes which 
excise and insert mobile genetic elements within DNA. As described by McElwee et al. 
(2004), up-regulation of transposase activity would not be expected to lead to extension 
of lifespan, and is more likely to be a consequence of other DAF-2 regulated changes in 

gene expression or chrom atin structure.

^ 2,1  3 O ther gen e groups b elieved  to  have a role in the control of lifespan 

by D A F -16

While the heat shock, antioxidant and UGT gene classes were not included amongst the 
20 analysed longevity-associated gene classes taken from the McElwee et al (2004) study, 
they are thought to play a role in the control of lifespan (Honda & Honda, 1999; Murphy 
et al, 2003; Hsu et a l, 2003; Lee et al., 2003; Walker & Lithgow, 2003; Li et al, 2004a; 
McElwee et a l, 2004). The expression of individual genes in each of these groups was
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therefore investigated, as shown in Table 5.4. While the whole gene classes were not 
strongly up-regulated in DAF-2 m utants, certain individual members of each class were 
up-regulated. Many of these up-regulated genes are potential direct targets of DAF-16. It 
should therefore be remembered th a t not all heat shock proteins, antioxidant enzymes and 
UGTs show a similar association with longevity, and that these proteins do not necessarily 
play a key role. Instead, as described in the following sections, it seems that while some 
members of each family prom ote longevity, others promote ageing and that many other 
groups of genes play a more significant role in the control of lifespan.

It should be noted th a t, while DBEs were observed upstream of the potential DAF- 
16 direct targets in Table 5.4, there is no evidence that these motifs are functional. It 
will be necessary to confirm the conservation of these sites in other species (phylogenetic 
footprinting) to be confident th a t these are true direct DAF-16 targets.

H eat shock  gen es  Heat shock proteins are chaperones and proteases that confer resis
tance to heat and oxidative stress by binding or degrading oxidised or denatured proteins 
that may cause cellular damage. In C. elegans the expression of heat shock proteins is 
controlled by the heat shock factor HSF-1. Over-expression of HSF-1 extends lifespan in 
C. elegans and HSF-1 is required for the extended lifespan of DAF-2 mutants (Hsu et al., 
2003). This suggests a crucial role for these proteins in the control of longevity, in which 
HSF-1 and DAF-16 together activate expression of longevity genes.

Given this key role, it is somewhat surprising that heat shock genes are only weakly 
over-represented amongst longevity-associated genes according to EASE analysis (McEl
wee et al., 2004). (The only heat shock related group significantly over-represented in 
DAF-16 up-regulated genes was the Hsp20s (IPR002068) with P=0.05. All classes of 
heat shock protein combined showed no significant over-representation (P=0.22)). Other 
groups have observed up-regulation of some heat shock proteins in ILS mutants (Hsu 
et al., 2003; Lee et a l, 2003; Murphy et al., 2003; Walker & Lithgow, 2003; Li et al., 
2004a). In addition, five specific heat shock proteins are up-regulated in this study, four 
of which appear to be direct targets of DAF-16 (Table 5.4). Several other heat shock 
proteins were down-regulated in DAF-2 mutants. These results suggest that only a small 
number of specific heat shock proteins are involved in control of lifespan by DAF-16 and 
that others may play no role or even promote ageing. The molecular mechanisms behind 
this remain to be determ ined but are thought to involve repair of damaged proteins.

Both HSF-1 and DAF-16 can translocate to the nucleus and stimulate expression of 
certain target genes even when the action of the other is blocked with RNAi. However, 
these changes in expression are insufficient to cause extension of lifespan, for which both 
proteins are required (Hsu et al., 2003). This suggests that the major longevity genes will
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W orm Base Fold 
 ____________identifier_____ change

H ea t shock  p rote in s

o -B  cry sta llin F 38E 11.1 12.2
Hsp70 C12C8.1 3.7
H s p l6 .1  fa m ily  m em b er F 08H 9.4 2.8
H sp 20 F 43 D 9 .4 2.2
H s p l6 .1  fa m ily  m em b er F 08H 9.3 1.7

M em b ers o f  th e U G T  fam ily

F 10D 2.11 3.6
C10H11.5 3.5
T 19H 12 .10 2.9
C 23G 10.6 2.5
T07C5.1 1.8
H23N18.2 1.5
F10C2.5 1.5
F 5 6 B 3 .7 1.4
F 09G 2.6 1.2

A n tiox id an t en zym es

M a n g a n ese  su p e ro x id e  d ism u ta se C 08A 9.1 17.8
Catalase Y54G11A.6 6.4

T ab le  5.4: Heat shock proteins, UGTs and antioxidant enzymes regulated 
by DAF-16. No further annotation is available for the UGT family members. 
Potential direct targets o f DAF-16 are shown in b o ld .

contain binding sites for both  DAF-16 and HSF-1.
Hsu et al. (2003) have identified several heat-inducible genes, known as shsps, or small 

heat shock proteins, whose expression was affected by mutations in the ILS pathway. 
The authors noted th a t both DAF-16 and HSF-1 are required for expression of these 
genes, which all contain both  DAF-16 and HSF-1 binding sequences. RNAi of these genes 
reduced lifespan. These results suggest tha t DAF-16 and HSF-1 regulate lifespan, at least 
in part, by increasing expression of shsps.

In the present study, the only group of genes in which both the HSF-1 and DAF- 
16 binding sites have been detected as over-represented is Mount 15, emphasising the 
important role of these unknown genes. (However, in Mount 15 only over-representation
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of the vertebrate HSF-1 site, bu t not of the C. elegans heat shock element, was detected). 
Unexpectedly, the C. elegans HSE itself appears to be associated with indirect DAF-16 
target gene classes. However, the results of the current study depend upon the particular 
functional groups of genes analysed. To more fully investigate the presence of genes 
controlled by both factors, analysis of individual genes, or of groups containing only 
direct DAF-16 target genes, will be necessary.

The C. elegans HSF-1 gene lacks a DAF-16 binding element and HSF-1 does not 
appear to be transcriptionally regulated in DAF-2 mutants. However, activation of HSF- 
1 is thought to be post-translational (DiDomenico et al., 1982), so it is possible that 
DAF-16 may activate HSF-1 indirectly. This would lead to concurrent activation of the 
two factors, perm itting them  to act together to increase lifespan.

U G T s Consistent with the overall ageing-promoting role of UGTs, 16 UGT family 
members were down-regulated and 9 were up-regulated in DAF-2 mutants. This work 
therefore indicates th a t specific UGTs are likely to play a role in extension of lifespan, 
some as direct DAF-16 targets and others as indirect targets. Once the UGT family 
has been more fully characterised it will be interesting to compare the substrates and 
reactions catalysed by ageing- and longevity-associated UGTs, in an attem pt to identify 
the mechanisms by which some UGTs may extend lifespan.

A n tio x id an t en z y m e s  While antioxidant enzymes did not rank in the top 20 most 
over-represented EASE classes, G00006801 (superoxide metabolism) was significantly 
over-represented (P=0.05). (The lack of over-representation of other ROS metabolism 
families may be due to bias towards large gene groups (D. Gems, unpublished obser
vation)). In addition, both  catalase and manganese superoxide dismutase (SOD) were 
strongly up-regulated, suggesting a role for these enzymes in longevity, by protecting cells 
from oxidative damage. The up-regulation of SOD in DAF-2 mutants has previously been 

noted (Honda &: Honda, 1999).
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DAF-16 <

Direct targets of DAF-16
Life-span determining genes Transcription factors/ hormones 

DAF-16

FHK-7
Intestine, antibacterial, UGTs (Mt 8) 
Unknown function (Mt 15)
Collagen (Mt 17) Nuclear hormone receptors
Metabolism (GO008152) 
Oxidoreductases (GOOO16491) 
Dauer-specific tag genes

Some heat shock proteins and UGTs 
Mn Superoxide dismutase

Figure 5.5: Hypothesised mechanism by which DAF-16 regulates lifespan, 
showing direct and indirect DAF-16 targets, as identified in this study. ‘Mt’ 
refers to topomountain groups (Section 5.2.4). See Sections 5.3.4 and 5.3.3 for 
a discussion of FHK-7, nuclear hormone receptors, insulin-like (INS) peptides 
and potential zinc fingers.

-X.
Indirect targets o f DAF-16

Life-span determining genes
CYPs (IPR002401/2403/1128) 
GSTs (IPR004045/6) 
Transposases (IPR001888) 
Monooxygenases (G00004497) 
Neuronal (Mt 6)
Catalase

Transcription factors/ hormones 

INS peptides: INS-7, INS-22, INS-23

Potential Zinc finger TFs 
Nuclear hormone receptors

t

*  Extension o f  life-span
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5.3.1.4 L o n g ev ity -a sso cia ted  transcrip tion  factors

Clover was used to identify known TFBSs that are over-represented amongst the 20 
longevity-associated gene classes. Table 5.5 shows the TFBS motifs that were significantly 
over-represented in each gene set analysed. These are the known motifs that are most 
likely to be responsible for the expression patterns observed. It must be remembered that 
only TFs with their binding site represented in Transfac were identified by this method, 
and that these TFBSs may represent only a small subset of the actual TFs involved in 
the control of these sets of genes.

T F B S  R aw  score P  Location

Genes two-fold up-regulated on dauer exit

AML 36 0.002 5prime

AR 52 0.005 5prime

CREB 6 0 5prime

DAE 3 0.002 5prime

DBE 7 0 5prime

FAC1 117 0 5prime

fDBE 1 0.003 5prime

FOX 27 0 5prime

GR 25 0 5prime

IRF 113 0 5prime

LEF1 25 0.002 5prime

MAF 12 0 5prime

Nrf 2 0.007 5prime

Pbx 2 0.008 5prime

SMAD 10 0.009 5prime

SRY 39 0 5prime

TATA 7 0 5prime

Zeste 8 0.007 5prime

T ab le 5.5: Continued on next page
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T F B S R aw  score P  Location

Genes four-fold up-regulated on dau^*. exĵ .

