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Abstract:

The temperature dependence of the overall dimensions of the denatured state ensemble (DSE) of
proteins remains unclear. Some studies indicate compaction of the DSE at high temperatures,
while others argue that dimensions do not decrease. The degree of compaction or expansion in
the cold denatured state has been less studied. To investigate the temperature dependence of
unfolded state dimensions, SAXS measurements were performed in native buffer in the absence
of denaturant for a designed point mutant of the C-terminal domain of L9 (CTL9), a small
cooperatively folded a-P protein, at 14 different temperatures over the range of 5-60°C. The
198A mutation destabilizes the domain such that both the DSE and the folded state are populated
at 25°C in the absence of denaturant or extreme pH. Thermal unfolding as well as cold unfolding
can thus be observed in the absence of denaturant, allowing a direct comparison of these regimes
for the same protein using the same technique. The temperature of maximum stability, Ts, is
30°C. There is no detectable change in Rq of the unfolded state as the temperature is increased
above Ts, but a clear expansion is detected as the temperature is decreased below Ts. The Rq of
the DSE populated in buffer was found to be 27.8 +1.7 A at 5°C, 21.8 +1.9 A at 30°C, and 21.7+
2.0 A at 60°C. In contrast, no significant temperature dependence was observed for the value of
Rg measured in 6M GdnHCI. The SAXS data reported here indicate clear differences between
the cold and thermal unfolded states and shows that there is no significant compaction at

elevated temperatures.



Introduction:

The denatured state ensemble (DSE) of a protein is the starting state for folding and the reference
state for protein stability. The DSE is an important factor in protein design and can be the
starting point of aggregation, both in vitro and in vivo (1-6). As well as providing information
relevant for protein folding, studies of the DSE of globular proteins can also provide insight into
the properties of intrinsically disordered proteins (IDPs). A plethora of studies have identified
IDPs as key players in many biological processes, with the relationship between sequence and

conformational behaviour being of particular interest (7-9).

The properties of the DSE are sensitive to the local environment and can vary considerably
depending upon solvent properties, pH and temperature. The sensitivity to perturbations can
affect folding kinetics and the pathways that lead the protein to its native fold. A protein can be
driven to unfold and primarily populate its DSE through a variety of means including the
addition of chemical denaturant, extreme pH, pressure, or heat (10). Temperature denaturation

occurs at both high and low temperatures, as predicted by the Gibbs-Helmholtz equation:

AG,(T) = AH'(T,,) —

T ) | ACHT — Ty — Tin(o)] [1]
Where AH® is the change in enthalpy and AC®p is the heat capacity. This equation identifies two
distinct transition temperatures: the midpoint of cold denaturation, T, and the midpoint of
thermal denaturation, Tm. Both are defined as the temperature at which the free energy (AG®) of
unfolding is equal to zero. Cold denaturation, which is less commonly studied experimentally,
can be rationalized by a decrease in the strength of hydrophobic effect as the temperature is
decreased below the temperature of maximum stability, Ts (11-19).

The effects of temperature on the dimensions of the DSE remain unclear. Recent studies indicate
the unfolded state expands as temperature is decreased below Ts, but only a limited number of
studies have been performed, and the behavior at temperatures above Ts is still uncertain. Single
molecule Forster Resonance Energy Transfer (SmFRET) studies of the small cold shock protein
from Thermotoga maritima (CspTm) (20), the IDP prothymosin alpha (ProTa) (20), and yeast
frataxin (Yfh1) suggest continuous compaction as the temperature increases above Ts (21).
However, small angle x-ray scattering (SAXS) studies on Yfh1 suggest the thermally unfolded

state does not undergo a compaction as the temperature is increased above Ts(22). Early SAXS
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temperature-dependent studies on reduced ribonuclease r-RNase A at pH 2.5 showed that the
radius of gyration (Rg) of the highly unfolded chain did not significantly change with increasing
temperature from 20°-90°C (23). Reduced RNase A does not refold to its native state, thus this
study is best viewed as an example of the properties of an IDP with significant net-charge.
Possible differences in the tendency to form secondary structure along with differences in protein
hydration could account for the different behavior at the high and low temperature regimes of a
protein, but any relationship between compaction and the level of secondary structure is not
completely understood (22).