AML 7 0.002 5prime
AP-1 2 0.008 5prime
DAE 4 0.002 5prime
DBE 5 0 5prime
FAC1 65 0 5prime
FOX 24 0 5prime
GR 12 0.001 5prime
LEF 16 0.002 5prime
SMAD 10 0.001 5prime
SRY 43 0 5prime
STAT6 33 0.006 intronl
TATA 9 0 5prime

Genes eight-fold up-regulated on daue r  exit

AML 5 0 5prime
AP-1 4 0 5prime
c-Myc:Max 7 0.003 5prime
DAE 4 0 5prime
DBE 2 0.005 5prime
DBE -1 0.006 intronl

FAC1 31 0.003 5prime
fDBE 1 0.007 5prime

FOX 13 0 5prime

GR 8 0.004 5prime

PAX 6 0.009 intronl

Pbx 3 0.008 5prime

SRY 13 0 5prime

TATA 6 0 5prime

T able 5.5: Continued on next page



Chapter 5. Mechanisms by which DAF-16 regulates ageing

T FB S R aw  score P Location

Class 1 genes: Longevity-associated genes

AhR 1 0.005 intronl
Croc 2 0.001 5prime

DAE 21 0 5prime

DBE 15 0 5prime

FAC1 53 0.009 5prime

fDBE 8 0 5prime

FOX 25 0 5prime

GR 10 0.006 5prime

Grainyhead 15 0.003 5prime

HFH 3 0.006 5prime

IRF 77 0.008 5prime

mtTFA 1 0 5prime

PAX 2 0.002 intronl

SGF 8 0.009 5prime

SRY 27 0 5prime

T3R 6 0 5prime

TII 3 0.001 intronl

Mount 6: Neuronal

Elk-1 20 0.007 5prime

FOX 21 0.004 5prime

ISRE 16 0.008 5prime

LEF 20 0.003 5prime

PAX 7 0 intronl

PPARG 0.1 0.003 5prime

STAT 50 0.001 5prime

T"£?able 5.5: Continued on next page
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T FB S R aw  score P L o ca tio n

M ount 8: Intestine, antibacterial, UGTs

AC A AT 6 0.008 5prime
AP-1 4 0 5prime
ARP-1 7 0.009 5prime
Croc 1 0.002 5prime
DAE 23 0 5prime
DAE -2 0.009 intronl
DBE 21 0 5 prime
fDBE 10 0 5prime
FOX 34 0 5prime
GR 12 0.002 5prime
MAF 5 0.008 5prime
MtTFA 1 0 5prime
SRY 30 0 5prime
SRY 7 0.001 intronl
STAT 39 0.003 intronl
TATA 0.4 0.009 5prime
ZitdL 0.6 0.009 5prime

M ountl5: No associated function

Arnt 4 0.006 5prime
fDBE 3 0.001 5prime
DAE 3 0 5prime
DBE 6 0 5prime
FACl 46 0.007 5prime
FOX 15 0.001 5prime
GATA 26 0.001 5prime
Handl:E47 8 0.001 5prime
HFH 2 0.001 5prime

Table 5.5: Continued on next page
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T FB S R aw  score P L o ca tio n

HSF 14 0.002 5prime
LEF1 15 0.004 5prime
MAF 4 0.008 5prime
MEIS 4 0.002 5prime
MYB 6 0.004 5prime
PAX 4 0.002 intronl
SREBP 3 0.008 5prime
SRY 16 0.008 5prime
USF 17 0.001 5prime

M ount 17: Collagen

DAE 6 0 5prime
DBE 10 0 5prime
fDBE 5 0 5prime
FOX 10 0.006 5prime
MEF 2 0.003 intronl
NF-Y 2 0.003 intronl
SMAD 1 0.005 intronl
SRY 9 0.008 5prime

SAGE dauer-specific tags

Cdx 1 0.009 5prime
DBE 2 0.007 5prime
E2A 9 0.006 5 prime
FOX 11 0.009 5prime
MyoD 11 0.005 5prime
Myogenin 14 0.005 5prime
SREBP 1 0.001 intronl
SRY 8 0.006 5prime

Table 5.5: Continued on next page



Chapter 5. Mechanisms by which DAF-16 regulates ageing

TFBS Raw score P Location

IPR004045: Glutathione-S-transferase

FXR/RXR 0.3 0.005 5prime
HSE 13 0 5 prime
Ik 4 0.007 5prime
NF-Y 3 0.004 intronl
SMAD 4 0.003 5prime

IPR004046: Glutathione-S-transferase

HSE 11 0.003 5prime
NF-Y 3 0.003 intronl
SMAD 4 0.009 5prime

G00008152: Metabolism

DBE 2 0.005 5prime
FOX 12 0 5prime
GCNF 1 0.002 intronl
HFH 1 0.005 5prime
Ik 2 0.003 5prime
MEF 0 0.003 intronl
SREBP 0 0 intronl
SRY 11 0.003 5prime

IPR002401: E-class CYPs, group I

AML 6 0 5prime
c-Myc:Max 2 0.004 intronl
FAC1 14 0.007 5prime

Table 5.5: Continued on next page
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TFBS Raw score P Location

TGIF 4 0.007 5prime

IPR002403: E-class CYP, group IV

AML 6 0 5prime
FOX 1 0.009 intronl
Ik 2 0.006 5prime
Nkx2.2 0 0.009 intronl
PAX3 1 0.006 5prime
TGIF 3 0.007 5prime
Zen 1 0.004 5prime

IPR001128: Cytochrome P450

AML 5 0 5prime
c-Myc:Max 2 0.004 intronl
FAC1 14 0.007 5prime
TFIF 4 0.007 5prime
USF 2 0.007 intronl

Cytochrome P450s

AML 5 0.001 5prime
c-Myc:Max 2 0.009 intronl
FAC1 14 0.005 5prime
Ik 2 0.006 5prime
MAF 1 0.008 intronl
TGIF 5 0.003 5prime

G00004497: Monooxygenase activity

Table 5.5: Continued on next page
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TFBS Raw score P Location

AML 5 0 5prime
c-Myc:Max 2 0.004 intronl
FAC1 14 0.007 5prime
TGIF 4 0.007 5prime
USF 2 0.007 intronl

IPR001888: Transposases type 1

AR 2 0.001 5prime
HSAS 4 0.003 5prime
HSE 8 0 5prime
HNF 3 0.001 5prime
MEIS 5 0.001 5prime
NF-AT 7 0.006 5prime
NF-kappaB 6 0.004 5prime
PAX3 4 0.006 5prime
T3R 4 0 5prime
Zic 8 0 5prime

Mariner transposases

HSE 8 0 5prime
GATA 7 0.006 Sprime

GOOO16491: Oxidor educt ases

AML 4 0.002 5prime
c-Myc:Max 5 0.009 5prime
fDBE 1 0.008 5prime
DBE 4 0 5prime
FOX 8 0 5prime

Table 5.5: Continued on next page
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TFBS Raw score P Location

GCNF 2 0.002 intronl
GR 7 0.005 5prime
HFH 3 0.002 5prime
Ik 2 0.008 5prime
MEF 1 0 intronl
NF-Y 2 0.006 intronl
SRY 8 0.002 5prime

Table 5.5: Potential longevity-associated TFBSs, identified by Clover. 
These motifs were significantly over-represented (P<0.01) in longevity- 
associated genes. Multiple motifs belonging to the same family of TF were 
removed to give what is thought to be a non-homologous list of longevity- 
associated factors. The DAF-16, DBE, DAE, HSE and HSAS motifs (see 
Figure 5.4) are all derived from C. elegans sequences. All other motifs are of 
vertebrate, mainly mammalian, origin, taken from Transfac.

Transfac contains very few C. elegans TFBSs and many of the sites identified here 
have been found using matrices derived from humans or mice. This is possible since the 
binding specificities of TFs are generally well conserved between species. Frith et al. 
(2004) have shown that Clover is effective at identifying motifs, even when the motif 
library used contains only a homologue of the actual binding factor. Hence, the finding 
that a large number of mammalian sites are over- or under-represented in the C. elegans 
sequences indicates that similar motifs are present and functional.

The main limitation of the use of TFBS matrices from higher organisms to study C. 
elegans is the difficulty in precisely identifying the binding factor. It should be emphasised 
that Clover identifies over-represented sites, but does not directly identify the binding 
factor. The latter can only be inferred indirectly from annotations within the motif 
library. In many cases, such as the glucocorticoid receptor (Section 5.3.1.5), orthology is 
not detectable and it is not clear which C. elegans factor will bind to this site or whether it 
is valuable to inherit functional information from the mammalian factor to the nematode.

Throughout this chapter, where the role of the TF is known in higher organisms, this 
is used to hypothesise a possible mechanism by which the factor may control lifespan



Chapter 5. Mechanisms by which DAF-16 regulates ageing 233

in C. elegans. It is hoped that in the majority of cases this is justified, even where C. 
elegans lacks the specific target organ or proteins of the TF concerned. For example, 
while C. elegans lacks a heart, in the nematode TFs involved in heart development, such 
as Nkx2.5, are thought to control development of another peristaltic organ, the pharynx. 
However, the problems of orthology must be considered when interpreting this data. More 
work is required to more clearly define orthologous relationships and to test the functional 
hypotheses proposed here.

Ageing- and longevity-associated TFBSs were identified and compared, as shown in 
Figure 5.6. Longevity-associated TFBSs are enriched in genes that are up-regulated in 
DAF-2 mutants. Conversely, ageing-associated TFBSs are under-represented in DAF- 
16 up-regulated genes, or are over-represented in the genes down-regulated in DAF-2 
mutants. TFBSs over-represented in the ageing-associated genes are described in Section 
5.3.2. Binding sites associated with the longevity-promoting genes are the DBE, other 
FOX elements, FAC-1, AML, SRY, the glucocorticoid receptor, c-Myc:Max, IK-2 and 
TGIF. The interpretation of these data may contribute to our understanding of the role 
of DAF-16 in control of lifespan, and is described in this section.
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Figure 5.6: Chart showing that certain TFBSs are associated with longevity 
and with ageing. These sites are over-represented in up- and down-regulated 
genes in DAF-2 mutants respectively. TFs were excluded from this figure 
if they were over-represented in only a single ageing- or longevity associ
ated gene class. The y-axis represents the proportion of the 20 ageing- or 
longevity-associated gene classes in which each factor is significantly over
represented.
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As can be seen in Table 5.5, each gene class generally contains many over-represented 
motifs. The expression level of any particular gene within one of these groups will result 
from the combined action of all of the factors with binding sites present in its promoter. 
In an attem pt to interpret this wealth of data, the gene classes analysed were divided 
into longevity-associated direct and indirect targets of DAF-16 (see Table 5.6). The 
TFBSs over-represented within these two groups were then compared, permitting the 
identification of two classes of sites:

•  those enriched specifically in DAF-16 direct targets, in which the TF may interact 
with DAF-16,

• Those enriched specifically in DAF-16 indirect targets, in which the TF is a candi
date direct DAF-16 target itself, responsible for activation of down-stream longevity 
associated genes.