Some of the differences in the findings of the various experimental studies may be due to the
different methods used. Although smFRET is a highly sensitive technique, it is not without
disadvantages. Proteins must be labeled with dyes that may or may not perturb the underlying
conformational behavior via dye-dye or protein-dye interactions, and some form of theoretical
models—typically taken from homopolymer physics—is required both to extract the end-to-end
distance from transfer efficiencies and to convert that end-to-end distance data into values of Rg.
Although these models often appear to work reasonably well, they are not necessarily applicable
to heteropolymers and the relationship between a FRET derived end-to-end distance and Rq is
not always clear (24-26). On the other hand, SmMFRET does allow the simultaneous observation
of the folded and DSE states under a range of conditions where it would not be possible to do so
using ensemble-based methods. SAXS measurements, although requiring considerably higher
protein concentrations and sometimes being limited in signal-to-noise with a level of uncertainty
in the analysis, can provide Rq directly from the scattering data in absence of models of the DSE.
If the folded and unfolded populations are known, a direct measurement of the Rq,pse can be
taken after subtraction of the known folded population signal.

The role sequence plays in modulating unfolded state dimensions continues to be investigated
(27). Applying simple polymer models can provide a useful first approximation and allow for
some predictions regarding the role that sequence can play with respect to parameters such as
hydropathy, net charge per residue (NCPR), and the patterning of oppositely charged residues
(28, 29).

Ideally, the heat and cold denatured state of a protein would be studied under the same

conditions (pH, ionic strength, pressure, etc.) with minimal perturbation to the system, as close to



physiologically relevant conditions as possible, using the same experimental technique.
Oftentimes, the T¢ of proteins is below the freezing point of water, presenting challenges in
accessing the cold denatured state without the addition of perturbations (30-33). There are a
handful of proteins that have T. above 0°C, allowing such studies to be achieved without the use
of additional perturbations, such as added urea (22, 34-36). Direct observation of the DSE above
the temperature of maximum stability, Ts, but below Tr can also be difficult, especially near Ts

where the population of the DSE will be low.

To avoid the need for added perturbations, point mutations can be introduced to destabilize a
protein. In our case we use a mutant of the protein CTL9 (I98A-CTL9). CTL9 is a 92-residue
single domain protein, that folds in a two-state fashion, containing a rare mixed a-f topology,
whose denaturant- and pH-induced unfolding has been previously described (Figure 1) (37).
Previous characterization of 1998A-CTL9 show that T¢ is 12°C in 20mM NaOAc and 100 mM
NaCl buffer at pH 5.7 and its temperature of maximum stability is 30°C, and Tn is 53.3°C (38).
The cold unfolding of I98A-CTL9 appears to be cooperative and initial SAXS experiments at a
limited number of temperatures suggest that the DSE expands as the temperature is lowered (39).
Diffusion measurements have also shown the cold unfolded state at 12°C in 50 mM sodium
phosphate and 100 mM NacCl, pD 6.6 is more compact than the highly charged DSE of CTL9
WT populated at 12°C, pD 3.8. The cold unfolded state is also more compact than the urea
unfolded state (40).

Here we report a detailed investigation of the dimensions of the DSE traversing the cold
denaturation transition all the way through thermal denaturation. SAXS scattering profiles were
collected for 198A-CTLY9 in the absence of denaturant at pD 5.6 at fourteen temperature points
from 5-60°C, a range which includes the protein’s T¢, Ts, and Tm. Complimentary temperature-
dependent CD studies were also performed to investigate the residual secondary structure present

at both high and low temperatures.
Methods:

Protein Expression and Purification

198A-CTL9 was expressed in Escherichia coli BL21(DES3) cells in LB media using standard
methods (38-41). The cells were grown at 37°C until the optical density at 600 nm reached 0.8,



then induced with ImM IPTG for 4 hours at 37°C. Cells were harvested and then lysed by
sonication or by cell disrupter. The lysate was centrifuged for 1hr at 10,000 g to remove the cell
debris. The supernatant was then loaded onto a SP-Sepharose fast flow ion-exchange column
(GE Healthcare) equilibrated in 20mM Tris-HCI, pH 7.5 and the protein eluted with a 0-2 M
NaCl gradient. Protein was further purified using reverse phase HPLC with a Higgins
Analytical, Inc. C18 column (250x20mm). An A-B gradient was used where buffer A was 99.9%
distilled de-ionized H>O (DDI) and 0.1% trifluoroacetic acid (TFA), and buffer B was 90%
acetonitrile, 9.9% DDI, and 0.1% TFA. The gradient used was 25-55% buffer B in 60 minutes.
The proteins eluted at ~42% buffer B.

The identity of the protein was confirmed by DNA sequencing and MALDI-TOF mass
spectrometry. The observed molecular weight (M+H) for I98A CTL9 was 9940.9 Da and the
expected molecular weight was 9940.5 Da. The yield of the protein was ~70 mg/L in LB media.
The observed molecular weight for CTL9 WT was 9982.0 Da and the expected molecular weight
was 9982.0 Da. A similar yield was observed for CTL9 WT in LB. The purity was confirmed by
analytical HPLC.

Circular Dichroism:

CD experiments were performed on a Chirascan CD spectrometer (Applied Photophysics). The
protein was dissolved in 10 mM DMG (3,3-dimethylglutaric acid), 120 mM NaCl buffer in
100% D0, at a protein concentration of ~25uM, and at a pD of 5.6 (uncorrected pH reading).
D20 was used to allow comparison with *H NMR and FTIR studies (39) . DMG was chosen
because it has a small heat of ionization and this aids in maintaining constant pD (pH) value over

wide temperature ranges.

Far-UV wavelength scans were recorded in a Imm cuvette from 196-260 nm with a 0.2 nm
increment, repeated in triplicate and averaged. Wild type CTL9 is folded over the temperatures
studied, providing a baseline for the folded CD signal. A sample of 198A-CTL9 at pD 8.0 was
used to provide a folded baseline. The population-weighed CD spectrum of the folded state was
subtracted from the experimental 198A-CTL9 CD spectrum at pD 5.6 in order to obtain the
unfolded 198A-CTL9 CD spectrum, using the following equation:

__ (B198a— Pfoided’ OcTLowT)

Or984,unfolded = (A-Protded) 2
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Where 6,454 is the CD signal collected for I98A-CTL9 at pD 5.6, containing both the folded and
unfolded ensembles; 8.r.owr IS the CD signal collected for CTL9 WT at pD 5.6, only the folded
state is present in this sample, providing a spectrum of the folded state for subtraction; pfoided iS
the fractional population of folded 198A-CTL9 present under the conditions of the CD

measurements. Proided Was determined by thermal denaturation monitored by CD; 8,954 unfotdea

is the calculated 198A-CTL9 DSE CD signal.

The mean residue ellipticity at 222 nm, calculated for the 198 A-CTL9 DSE ([#]ose), was used to
estimate the fraction helical structure:
_ ([B]DSE_[B](;)
In = Gor,-010 3]
Where [6]. corresponds to the signal for a random coil and [6],, corresponds to the signal

expected for a 100% helix, calculated from:
[6]y = —40,000 x (1 - zni) +100 X T [4]
[0]c = 640 — 45 X T [5]
Where n is the number of residues in the peptide, and T is the temperature (°C) (42).