The discussion of longevity-associated TFs that follows is divided into those that are 
over-represented in DAF-16 direct and indirect targets, as summarised in Table 5.6 and 
Figure 5.7.
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Factor General function

D irect D A F-16 targets

SRY Development of male gonads and sexual differentiation 
GR Stress, diverts metabolic resources

Indirect D A F -16 targets - A ll

HSE Heatshock
TGIF Repressor of RXR- and TGF-/?-dependent transcription

cMyc-Max Proliferation
USF Inhibits proliferation, stress response

Indirect D A F -16 targets - W ith  HSE

HSE Heat shock response

Indirect D A F -16 targets - N o HSE

AML-1 Haematopesis (leukaemia), proliferation
cMyc:Max Proliferation

FAC1 Brain development and injury response
TGIF Repressor of RXR- and TGF-/3-dependent transcription
USF Inhibits proliferation, stress response

Table 5.6: Transcription factor binding sites over-represented in longevity- 
associated genes. See text for references and further discussion.
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Daf-16

■ SRY 
GATA

* Daf-16 
■ GR ■ AML 
■ FAC1 ■ HSE

Indirect targets of Daf-16

Life-span determining genes
m m CYPs (IPR002401/2403/1128)
■ ■ Monooxygenases (G00004497)

■ Transposases (IPR001888)
■ GSTs (IPR004045/6)

Neuronal (Mt 6)

Direct targets of Daf-16 
Life-span determining genes

■ * Unknown function (Mt 15)
■ * Collagen (Mt 17)
■ * Metabolism (G0008152)

■■ * Intestine, antibacterial, UGTs (Mt 8) 
* Oxidoreductases (G00016491)

Extension of life-span

Figure 5.7: Hypothesised mechanism by which DAF-16 regulates lifes 
pan, showing direct and indirect DAF-16 targets and some important over 
represented TFBSs, as identified in this study.
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5.3.1.5 Longevity-associated transcription factor binding sites (over
represented in direct targets)

As shown in Figure 5.8, certain TFBSs are associated with direct transcriptional targets 
of DAF-16, while others tend to be associated with indirect targets. The association of 
another TFBS with DAF-16 suggests that either:

• Levels of the associating TF are increased in long-lived animals and the two TFs 
physically interact to control the same or similar genes. In this case the TFBS is 
enriched in the longevity-associated genes for specific functional reasons.

• The two TFs have a similar function and therefore independently control the same 
genes under different conditions. In this case, the TFBS is simply enriched by 
chance, and expression of the TF is unlikely to be increased in DAF-16 mutants.

Some attempt will be made to distinguish between these two possibilities in cases 
where the C. elegans homologue is known and has associated expression data. In either 
case, it will be likely that some of the known targets of the associated TF will be longevity- 
determining. It is therefore informative to study the function and targets of these TFs, 
in order perhaps to learn more about the mechanisms by which lifespan is controlled.



Chapter 5. Mechanisms by which DAF-16 regulates ageing

xb̂ :oaw-o
geddê -jN
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DAF-16 binding elem ent The fact that the DBE is strongly over-represented in genes 
that are up-regulated, but not down-regulated, in DAF-2 mutants provides support for the 
validity of the results presented in this section. Interestingly, like the DAF-16-associated 
element (DAE, Section 5.3.2.2), it is over-represented almost entirely in the 5’ region and 
only once in the first, intron. The over-representation of the DBE only in up-regulated 
genes in not consistent with the suggestion the DBE can mediate both activation and 
repression of gene expression (Murphy et dl., 2003). This finding highlights how the large 
number of false positive motifs can cause errors when the occurrence of a motif is simply 
identified in several specific genes, rather than when over-representation of the motif, 
compared to the background level, is detected.

SRY The clearest pattern in Figure 5.8 is the association of sex-determining region Y 
(SRY) binding sites from various vertebrate species with direct DAF-16 targets. The 
SRY binding site is over-represented in all gene classes also enriched for the Transfac 
DAF-16 binding element. Perhaps these two TFs bind to DNA co-operatively, or perhaps 
SRY provides a signal concerning the state of another pathway, and both are required 
for expression of some DAF-16 direct targets. In higher organisms, SRY is known to be 
important in male gonad development and sexual differentiation (Koopman et al., 1990; 
Shah &; Smart, 1996). The over-representation of the SRY binding site in C. elegans genes 
indicates that a related factor exists in the nematode that may have a similar role. The 
very strong association of this factor with DBEs may indicate that it has novel roles in 
control of lifespan.

Glucocorticoid receptor Another TFBS associated with direct DAF-16 targets is the 
vertebrate glucocorticoid receptor (GR). This receptor is a member of the large, diverse 
nuclear hormone receptor family. On binding of its glucocorticoid ligand, it translocates 
to the nucleus where it regulates expression of its target genes in response to stress. The 
role of glucocorticoids in ageing is complex. It seems likely that chronic high levels of 
glucocorticoids (GCs) lead to acceleration of the ageing process, while low daily levels 
can protect against stress and may extend lifespan (Sapolsky et al., 1987; Sabatino et al., 
1991; Landfield, 1994; Masoro, 1995; Sapolsky, 1999).

GCs divert resources from digestion, growth and reproduction to those processes and 
tissues required to survive acute stress, such as skeletal muscle. Some studies have shown 
that GCs stimulate expression or activation of heat shock proteins (Xiao & DeFranco, 
1997; Vijayan et al., 2003; Nedellec et al., 2002), where as others have shown the opposite 
result (Wadekar et al., 2001; Boone & Vijayan, 2002; Wadekar et al., 2004). This is 
perhaps due to differences in the roles of particular heat shock proteins, or perhaps a
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result of experimental inconsistencies. Among the targets of the GR are known to be the 
cytochrome P450, CYP2B2, (Jaiswal et al., 1990) and the human growth hormone gene 
(Moore et al, 1985).

It is conceivable that these and other functions of glucocorticoids promote lifespan 
extension by protecting against stress induced damage and diverting resources to mainte
nance and repair. Consistent with this is the finding that stress can potentiate the action 
of glucocorticoids (Sanchez et al., 1994; Hu et al., 1996; Li et al., 2000; Jones et al., 2004). 
Also, interestingly, basal levels of GCs are considerably elevated in aged rats (Sapolsky,
1992).

C. elegans lacks a clear orthologue of the mammalian GR (Maglich et al., 2001). How
ever, the over-representation of GR-like binding sites in direct DAF-16 targets indicates 
that a related nuclear hormone receptor exists that is likely to play a role in ageing. Given 
the similarity of the binding site of this unknown factor to the mammalian GR binding 
site, and the potential role of the GR in mammalian ageing, it is tempting to postulate 
that the two factors may have a similar role. The over-representation of the GR-like bind
ing sites in direct DAF-16 targets indicates that there may be an overlap in the target 
genes and mechanisms of action by which these two TFs extend lifespan.

An interesting consideration is why SRY and GR binding sites are found almost ex
clusively in direct, but not indirect, DAF-16 targets. One hypothesis could be that the 
SRY-like and GR-like factors physically interact with DAF-16 on DNA binding. Alter
natively, perhaps the classes of genes regulated directly by DAF-16 are fundamentally 
different in function to the indirect targets. For example, perhaps the indirect targets of 
DAF-16 are involved in aspects of longevity that it would be inappropriate to regulate by 
SRY and GR, such as dauer specific functions. Considerable further work will be needed 
to fully understand the interactions between these factors in the control of lifespan. It will 
be particularly important to investigate the impact that the presence of a dauer phase 
has on the mechanisms used to regulate longevity in different species.

5.3.1.6 Longevity-associated transcription factor binding sites (over
represented in indirect targets)

Binding sites associated with indirect up-regulated DAF-16 targets can provide insight in 
two main ways:

• For cases in which there is considerable knowledge concerning the transcriptional 
targets of the TF, further clues concerning the mechanism by which lifespan is 
extended can be obtained. Knowledge of the interaction of such factors with coacti
vators or corepressors can provide information concerning the regulation of longevity
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and the integration of pathways controlling it.

•  Where the role of the TF concerned is relatively poorly understood, the finding that 
it is associated with genes up-regulated by DAF-16 can suggest that its function may 
include longevity-promoting actions.

A number of TFs belonging to each of the above classes are discussed below.
There is no single TFBS over-represented in all indirect target classes of DAF-16. 

However, the heat shock element appears to be associated mainly or entirely with the 
indirect targets. The HSE is over-represented in 4 of the 10 indirect target gene classes. 5 
of the 6 remaining gene groups are all related to CYPs and all show very similar patterns of 
TF over-representation. As is shown in Figure 5.9, they are all strongly associated with 
UFS-1, FAC-1, AML-1, TGIF and c-Myc:Max binding sites. The final indirect target 
gene class is Mount 6, neuronal genes, which shows very different patterns of TFBS 
over-representation. Hence, longevity-associated genes can be divided into the following 
groups:

• Direct DAF-16 targets

• Indirect DAF-16 targets

-  HSE-containing indirect targets

-  Cytochrome P450s

-  Neuronal genes (Mount 8)

Heatshock elem ent The C. elegans heat shock element was identified by 
GuhaThakurta et al. (2002) in the promoters of C. elegans genes up-regulated in re
sponse to heat shock. This motif appears to be involved in the control of expression of 
indirect DAF-16 targets. Heat shock elements are discussed in more detail in Section 
5.3.1.3.

TGIF TGIF is a transcriptional repressor which is thought to act both by remodelling 
of chromatin structure and competition for DNA binding sites with activators (Wotton 
et al., 1999b). For example, TGIF is known to inhibit transcription from retinoid-X- 
receptor (Bertolino et al., 1995) and TGF-/3 dependent promoters (Wotton et al, 1999a).

The mechanism by which these or other actions of TGIF may contribute to extension 
of lifespan is not currently understood. That TGIF is thought to act as a repressor but 
its site is enriched in up-regulated genes may argue against a direct role in longevity.
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Figure 5.9: Chart showing that certain TFBS are associated with indirect 
transcriptional targets of DAF-16 enriched for the HSE, while others tend to 
be associated with CYPs (indirect targets lacking the HSE). The profile for 
direct DAF-16 targets is also given, for comparison. The y-axis represents 
the proportion of gene classes in which a particular TFBS is over-represented.

However, the finding that CYP promoters are highly enriched in TGIF-like binding sites 
requires further investigation.

c-M yc:M ax c-Myc:Max is a heterodimeric protooncogene (Amati et al., 1993), involved 
in cellular transformation, proliferation and apoptosis (Evan & Littlewood, 1993; Henriks- 
son & Luscher, 1996). It has been shown to activate p48, a stress response factor that 
reduces the sensitivity of the tumour cells to anti-cancer drugs (Weihua et al., 1997).

Mammalian c-Myc:Max binding sites, known as E boxes, are over-represented in the 
non-HSE containing indirect DAF-16 targets. While a C. elegans homologue for c-Myc 
has not been identified, MXL-1 is a good candidate for the homologue of Max (Yuan et al.,
1998). Clearly, empirical studies are required to confirm the identity of the C. elegans TF 
that is binding to these sites. Alternatively, c-Myc:Max binding sites may appear to be 
over-represented due to their high similarity to the over-represented USF-1 binding site.

USF-1 Many non-HSE-containing gene classes are enriched for the upstream stimula
tory factor 1 (USF-1) binding site, also an E box. USF-1 binds to the E box, limiting
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the stimulatory effect on the factor TFE-3 on cell proliferation (Kiermaier et al., 1999). 
It also appears to repress the human telomerase RT gene, which is thought to contribute 
to immortalisation of tumor cells (Goueli & Janknecht, 2003).

USF-1 has been implicated in activation of several stress response genes, such as 
metallothionein (Li et al., 1998) which protects the cell from heavy metal poisoning. In 
UV light, the stress-activated kinase, p38, phosphorylates and activates USF-1. USF-1 
then binds to a conserved E box in the tyrosinase promoter, leading to melanin production 
and protection of the skin from UV (Galibert et al., 2001). In addition, the present data 
indicate that USF-1 plays a role in the transcriptional regulation of the CYPs, proteins 
with a role in the protection of the cell from toxin-induced stress.

Hence a C. elegans factor related to USF-1 appears to play a role in both stress- 
response and cell proliferation. Perhaps the link between these two functions is that cells 
undergoing stress must be halted in the cell cycle until stress response proteins repair any 
stress-induced damage. Hence USF-1 may promote cellular maintenance and repair and 
therefore contribute to the long-lived phenotype of DAF-2 mutants.

Whelan et al. (1990) have shown that USF is able to bind to the insulin control 
element, upstream of the rat insulin II gene. While they found that USF binding did 
not stimulate insulin transcription, they could not rule out that USF may negatively 
regulate transcription of insulin. If USF does inhibit insulin II transcription, this may 
represent another longevity-promoting action, since reduced insulin like signalling leads 
to activation of DAF-16.

AML-1 AML-1 (acute myeloid myelogenous leukaemia-1) TF is involved in the control 
of haematopoietic cell proliferation (Ichikawa et al., 2004) in higher organisms. Over
representation of AML-1 binding sites in the CYP gene promoters suggests that a related 
C. elegans factor exists that may co-stimulate haematopoesis and CYP expression. This 
may be valuable in times of infection, for example, in order to promote both an immune 
response and detoxification of bacterial toxins.

FAC-1 FAC-1 is a development ally regulated TF, of which levels are high in the de
veloping brain, but significantly lower in adults (Bowser et al., 1995). Re-expression of 
FAC-1 in adults occurs during brain injury and some neurodegenerative diseases (Styren 
et al., 1997), suggesting that FAC-1 mediates a repair response to neuronal damage. In 
these situations, FAC-1 may additionally stimulate the CYPs, as found in this work, in 
order to protect the cell from endogenous toxins, released from damaged cells.
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Summary In most cases a possible explanation for the over-representation of AML-1, 
FAC-1, c-Myc:Max, TGIF and USF-1 binding sites in longevity-associated genes can be 
tentatively proposed, based on what is known of their function in higher organisms. It 
will be important to identify the C. elegans factors that bind to these sites and determine 
their cellular functions. This work has lead to the generation of many hypotheses that now 
require substantial further testing to more clearly understand the role of these TFBSs in 
longevity. The study has also illustrated the tremendous level of complexity with which 
numerous TFs interact to control and integrate physiological processes such as stress 
responses, cell proliferation and longevity.

5.3.2 Ageing-associated genes and their regulation

5.3.2.1 The role of ageing-associated gene groups in the control o f lifespan 
by DAF-16

There are a number of functional themes associated with the ageing-promoting gene 
classes. These themes are discussed in the following sections:

Transporters Reduced expression of transporter genes (IPR005828, G0006810, trans
porters) in DAF-2 mutants may contribute to their long-lived phenotype by reducing 
nutrient uptake in the intestine and inducing dietary restriction (McElwee et al., 2004).

Amino acid and lipid m etabolism  A large number of ageing-associated gene groups 
have roles in metabolism of lipids and amino acids (Mounts 19, 24, 27 and 21 and ‘lipid 
metabolism genes’). However, the mechanism by which these genes may affect lifespan re
mains poorly understood. The function of this down-regulation may be to reduce protein 
and lipid synthesis, as resources are switched from growth and reproduction to mainte
nance. In support of this idea, lipid metabolism is known to be reduced, and lipid storage 
increased, in dauers (O’Riordan & Burnell, 1990).

UDP-glucuronosyltransferases and M ount 8 As described previously, McElwee 
et al. (2004) observed that UGTs were up-regulated in dauers, along with other possible 
xenobiotic protective groups, and hypothesised that these genes may contribute to the 
longevity of dauer larvae. However, while the other xenobiotic detoxification gene classes 
are up-regulated in DAF-2 mutants, the UGTs are down-regulated (IPR000213 and the 
UGTs).

McElwee et al. (2004) suggested that the down-regulation of UGTs in DAF-2 mutants 
but not dauers is related to differences in the targets of detoxification in adults and dauer
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larvae. As described in Section 5.3.1.3, a small number of individual UGT genes were 
up-regulated in the McElwee et al. (2004) study and UGT up-regulation was observed 
in a previous study (Murphy et al., 2003). Taken together, these data suggest that 
some UGTs are up-regulated in DAF-2 mutants and may contribute to longevity via a 
protection from chemical stress. However, other UGTs may promote ageing, perhaps 
through the generation of toxic metabolites.

In addition some components of Mount 8 are up-regulated and some are down- 
regulated in DAF-2 mutants. Given the strong down-regulation of the other UGT groups 
it seemed possible that this function may also account for the partial down-regulation of 
Mount 8. However, while no up-regulated UGT family members were present, only 3 out 
of 16 down-regulated UGT family members were found in Mount 8. This indicates that 
other functional groups of genes are contribute to the down-regulation of Mount 8. One 
possibility is that some down-regulated Mount 8 genes may be intestinal genes involved 
in digestion and nutrient uptake. Down-regulation of these genes would be predicted to 
extend lifespan by inducing dietary restriction.

C-lectins C-type lectins are a large, variable family of Ca2+-dependent carbohydrate 
binding proteins with no known catalytic activity. While the functions of specific lectins 
are poorly understood, some studies have suggested a role in immunity (Rosen, 1993; 
Lasky, 1995) and cell adhesion (Lasky, 1994). Why immune proteins would be down- 
regulated in long-lived organisms is unclear, since increased immunity would appear to 
protect the cell from infection and so prolong life.

Other ageing-associated gene groups In addition, it will be important to charac
terise the genes within the 2- and 4-fold down-regulated classes, and the class 2 genes, 
that do not belong to one of the above categories (see Table 5.2). This may allow further 
patterns of DAF-2 mutant gene expression to be defined. Similarly, further insights may 
come when the ‘Domain of Unknown Function’ (DUF) gene families (DUF 141, 227 and 
274) are functionally characterised, particularly since RNAi of DUF141 genes has been 
shown to extend lifespan (Murphy et al., 2003).

5.3.2.2 Ageing-associated transcription factor binding sites (over
represented in down-regulated genes)

Ageing-associated transcription factor binding sites (over-represented in down-regulated 
genes) are listed in Table 5.7. The actions of these TFs are likely to be linked to pathways 
that accelerate ageing, including growth, reproduction and inhibition of damage repair 
mechanisms.
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Factor General function

DAE Unknown. Previously associated with ageing-promoting genes
GATA Development
mtTFA Mitochondrial gene transcription
Evi-1 Development, cell proliferation and differentiation
AP-1 Stress response

SKN-1 Development of and stress responses in the digestive tract

Table 5.7: Transcription factor binding sites over-represented in ageing- 
associated genes. See text for references and further discussion.

The DAF-16 associated elem ent The DAF-16 associated element (DAE) was first 
identified by Murphy et al. (2003). Using two different computational approaches the 
group showed that the sequence CTTATCA is over-represented in both up- and down- 
regulated genes in DAF-2 mutants. This sequence is here used to generate an ‘artificial’ 
TFBS matrix for use with Clover. However, the DAE has more recently been proposed to 
function exclusively as an ageing-associated regulatory motif (McElwee et al., 2004). The 
current study, using more advanced statistical techniques, confirms the important role 
of the DAE in both ageing-and longevity-associated genes, as first described by Murphy 
et al. (2003). Interestingly, like the DBE (Section 5.3.1.5), it is over-represented almost 
entirely in the 5’ region and only once in the first intron.