Thermal denaturation measurements were conducted using a 1cm cuvette, by monitoring
ellipticity at 222 nm, from 4-98° C in 2° C steps, at a heating rate of 1° C/min, as a function of
pD between 4.0 and 8.0. The protein is unfolded at pD 4.0 and the thermal denaturation data was
fit to a quadratic equation to obtain the unfolded signal as a function of temperature, I98A-CTL9
has been shown to populate the DSE for all temperatures at this pD [28, 34]. The completely
folded baseline was estimated from fitting thermal denaturation data for I98A-CTL9 at pD 8.0,
and extrapolating the folded state signal. Data was fit to the following equation to obtain

thermodynamic parameters for unfolding. The observed CD signal, 8(T), was fit to the equation:

AGy(T)
__ (ap+bpT)+(ag+bgT)exp(——4-—)
o(T) = i [6]
1+exp(——F¢5)

Where AG,,(T) is the free energy change upon thermal unfolding described by the Gibbs-

Helmholtz Equation (Equation 1), where an, bn, a4, and by are parameters which define the



signals of the native state n and the denatured state ensembles d as a function of temperature.

T is the thermally induced unfolding midpoint temperature, and AC,, is the change in heat
capacity upon unfolding. The signal expected for a fraction folded of 0.5 was estimated by taking
the average of the native state baseline and the unfolded state baseline as a function of

temperature.

The population of the folded state and the DSE were estimated from the temperature dependent

CD curves using native and DSE temperature-dependent baselines described in Figure 2, fit to:
Bobs = (Fraction Folded) * 6(T) fo1qeq + (1 — Fraction Folded) * 6(T)psg [7]

Where O(T)obs is the measured CD signal, O(T)roided 1S the temperature-dependent CD signal of
the folded state and O(T)pse is the temperature-dependent DSE CD signal.

SAXS:

Samples of CTL9 WT and 198A-CTL9 were prepared in buffer containing 10 mM DMG and 120
mM NaCl in 100% DO, pD 5.6. Small angle x-ray scattering was performed at X9 Beamline at
Brookhaven National Lab in their National Synchrotron Light Source I (NSLS I) in Upton, NY.

D>0 was used to allow comparison to previously collected CD, FTIR, and NMR data.

Scattering data was collected for I98A-CTL9 and CTL9 WT at a concentration of 3.75 mg/mL
with an exposure time of 30 seconds. Samples were injected into a Imm capillary at a rate of
0.67 pL/s to avoid radiation damage. Each SAXS profile was collected at 14 different increments
over 5-60°C, each being measured three times and averaged prior to data analysis. Additional
data was collected at 7°C at 2.5, 3.75, and 5.0 mg/mL protein (MOPS buffer). The values of Rq
of the DSE were identical to within experimental uncertainty.

CTL9 WT provided a folded scattering profile at each temperature point, as only the folded state
is populated over the temperature range of interest, used for subtraction of the folded state signal.
The 198A-CTL9 DSE scattering profiles were obtained after subtracting the population-weighted

folded signal according to:

Liogaunfolded = (I1984 — Proided Ierpowr)/(1 — pfolded) [7]



Where I,45,4 IS the SAXS data collected for the sample of I98A-CTL9 at pD 5.6, containing both
the folded and unfolded ensembles. I.7.9 7 is the scattering profile collected for CTL9 WT at
pD 5.6, where only the folded state is populated, providing a folded scattering profile for
subtraction. pse4eq is the population of folded 1I98A-CTL9 present under these conditions.
Liogaunfolaea 1S the calculated 198A-CTL9 DSE scattering profile. The Rq of the unfolded state

was determined from this data using the Guinier approximation.

The program pyXS was used for buffer subtraction. The program PRIMUS was used to calculate

the radius of gyration (Rg) based on the scattering profiles, using the Guinier approximation:
1) = 10) - exp(~Rq5) [8]

Where 1(q) is the intensity at scattering vector q (43).

The range of g for the Guinier approximation used was 0.002-0.1.

To obtain the apparent Rq values, Rg.app, at each temperature point, Guinier analysis was
performed on 198A-CTL9. The Rq of the I98A-CTL9 DSE was also estimated using a two-state

approximation:

Ré,app = Pfolded * R;,folded + (1 - pfolded) ’ Rg,DSE [9]

Where proided and (1-proided) are the fraction populations of folded ensemble and the DSE,

respectively.
Analysis of Primary Structures

Using the publicly available software, CIDER (44), the sequences of 8 IDPs and r-RNaseA at pH
2.5 were compared to 1I98A-CTL9. The analysis is based on attributes including hydropathy, net

charge per residue (NCPR), and patterning of polar and nonpolar residues (captured by k). Each
protein is plotted on a phase diagram predicting its subclass (e.g. polyampholyte, polyelectrolyte,

globule, and swollen coil).