The DAE is over-represented in 19 out of 20 ageing-associated gene classes and 7 out 
of 10 up-regulated, direct targets of DAF-16, but in none of the 10 indirect targets. This 
suggests that the presence of the DAE recruits an as yet unknown factor, which inhibits 
gene transcription. However, in direct DAF-16 targets, the DBE present recruits DAF- 
16, which may act to prevent the action of the inhibitory factor bound to a DAE. An 
interesting way to begin to investigate this hypothesis would be to determine the average 
distance between the DBE and DAE sites. If the two motifs are generally found close 
on the DNA, this may suggest that the two factors may heterodimerise, or otherwise 
physically interact whilst bound, leading to activation of transcription. Conversely, ho- 
modimerisation or binding of a monomeric form of the DAE-binding factor may lead to 
inhibition of transcription.

GATA GATA sites are under-represented in the majority of direct DAF-16 target gene 
classes (IPR001128, Mount 8, Mount 17, two- and four-fold up and class 1). In contrast, 
the site is over-represented in heat shock genes, mariner transposases and Mount 15 
groups. This result illustrates the complexity and variety of different functions performed
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by just a single TF family. GATA TFs are involved in the development of many tissues, 
particularly the mesendoderm and blood (Patient & McGhee, 2002; LaVoie, 2003).

It is possible that the enrichment of GATA in down-regulated genes is, at least in part, 
due to a high similarity between the GATA binding consensus and the reverse complement 
of the DAE. It will be important to more fully characterise the binding sites of the C. 
elegans GATA factors and the sequence of the DAE, in order to determine whether this 
is true.

The ageing-associated GATA binding sites identified is this work are GATA1 and 
GATA2 (and to a lesser degree GATA3 and GATA6). This pattern is slightly different 
to that of GATA factors associated with longevity genes, which were GATAs 1, 2 and 
4. However, these motifs are derived from vertebrates and there are no clear orthology 
relationships between the 6 vertebrate GATAs and the 11 C. elegans factors (Patient & 
McGhee, 2002). Hence at present it is very difficult to interpret this information in order 
to identify differences in function between the ageing- and longevity-associated GATA 
factors.

Evi-1 Evi-1 (Ectopic viral integration site 1) is a zinc finger TF involved in development, 
cell proliferation and differentiation (Morishita et al., 1990; Perkins et al., 1991; Garriga 
et al., 1993; Hirai, 1999; Hirai et al., 2001). Evi-1 represses the growth-inhibiting actions 
of TGF/? (Kurokawa et al., 1998). This action might be associated with ageing, since 
resources must be diverted from maintenance and repair to growth. If the other activities 
of Evi-1 targets are similar, this may explain the over-representation of Evi-1 binding 
sites in ageing-associated genes. Unfortunately, the expression in DAF-2 mutants of egl- 
43, the C. elegans homologue of Evi-1, was not assessed in the McElwee et al. (2004) 
study. However, like Evi-1, it is known to be involved in development (Garriga et al.,
1993).

A P-1 Expression of AP-1 is stimulated by heat shock (Diamond et al., 1999), oxida
tive stress or by various chemicals that alter the cellular redox balance (Rahman et al., 
2002). It then activates expression of genes involved the response to stress (Gius et al.,
1999), including proinflammatory agents and antioxidants. Since AP-1 appears to have 
longevity-promoting function it is surprising that mammalian AP-1 bindings sites are 
over-represented amongst ageing-promoting genes. This finding requires further investi
gation. It may suggest that the C. elegans factor that binds to this site does not share 
its function with the mammalian AP-1 factor.
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SKN-1 SKN-1 is a C. elegans TF involved in the development of the mesendodermal 
tissues, including the digestive tract, and in stress response mechanisms in the intestine 
(An & Blackwell, 2003). SKN-1 binding sites have been identified upstream of several 
oxidative and xenobiotic stress resistance genes, including superoxide dismutases (SOD1- 
3) and catalase, CTL-1 (An & Blackwell, 2003). Like AP-1, it is surprising that a likely 
longevity-promoting gene such as SKN-1 is over-represented in ageing-associated genes.

Perhaps SKN-1 has both longevity and ageing-promoting roles. Crucially, SKN-1 
mutants showed lifespan reduced by 25-30%, demonstrating that SKN-1 is required for 
normal longevity (An & Blackwell, 2003). The fact that SKN-1 binding sites are not over
represented amongst DAF-16-regulated, longevity-promoting genes indicates that SKN-1 
and DAF-16 control lifespan through independent mechanisms. Consistent with this is 
the finding that, while SKN-1 binding sites are over-represented in heat shock genes, these 
genes show little regulation by DAF-16.

A possible ageing-associated function of SKN-1 could be in stimulating pharyngeal 
pumping or expression of intestinal transporter genes. This would increase the rate of 
nutrient uptake and would therefore be predicted to decrease lifespan. Mutations have 
been identified that extend lifespan by disrupting pharyngeal function and act by mech
anisms independent of DAF-16 (Klass, 1983; Langosch & Heringa, 1998). The potential 
of SKN-1 in control of lifespan requires further investigation.

5.3.2.3 Ageing-associated transcription factor binding sites (under
represented in longevity-associated genes)

Further potential ageing-associated TFs, under-represented in DAF-16 up-regulated 
genes, are given in Table 5.8. Under-representation of a TFBS in the direct targets 
of another TF suggests that the two sets of target genes involve non-overlapping, or even 
opposing, functions. Hence if a TFBS is infrequently found in longevity-associated genes, 
that TF may play a role in shortening of lifespan. While very little is known about the 
function and transcriptional targets of several of these TFs, the current work suggests 
that they may be involved in diverting resources back from maintenance and repair to 
reproduction and growth.

H ypoxia inducing factor-1 HIF-1 (Hypoxia-inducible factor-1) mediates an adaptive 
response to hypoxia (Semenza, 2000, 2004). It is therefore surprising that the C. elegans 
HIF-1 response element (HRE) would be under-represented in DAF-16 targets. The 
finding indicates that the HIF-1 mediated hypoxic response does not contribute to the 
long-lived DAF-2 mutant phenotype. Furthermore, since HIF-1 sites are significantly 
under-represented rather than simply not over-represented, it seems that some of the genes
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F acto r G en era l function

HIF-1 Hypoxic response
Nkx2.5 Heart development in vertebrates, possibly 

pharynx in C. elegans
PAX4 Pancreatic development, possibly regulation
Sry-0 Unknown

AREB6 Unknown
CdxA Unknown
GATA Development
HNF4 Stress response
HSF Heat shock and stress responses.

MINI-19 Control of muscle-specific genes
PPAR Regulation of lipid metabolism
YY-1 Development

Table 5.8: Transcription factor binding sites under-represented in longevity- 
associated genes. See text for references and further discussion.

involved in the HIF-1 hypoxic response would actually tend to shorten lifespan. Why this 
may be is unclear. While McElwee et dl. (2004) did not assess TFBS under-representation, 
they found that the HRE was significantly over-represented in some longevity-associated 
and some ageing-associated gene classes. The role of this element in control of lifespan 
requires further investigation.

N kx2.5 The vertebrate TF Nkx2.5 is a member of the homeobox family involved in 
heart development. While C. elegans lack a heart, Nkx2.5 appears to be highly func
tionally related to the C. elegans TF CEH-22, which is involved in development of the 
pharynx (Haun et a/., 1998). Ectopic expression of Nkx2.5 in C. elegans directly acti
vates expression of CEH-22 target genes, via the CEH-22 binding site. Nkx2.5 can also 
completely reverse the pharyngeal pumping defects associated with CEH-22 mutations.

While the only known target of CEH-22 is the pharyngeal muscle specific gene myo-2, 
CEH-22 is also thought to regulate the expression of other pharyngeal genes (Okkema 
& Fire, 1994). Under-representation of CEH-22/Nkx2.5 targets amongst longevity- 
associated genes implies that these pharyngeal genes may have an ageing-promoting ac
tion. This is likely to occur because down-regulation of CEH-22 targets leads to compro
mised pharyngeal function and extension of lifespan via dietary restriction. Consistent 
with this idea, CEH-22 mutations often lead to dauer arrest (Haun et a l , 1998) and muta
tion of other pharyngeal genes has been shown to extend lifespan (Klass, 1983; Langosch
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&; Heringa, 1998).

PAX4 PAX TFs are a widespread family of factors with an im portant role in devel
opment (reviewed in Chi & Epstein (2002)). Each family member appears to play a 
unique but overlapping role in a specific tissue or set of tissues. All PAX TF bind to a 
related ‘paired domain' sequence. The current analysis has shown that PAX binding sites 
are under-represented in DAF-16 targets, and are therefore associated with reduction of 
lifespan.

The role of PAX6 is particularly interesting with respect to the role of insulin-like 
signalling in control of lifespan. This factor is described as a key regulator of the pancreatic 
hormones glucagon and insulin as well as pancreatic development (Sander et dl., 1997). 
PAX6 activates insulin transcription, leading to an increase in insulin-like signalling that 
would be expected to reduce lifespan. There is also some evidence that PAX4 may perform 
a similar role and that PAX4 may be required to maintain differentiation of the insulin 
producing /3-cells (Smith et dl., 1999; Prado et al., 2004). If the other actions of PAX6 and 
the other PAX factors also accelerate ageing this may explain their under-representation 
amongst longevity-associated genes.

Serendipity-/? Serendipity-/? (SRY-/3) is a forkhead transcription factor, the role of 
which is not clearly understood (Payre & Vincent, 1991; Noselli et al., 1992). The finding 
that its binding sites are under-represented in longevity-associated genes suggests that 
some of its transcriptional targets may act to accelerate ageing.

AREB6 Human AREB6 binding sites were under-represented in longevity-associated 
genes. This factor contains two zinc finger motifs and a homeodomain, all of which are 
thought to contribute to DNA binding. Interestingly the relative contributions of each 
domain to DNA binding, and the transcriptional outcome, is determined by the presence 
of a novel motif GTTTC/G  (Ikeda & Kawakami, 1995). Using a transfection assay, Ikeda 
& Kawakami (1995) showed that AREB6 would stimulate expression of human Hsp70 in 
the absence of this motif, but repress transcription if it was present. This finding suggests 
that AREB6 may have a role in control of longevity by modulating the heat shock stress 
response. It will be important to characterise the C. elegans factor that binds to this site 
and to determine whether the G TTTC/G  motif is also functional in the nematode.