Results



The 198A mutation allows the direct observation of the DSE at T, as well as at low and elevated

temperatures.

The point mutant, I98A-CTL9 is an excellent system for directly studying the temperature
dependence of the dimensions of the DSE in the absence of denaturant. CTL9 stability is
strongly pH-dependent, due to three histidines that can readily undergo protonation at low pH.
To avoid potential effects from any temperature-dependence behavior of the buffer, (i.e. shifts in

pH as a function of temperature), 3,3-dimethylglutaric acid (DMG) was used.

The temperature dependence of the structure of the 198 A-CTL9 construct was monitored by CD
at 222 nm (Figure 2), as a function of pD from 5-60°C in DMG buffer. It is important to conduct
the experiments using the same buffer composition as used for the SAXS studies since this
increases the precision of the calculated values of the fraction folded as a function of

temperature.

The calculated folded and unfolded baselines, shown in Figure 2, allow the fraction folded to be
estimated at any relevant temperature and pD since the observed CD signal is the sum of the
signal from the DSE and the folded state. Assuming that equilibrium unfolding is two-state the
relative populations are easily obtained (See Methods). At pD 5.6 (uncorrected pH-meter
reading), an equal amount of the folded and unfolded ensembles is populated at 30°C, the
temperature of maximum stability (Ts). At 5°C, the folded state population is decreased to only
13%, while at the highest temperature experimentally accessible, 60°C, it is only ~12%. The
estimated fraction folded at each temperature where SAXS scattering profiles were collected are
listed in Table 1.
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Temperature Rg,app(‘&)a R, fo1dea (A Prordea (Y0)¢ R, pse (A)d Rg.DSE(A)e

°C
( 5 : 26.0+1.7 14.9+0.3 13.2 27.3+1.7 27.8+1.7
7 24.4+1.4 15.1£0.4 14.8 25.7+1.5 27.0£1.6
10 23.7x1.4 15.1+0.4 16.3 25.0+1.5 26.5£1.6
12 24.0+1.9 15.1+0.4 21.2 25.9+1.6 26.6+1.3
15 22.3+1.2 15.2+0.4 26.2 243+14 24.1£1.5
20 20.5+1.4 15.1+£0.4 36.4 23.0+0.9 22.7+1.4
25 19.7+1.6 15.1£0.3 44.9 22.8+1.0 22.8+1.8
30 18.7+1.4 14.9+0.3 50.7 21.9+0.9 21.8£1.9
35 18.6+1.2 14.8+0.4 50.9 21.9+0.8 20.04+2.1
40 19.3+1.6 15.0+0.3 46.8 22.4+1.0 22.6£1.9
45 20.0+1.5 15.0+0.3 38.0 22.5+0.9 20.7+1.8
50 19.6+1.8 14.9+0.4 28.1 21.2+1.1 21.4+1.7
55 21.4+1.8 14.8+0.3 18.0 22.6+1.2 21.9€1.7
60 20.8+1.6 15.2+0.2 12.1 21.5+0.9 21.7£2.0

Table 1. Rg values and fraction folded of 198A-CTL9, in 10 mM DMG and 120 mM Nacl,
100% D20, pD 5.6

a) Apparent Rq values obtained directly by the Guinier analysis of the observed 198A-CTL9
scattering profile. b) Rg values of wild type CTL9, used as a control for the folded state over the
temperature range used in the study. c) the population of the folded ensemble for I98A-CTL9 as
a function of temperature, estimated from the CD monitored thermal denaturation data. d) Rgq
values of the 198A-CTL9 DSE calculated by the two-state approximation. e) Rq values of the
[98A-CTL9 DSE obtained by the Guinier analysis on the DSE scattering profile after subtracting
the population weighted signal from the folded state contribution. The uncertainty represents the
linear fitting in the Guinier approximation.
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In these conditions, in the absence of denaturant or extreme pH, the low temperature and high

temperature DSE populated where AG®unfoding IS equal, can be directly observed and compared.
198A-CTL9 in denaturant has an Ry value consistent with a random coil model.