CdxA While the specific function of this factor has not been established, CdxA belongs 
to the Drosophila homeobox genes, important in embryonic development (Mayinger & 
Klingenberg, 1992). Interestingly, the CdxA binding site (Margalit et al., 1993) is very
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similar to that of the hamster CDX3 factor in the insulin I gene (German et al., 1992), 
suggesting that CdxA may regulate insulin-like signalling.

GATA See Section 5.3.2.2 for a discussion of the possible roles of GATA family TFs in 
ageing.

HNF4 Why the HNF4 binding site is under-represented in longevity-associated genes is 
unclear since the factor has been shown to stimulate expression of a number of longevity- 
promoting genes. Such targets include glutathione-S-transferase (Paulson et al., 1990), 
CYPs (Jover et al., 2001) and inducible nitric oxide synthase (iNOS) (Guo et al., 2002). 
The latter is particularly interesting, since HNF4 has been shown to stimulate iNOS 
in response to oxidative stress, leading to antioxidant defence. Further work is needed 
to explain this unexpected under-representation of HNF4 targets in longevity-associated 
genes. While it is possible that the C. elegans factor that binds to these HNF4-like sites 
has a different or opposing action, the conservation of the motif from Xenopus laevis to 
humans suggests that this is unlikely.

HSF It is unexpected to find the HSF-1 binding site associated with ageing-promoting 
genes, since heat shock proteins are thought to slow ageing. However, the motif used is 
derived from vertebrates and it is perhaps recognising another similar but functionally 
unrelated TF binding site in C. elegans. This area requires further investigation.

MINI-19 The muscle initiator sequences-19 (MINI-19) from Transfac Professional v8.1 
is a compilation of 7 motifs identified in the promoters of muscle specific genes such as 
actin and myosin from unspecified species. The binding factor is unknown.

The finding that these structural muscle proteins are under-represented amongst 
longevity-promoting genes is consistent with the hypothesis that DAF-16 extends lifespan 
by diverting resources away from growth to maintenance and repair.

PPA R  Mammalian PPAR-like binding sites are under-represented in longevity- 
associated genes. Orthologues of the PPARs have not been found in C. elegans indicating 
that the under-represented site may bind other, non-PPAR, members of the nuclear hor
mone receptor class of TFs. However, given the significant evidence for a role of PPARs 
in control of lifespan, it is interesting to discuss the possibility that these sites bind a C. 
elegans PPAR.

PPARs (peroxisome proliferator activated receptors) bind a variety of lipid ligands 
and stimulate transcription. Interestingly, a polymorphism in the PPAR7  gene has been
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shown to be linked to longevity (Barbieri et a l , 2004). However, while it seems likely 
that PPARs may contribute to the control of lifespan, PPARo; and 7  agonists have been 
shown to promote both ageing- and longevity-associated processes. For example, PPARs 
are thought to both increase insulin sensitivity (Moller & Berger, 2003; Ma et al., 2004; 
Shen et al., 2004; Hegarty et al., 2004) and stimulate the expression of the UCPs (Kelly 
et al., 1998; Medvedev et al., 2001; Son et al., 2001; Grav et al., 2003).

Increases in insulin sensitivity, due to regulation of lipid storage and of other hormones 
by PPARs, promote increased insulin-like signalling. As a result, the inhibition of DAF-16 
by the ILS pathway is strengthened, leading to a reduction in lifespan. Hence ageing- 
promoting functions of PPAR targets, such as this, may explain the under-representation 
of PPAR binding sites amongst longevity-associated DAF-16 targets.

However, PPAR-induced expression of UCPs would be predicted to increase lifespan 
by reducing the production of free radicals (see Chapter 2). In addition, some evidence 
has emerged to suggest that PPARs may be involved in cell protection (Deplanque, 2004), 
another action that may extend lifespan. Finally, PPARa is thought to be a key regulator 
of the CYP4 family and of UGT1A9, stimulating transcription in response to xenobiotic 
compounds (Waxman, 1999; Gueraud et al., 1999; Barbier et al., 2003).

Hence PPARS may have both ageing- and longevity-promoting actions. Perhaps 
PPARs promote either ageing or longevity, dependent upon the presence of particular 
cofactors, which facilitate binding to different sets of target genes. However, due to the 
lack of overlap between their targets, if PPARs are able to promote longevity, they are 
likely to function by mechanisms independent of those used by DAF-16.

Yin yang 1 Another of the under-represented motifs is that of the yin yang 1 transcrip
tion factor (YY-1). This factor is essential to embryonic development (Donohoe et al., 
1999) and is thought to have both activating and repressing actions (Weill et al., 2003). 
How YY-1 may accelerate lifespan requires further investigation.

5.3.3 Transcription factors regulated by DAF-16

Indirect targets of DAF-16 that are up-regulated in long-lived animals include trans- 
posases, oxidoreductases, cytochrome P450s and GSTs. The expression of these genes 
appears to be affected by a wide range of TFs. However, using TFBlast, the current work 
has shown that when DAF-16 activity is increased, the expression of a number of specific 
TFs and nuclear hormone receptors are affected. This suggests that the expression of 
these particular factors is regulated by DAF-16, and that they may play an important 
role in the up-regulation of the indirect DAF-16 targets associated with increased lifespan.
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These factors are summarised in Table 5.9 and discussed in this section.

Transcript Expression Hom ology to E value P  value C .  e l e g a n s  
 ID fold-change_____________________________________  hom ologue

P oten tia l longevity-associated  transcription  factors

R13H8.1b.l
F26D12.1

1.6 C. elegans DAF-16
2.4 Mouse QRF-1

i o - 37
2 - 2 9

0.0008
0.00123

DAF-16
FKH-7

P o ten tia l ageing-associated  transcription  factors

C27C12.2.1
ZK1067.2.1

0.4
0.3

Mouse Krox-20 
Drosophila STC

3-46
2 - 2 4

0.00024
0

Zinc finger 
Zinc finger

Table 5.9: Likely ageing- and longevity-associated transcription factors 
whose expression appears to be regulated by DAF-16, indicating the pos
sible C. elegans homologue.

Several DAF-16-regulated proteins show high similarity to transcription factors in 
Transfac. If available, annotations for these proteins were obtained from WormBase. In 
order to confirm that these proteins truly represent DAF-16-regulated transcription fac
tors, they were PSI-BLASTED against the whole non-redundant Genbank. This method 
allowed the likely closest relatives of each protein to be identified. Also, since not all 
transcription factors are represented in Transfac, it increased the likelihood of identifying 
the true orthologues of a protein, and therefore of providing functional information about 
the specific family member in question, rather than simply general information concerning 
the function of the family. Unfortunately, however, the annotation of Genbank entries 
was often less extensive than that of WormBase.

Transcript R13H8.1b.l is highly similar to both DAF-16al and DAF-16a2 (E-values 
=  7e~38), confirming the annotation of this gene. However the expression changes for this 
gene, while significant, are relatively low: R13H8 is up-regulated only 1 .6-fold between 
DAF-2/DAF-16 and DAF-2 mutants (P =  0.00083). This suggests that while the ILS 
pathway may exert some transcriptional control on DAF-16 expression, in addition to 
regulation of its function by phosphorylation, this transcriptional control is relatively 
weak.

The strongly up-regulated transcript F26D12.1 showed similarity to the mouse 
glutamine-rich factor, QRF-1 (E value =  2e-29). This transcript corresponds to the C. 
elegans fork-head transcription factor FKH-7, the specific function of which is unknown
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since RNAi does not produce any obvious phenotype (Hope et al., 2003). FKH-7 is likely 
to have redundant functions with several other forkhead TFs, all of which are expressed in 
neurones and proposed to have a role in development of the nervous system (Li & Tucker, 
1993).

In long-lived DAF-2 mutants, FKH-7 is up-regulated by 2.4-fold. This suggests that, 
by altering expression of its target genes, it is likely to initiate a variety of downstream 
responses that may contribute to longevity of these mutants. FKH-7 appears to be a 
direct transcriptional target of DAF-16, containing a DBE in its 5’ upstream region. In 
order to confirm that this site is functional, and hence that FKH-7 is a true direct DAF- 
16 target, it will be useful to use phylogenetic footprinting to verify the presence of the 
DBE in orthologues in other species. It will be important to characterise this factor, its 
binding sequence and its target genes, in order to more fully understand its contribution 
to lifespan.

As shown in Figure 5.6, several FOX binding sites that are not specific for DAF-16 
are over-represented in longevity-associated genes. It is possible that in DAF-2 mutants, 
DAF-16 stimulates expression of FKH-7, which in turn activates a set of downstream 
longevity-associated genes, via FOX binding sites.

In addition, two transcripts down-regulated in DAF-2 mutants show similarity to zinc- 
finger transcription factors. Search of Transfac using the protein sequence of C27C12.2.1 
identified similarity to mouse Krox-20 (E value =  3e-46), and of ZK1067.2.1 to the 
Drosophila factor, shuttle craft (STC) (E value =  2e-24). PSI-BLAST identified two
C. elegans zinc finger proteins of unknown function as their closest relatives (Genbank 
identifiers: 17550662 and 17538027 respectively, E values both =  0.0).

Krox-20 and STC are thought to be involved in neuronal development (Stroumbakis 
et al., 1996; De et al., 2003; Parkinson et al., 2004). Both C27C12.2.1 and ZK1067.2.1 
were down-regulated by approximately 0.4-fold in DAF-2 mutants compared to DAF- 
2/DAF-16 double mutants. This suggests that the targets of these transcription factors 
must be down-regulated when DAF-16 is high, because they promote ageing, or otherwise 
interfere with the long-lived phenotype of DAF-2 mutants. It remains unclear how Krox- 
20 and STC may promote ageing, but it seems likely that they will have as yet unknown 
effects that may contribute to control of lifespan. Consistent with the down-regulation of 
Krox-20 in DAF-2 mutants, where the action of insulin is blocked, Krox-20 expression is 
known to be stimulated by insulin (Keeton et al., 2003).

The expression of approximately 26 nuclear hormone receptors is also regulated by 
DAF-16, although these receptors are at present all orphan receptors with no known 
ligand or DNA binding specificity. Characterisation of these factors will be important 
for fully understanding the mechanism by which many genes are indirectly regulated by
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DAF-16 to cause an extension of lifespan. It is likely that one of these will be the proposed 
DAF-12 ligand, responsible for the non-cell-autonomous actions of DAF-16.

Further work is needed to identify the transcriptional targets of all of these TFs and 
nuclear hormone receptors, in order to provide further clues about the mechanism of 
regulation of longevity by DAF-16. At present we can conclude tha t it is very likely that 
DAF-16 modifies not just the expression of a single set of longevity- and ageing-associated 
genes, but also of multiple transcription factors that will in turn alter the expression of 
their own target genes. The lifespan of the organism is likely to be determined by the 
combined action of all of these genes.

5.3.4 Feedback control of the DAF-16 longevity pathway

One important direct target of DAF-16 is DAF-16 itself. When DAF-16 is active in the 
nucleus, its expression is increased, leading to a positive feedback loop that strengthens 
the increase in lifespan.

Expression of neuronally expressed insulin-like peptides is altered in DAF-2 mutants, 
indicating a feedback loop that may contribute to the cell non-autonomous effects of 
DAF-16 (Apfeld & Kenyon, 1998). However, the 5’ and first intron sequences of these 
peptides, INS-7, INS-22 and INS-23, lack DAF-16 binding elements, suggesting that they 
are all indirectly regulated by DAF-16. (INS-22 does contain an over-representation of 
binding sites for FOXOl and F0X 04, mammalian homologues of DAF-16, suggesting that 
it may be directly regulated). Interestingly, while INS-22 and INS-23 are up-regulated 
two-fold, INS-7 is down-regulated in DAF-2 mutants. This suggests that different insulin
like peptides may play different roles in insulin signalling and that DAF-16 expression is 
under both positive and negative regulatory control.

In DAF-2 RNAi treated C. elegans, the down-regulation of INS-7 has previously been 
noted by Murphy et al. (2003). The authors subjected wildtype C. elegans to INS-7 RNAi 
and demonstrated an increase in lifespan, consistent with the role of INS-7 as a DAF-2 
agonist involved in positive feedback control of the ILS pathway. It will be interesting to 
use a similar method to investigate the role of INS-22 and INS-23.

Other direct and indirect targets of DAF-16 are also likely to contribute to feedback 
control of genes at all levels of the cascade. For example, direct or indirect targets may 
modify the activity or expression of DAF-16 itself, or of other DAF-16 targets. The result 
is a tightly controlled network of interactions, and a large number of genes which act in 
concert to cause major changes in gene expression and precise control of lifespan.
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5.4 Discussion

Six specific aims for this work were described in Section 5.1.3 and they have all been 
met. The chapter first identified DAF-16 binding sites amongst DAF-16 regulated genes 
(Aim 1). This has permitted the DAF-16 regulated genes to be divided into direct and 
indirect targets (Aim 2; see Section 5.3.1.1) and enabled an investigation, via the liter
ature, of the possible role that these targets may play in the regulation of lifespan by 
DAF-16 (Aim 3; Section 5.3.1 .2). In addition, Section 5.3.1.4 describes identification of a 
number of ageing- and longevity-associated transcription factors (Aim 4). With binding 
sites over- or under-represented within DAF-16 targets, these factors represent possible 
candidates for contributing to the control of lifespan. In the case of the majority of these 
transcription factors, to our knowledge, a role in longevity or ageing has not previously 
been considered. In Section 5.3.3 DAF-16-regulated transcription factors and hormones, 
with the potential to provide feedback regulation of the ILS pathway, have been identified 
(Aim 5). Analysis of the known targets of longevity- or ageing-associated transcription 
factors has provided clues about additional mechanisms by which lifespan can be mod
ified. Finally, the combined results of this chapter have enabled a clearer picture to be 
drawn of the mechanisms by which lifespan is controlled (Aim 6).

5.4.1 Complex structure of the DAF-16 regulatory cascade

It should be noted that, while the mechanism of control of lifespan by DAF-16 is illustrated 
in Figure 5.5 as a two stage process, this is not necessarily the case. Furthermore, it is very 
likely that the true process is a multi-stage cascade of genes and TFs, each being activated 
by upstream factors and in turn activating or repressing other factors downstream.

There are two main advantages for the use of such a complex network/cascade in the 
control of lifespan:

1. The presence of DAF-16 binding sites within the promoters of certain genes may be 
required for longevity would be detrimental in other situations.

2. The requirement for and interaction of a larger number of TFs is likely to provide 
more precise control of longevity. The presence or absence of multiple other factors 
(eg heat shock proteins) may act as checkpoints to determine the outcome of the 
pathway. In support of this, Lin et al. (2001) have shown that nuclear localisation 
of DAF-16 is insufficient for an increase in lifespan, indicating that other factors are 
required in addition.

Perhaps the direct DAF-16 targets are the evolutionarily most ancient determinants of 
longevity, but later other gene classes have been recruited as their functions became more
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specialised. This would tend to lead to modularity of transcriptional control, in which 
multiple groups of genes, each controlled independently, were integrated by the action of 
another TF on their own specific regulatory factors.

The work described in this chapter has increased our understanding of this complex 
cascade that regulates lifespan. It has shown that insulin-like peptides and DAF-16 itself 
are regulated by DAF-16, providing both positive and negative feedback control of ILS. In 
addition, several transcription factors, FKH-7 and homologues of Krox-20 and STC, are 
controlled by DAF-16. These factors are likely candidates for contributing to the control 
of lifespan, by stimulating the expression of their own target genes. As described by 
Murphy et al. (2003), the mechanisms that extend lifespan in DAF-2 mutants are likely 
to be many, involving the cumulative action of numerous transcription factors and their 
target genes.

5.4.2 Limitations of the techniques used and minimising their 
impact

There are two general problems associated with the use of motif searching algorithms such 
as Clover, that has been used throughout this study. Firstly, these methods heavily rely 
on the completeness and quality of the database of known TFs that is used. Secondly, 
since TFBSs are relatively small, many false positives occur due to random occurrence of 
the same combination of bases.

The first problem, that of the lack of completeness of the databases of known tran
scription factors is the main limitation of the current work. The binding site of DAF-16, 
for example, a transcription factor central to the current work, is not found in the publicly 
available Transfac database and is one of only 5 nematode TFBSs in Transfac Professional 
v8.1. Our lack of knowledge of TFBSs is a problem that can only be alleviated with time. 
The current work uses the most up-to-date source of binding matrices, and represents the 
clearest picture that can be provided at this time.

In the future it will be important to use experimental techniques to characterise the 
binding specificities of more C. elegans transcription factors, since this species represents 
an important model system. It may also be valuable to establish orthology relationships 
between mammalian and C. elegans TFs, to facilitate the reliable inheriting of functional 
information for factors where the C. elegans homologue is yet to be identified. Char
acterisation of the interactions between factors that may modify binding or regulatory 
activity will also be important. Work towards these goals will greatly increase the infor
mation that can be gained using this method about the regulation of many physiological 
processes, including ageing.
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The second problem, that of false positives, derives from the fact that TFs rely upon 
additional signals, such as interaction with other TFs and variations in chromatin struc
ture, in combination with the presence of their binding consensus sequence. Clover was 
selected because it is able to counter this problem relatively effectively. This is achieved 
by detecting a relative enrichment of a certain site in a group of functionally related or 
co-regulated sequences is detected, compared to a set of background sequences. Provided 
that both sets of sequences are derived from the same genome, the false positive rate 
would be expected to be constant between them and any difference in occurrence is likely 
to represent functional sites.

Whilst our knowledge of the characteristics of TFBSs alone is insufficient to drive 
their identification, this information is valuable in guiding other techniques to select the 
correct motifs from a pool of candidates that match a binding matrix. Many motif 
searching algorithms do not exploit this useful biological knowledge. For example, motif 
searching algorithms generally do not take into account phylogenetic information, and 
often have no requirement for the identified motifs to be found in the same order or 
orientation in different genes. Improvements in accuracy are being made as biological 
information is incorporated into models. For example, regulatory regions often contain 
multiple, overlapping copies of the same TFBS (Papatsenko et al., 2002). Clover is the 
first method to make use of this information, by combining the individual score matrices 
for each site to generate the overall occupancy score for the regulatory region. In order 
to increase the accuracy of such methods, a priority for future work must be improving 
models of TFBS occupancy, by determining the effects of repeated and overlapping sites 
on TF binding.

The methods used throughout this work have been designed to minimise the effect of 
these problems by:

• Limiting the sequences searched to those most likely to contain functional TFBSs, 
by excluding coding sequences and regions more than lkb from the transcription 
start site.

• Looking for over/under-representation of TFBSs with respect to an appropriate 
background sequence set, rather than simply the presence/absence of certain motifs.

•  Only considering TFBSs with high probabilities of being truly over/under
represented (P<0.01).

•  Using the advanced statistics of Clover to incorporate biological knowledge by giving 
additional weight to repeated and overlapping binding sites
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It is hoped that by the use of these techniques the ageing- and longevity-associated 
TFBSs identified here have enabled a clearer understanding of the mechanisms of lifespan 
control.

5.4.3 Final conclusions

It must be remembered that conserved or over-represented motifs identified by phyloge
netic footprinting or motif searching may represent sites involved in functions other than 
binding of TFs. For example, they may be required to confer mRNA stability (Roth 
et a/., 1998). Further analysis is required before it can be concluded that the identified 
motifs are true TFBSs. The use of several complementary computational techniques, e.g. 
motif searching and phylogenetic footprinting, may be of use in this respect, but often 
experimental confirmation will be necessary. Important future work will involve using 
phylogenetic footprinting to confirm the conservation of interesting sites identified in this 
study in related species. In addition it will be necessary to investigate experimentally 
the possible role of the transcription factors identified here in ageing. Null mutations or 
RNAi can be used to determine the effect that the protein of interest has on lifespan. 
Comparison of the data obtained here to that for another species would also be valuable. 
Considerable work will be required before we have a complete understanding of the control 
of lifespan.

The implications of this work extend beyond the control of C. elegans lifespan, since 
mutations in the ILS pathway have been shown to extend lifespan in an evolutionarily 
diverse set of organisms, including mammals (Bluher et al., 2003; Holzenberger et al., 
2003). Hence, it is possible that the mechanisms identified here are involved in the 
regulation of human ageing. This work therefore has implications for the eventual design 
of therapeutic interventions able to slow ageing and ageing-associated disease.



Chapter 6

Conclusions

6.1 Information gained concerning uncoupling pro
tein and membrane protein structure

The aim of this thesis, stated in the Introduction (Chapter 1), was to increase our under
standing of the mechanisms of ageing. In some chapters this has been achieved, whereas 
in others the results contribute mainly to our understanding of membrane protein struc
ture and prediction. This final chapter attempts to place these findings in terms of the 
wider field, and to identify important areas for future work.

In Chapter 2, modelling of uncoupling protein structure was attempted using exper
imental data from the literature. Now that the structure of a homologue of the UCPs 
has been solved, the value of this work lies mainly in determining the potential of such a 
method for modelling of other TM proteins. Unfortunately, however, most models were 
supported by the majority of the pieces of experimental data, making it impossible to 
definitively either support or refute any of them. The problem with the method lies in 
the difficulty in interpreting the results from mutational experiments: it is often impossi
ble to determine whether the loss of function that occurs on mutation is caused directly 
by the loss of a participating residue, or indirectly due to disruption of the native confor
mation. Hence, much of the experimental evidence described here is not definitive enough 
to use for model prediction in this context. These results suggest that this technique is 
unlikely to be effective for modelling of other proteins unless a very large amount of reli
able mutagenesis data is available. It seems that the main value of mutagenesis data in 
modelling will be in providing additional support for models proposed by other methods.

Chapter 4 built upon the analysis of Chapter 2 , using a predictive method based on 
the general principles of TM protein structure. It was felt that in order to maximise 
predictive accuracy, such a method required the greatest possible understanding of these
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structural features. To this end a detailed analysis of the currently available polytopic TM 
protein structures were performed in Chapter 3. 24 TM protein families were identified 
that were represented in the Protein Data Bank (as of January 2004). This number is 
more than twice that available when the last comprehensive analysis was performed in 
2001 (Ulmschneider & Sansom, 2001). It will be important for this analysis to be updated 
regularly in the future, as the number of available structures increases further.

Basic analysis of these TM protein structures were performed, generally confirming the 
results of previous, smaller studies by identifying the preferences of different residues for 
different TM environments. The results clearly show that the majority of TM helix-helix 
contacts are made by either small relatively polar residues, particularly glycine, alanine 
and serine, or large hydrophobic residues. Many of the charged and aromatic residues 
show strong preferences for lipid-tail-accessibility.

The work described in Chapter 4 indicates that some charged residues in the TM lipid- 
tail region show a preference for lipid-tail-accessible not buried positions. Contradictory 
results on this point had been obtained in previous analyses (Javadpour et al., 1999; 
Ulmschneider & Sansom, 2001). The finding was unexpected and possible explanations 
for the presence of lipid-tail-accessible charged residues were investigated for the first 
time. The results show that the majority of lipid-tail-accessible charged residues are 
not paired, but do satisfy their hydrogen bonding potential in other ways, namely by 
interaction with the head-group region. Interestingly, almost one third of the interactions 
with other residues are intrahelical. As described in Chapter 4, further experimental work 
is required to determine the effect of lipid-tail-accessible charged and polar residues and 
of intrahelical hydrogen bonds on TM protein stability and function.

The work also showed that the preferences of residues for buried or accessible positions 
in TM proteins cannot simply be predicted by the use of a traditional hydrophobicity 
scale. As an alternative, a ‘lipid-tail-accessibility scale’ was developed that represents the 
residue preferences that are found in TM proteins. As a result of this work we now have 
a much clearer and more confident understanding of helix-helix packing in TM proteins.

The LA scale, together with other knowledge gained during the analysis of Chapter 
3, was applied to the prediction of UCP structure in Chapter 4. These findings are also 
applicable to the modelling of other TM proteins lacking structural information. Chapter 
4 first investigated the use of these parameters for prediction of buried and accessible 
residues, using proteins of known 3D structure. The resulting method was then used to 
score the predefined models of UCP structure from Chapter 2 , in an attem pt to select the 
most likely model.

The value of the approach taken to TM protein modelling in this work lies in the 
potential to produce models in the absence of any structural information for the family
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concerned, and without relying upon the use of structural information from water-soluble 
proteins. The method was relatively good at detecting buried helix faces in TM proteins 
of known structure and has enabled the UCP models to be ranked in order of likelihood. 
However, the model proposed for the UCPs is highly tentative. The model selected did not 
score significantly higher than other models by any one method used here. Comparison 
of the model with the known structure of a UCP homologue, solved after the modelling 
was completed, has enabled the reasons for this to be determined.

The main problems with the approach seem to be that the method models TM helices 
as ideal helices arranged in parallel and the suggestion that the protein was a dimer. 
Large deviations from these assumptions, such as the kinked, highly tilted or partially- 
spanning helices seen in the actual structure, caused inaccuracies in the modelling. Hence, 
the method is unsuitable for model scoring for proteins which are likely to have kinked 
helices due to transmembrane proline residues. In addition, the method may be a little less 
useful for the prediction of models for families for which there are no simplifying symmetry 
constraints, leading to a huge number of potential models that must be considered. In 
these cases, however, the method remains able to provide valuable structural information, 
by identifying the buried faces of TM helices. Such information will be particularly useful 
in generating hypotheses of helix packing that can be tested experimentally using cross- 
linking or mutagenesis techniques.

The work in Chapter 4 has involved in investigation into not only UCP structure, 
but also into our current understanding of membrane protein structure and our ability 
to model it. The work has shown that, whilst the model proposed for the UCPs showed 
similarities with the correct structure, the technique is too simple and not yet good 
enough to predict models with confidence. More membrane protein structures will need 
to be solved, and our understanding of the ways in which they pack to obtain stability 
will need to increase, before this is possible. In addition, reliable information about the 
oligomeric state of the protein is essential to translating the predictions of buried helix 
faces into possible arrangements of TM helices for scoring.

Were this work to be repeated, given our current knowledge, the modelling would 
obviously be approached somewhat differently. More complex modelling procedures, in 
which helix tilting and kinking are considered, would be needed to increase predictive 
accuracy. It may also be valuable to use a higher resolution approach, incorporating 
molecular factors such as surface shape and charge complementarity, or to consider known 
helix-helix packing motifs.

It is clear from this work that the challenge of predicting their tertiary structure from 
sequence has yet to be solved. However, the structures of membrane proteins are limited 
by their unusual environment and are less diverse than water-soluble proteins. As a
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result it is likely that, were equal resources devoted to the study of TM and water-soluble 
proteins, the prediction of structure from sequence would be achieved first in TM proteins.

The results presented in this part of the thesis will be of use in the long term in 
the understanding of TM protein structure and prediction of TM helix packing. At 
present it appears that considerably more TM protein structures will be needed before 
these goals are achieved. In addition to a lack of data concerning TM helix packing 
mechanisms, identification of protein-protein interfaces and determination of oligomeric 
state from monomeric structure remain major pitfalls in structure prediction methods 
such as those developed in Chapter 4. However, with the launch of the first structural 
genomics program focused entirely on TM proteins in 2003 (Kyogoku et al., 2003), our 
knowledge of membrane protein structure is likely to increase substantially in the next 
few years.

6.2 Information gained concerning the mechanism of 
lifespan regulation by DAF-16

Chapter 5 has identified direct and indirect targets of DAF-16 and investigated, via the 
literature, the possible role that these targets may play in the regulation of lifespan by 
DAF-16. This has enabled a clearer picture to be drawn of the mechanisms by which 
lifespan is controlled. In addition, the results of this work have included the identifica
tion of a number of ageing- and longevity-associated transcription factors. With binding 
sites over- or under-represented within DAF-16 targets, these factors represent possible 
candidates for contributing to the control of lifespan. In the case of the majority of these 
transcription factors, to my knowledge, a role in longevity or ageing has not previously 
been considered. Many of the factors are known to be involved in the embryonic devel
opment of particular tissues, and a role in the adult has not been identified. This work 
suggests that they may also be involved in the regulation of stress responses or other path
ways in the corresponding adult tissue, as has been demonstrated for Nkx2.5. Analysis 
of the known targets of longevity- or ageing-associated transcription factors has provided 
clues about additional mechanisms by which lifespan can be modified.

This work has also highlighted the complex structure of the DAF-16 regulatory cas
cade. It has shown that insulin-like peptides and DAF-16 itself are regulated by DAF-16, 
providing both positive and negative feedback control of ILS. In addition, several tran
scription factors, FKH-7 and homologues of Krox-20 and STC, are controlled by DAF-16. 
These factors are likely candidates for contributing to the control of lifespan, by stimu
lating the expression of their own target genes.
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Important future work will involve using phylogenetic footprinting to confirm the con
servation of interesting sites identified in this study in related species. It will also to nec
essary to identify and characterise the C. elegans factors that bind to the over-represented 
mammalian sites identified. Null mutations or RNAi could be used to determine the ef
fect that the transcription factor of interest has on lifespan. Considerable work will be 
required before we have a complete understanding of the control of lifespan.

6.3 Final conclusions

The implications of this work extend beyond the study of C. elegans lifespan. Mutations 
in the ILS pathway have been shown to extend lifespan in a wide range of organisms, 
including mammals (Bluher et al., 2003; Holzenberger et al, 2003). Similarly, the uncou
pling proteins are present in virtually all species, including humans. Hence it is possible 
that the mechanisms identified and studied here are involved in human ageing. Such 
knowledge may eventually lead to the development of therapeutic interventions to slow 
ageing or control progression of ageing-associated diseases.
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