To establish a basis of comparison for the 198 A-CTL9 temperature induced DSE in the absence
of denaturant, SAXS studies in high concentrations of chemical denaturant were performed. The
Rg value of 1I98A-CTL9 populated in 6M GuHCI (Figure S1) from the Guinier analysis is
estimated to be between 29-30 A and is in good agreement with the Ry value predicted for a
random coil in good solvent, ~29 A (45). Also worth noting is the lack of any detectable

temperature dependence of the Rq value measured in the presence of denaturant (Figure S1).
The Ry of the 198A-CTL9 DSE shows different trends during heating vs during cooling.

Having established 198 A-CTL9 is highly unfolded in the presence of chemical denaturants and
that the Rq does not vary with temperature under these conditions, we next examined the
properties of the DSE under more native-like conditions as a function of temperature. To monitor
the overall dimensions of the DSE, we collected SAXS data as a function of temperature and

extracted Rqvalues.

Because the samples contain both folded and unfolded molecules, the observed scattering
profiles include contributions from both states. Two procedures were adopted to deconvolve the
DSE signal as described below, however a clear trend in the apparent Rq obtained from directly
fitting the temperature-dependent experimental data was seen even without deconvolving folded
state contributions. Despite the folded population being very similar at 5° and 60°C, the observed
Rg.app IS significantly smaller at the highest recorded temperature as compared to the lowest
temperature. Furthermore, no significant change in Rgapp iS Seen as temperature is increased
above 20°C (Figure 3).

These observations indicate that the dimensions of the cold and thermally unfolded states must
be different. Control experiments were performed to analyze the dependence of the derived Ry
values to variations in pD, by conducting additional experiments 0.6 pD units above and below
the pD of the sample used for the experiments (Table S1, Figure S2). Any uncertainty in the pD
of the protein samples is much less than this range. Lowering the pD by 0.6 units had no effect

upon the derived values of Rg,and increasing the pD by 0.6 units leads to a variation in the
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calculated Rg of the DSE of between 7 and 13%. The analysis indicates that the temperature

dependence of the measured Ry values are not due to variations in pD.

Estimates of the Rq values of 198A-CTL9 DSE, Ry pse, were first obtained by subtracting the
population weighted folded state signal of CTL9 WT over the range of 5-60°C, from the
observed scattering profile of 1I98A-CTL9 (Equation 7). Wild type CTL9 was used to directly
measure Rq of the folded state at each temperature, and it remains fully folded over this
temperature range, with its Rg values varying by less than 3%. The difference scattering profiles
were analyzed using the Guinier analysis. For the second approach, Guinier analysis was
performed directly on 198A-CTL9 scattering data to obtain apparent Rq values, Rg,app, at each
temperature point. The value of Ry pse was then estimated using a two-state approximation by
including the weight of the known folded population (Equation 9). The fraction folded of 198A-
CTL9 at each temperature point is listed in Table 1 and plotted as a function of temperature in
Figure 4. Guinier plots of the CTL9 WT control, and of the observed scattering profile before
subtracting the folded contribution, as well as after subtraction are shown in Figure S3.

The Rg,pse of 198A-CTL9 at the Ts (30°C) is 22A, a 45% increase compared to the CTL9 WT
folded state control of ~15A. A continuous increase in Rgpse is observed as the temperature
decreases from 30° to 5°C. The Rq of the cold unfolded state is ~28 A at 5°C, representing an
87% increase over the native state value. The values of Rq from 30°C to 60°C are scattered
between 20.2 + 2.1 A and 21.9 + 1.7 A, and in contrast to the cold unfolded data, exhibit no clear
trend. The absence of any clear expansion or compaction of the Rq,pse above Ts is in agreement
with the trend noticed by simply plotting Rq.app as a function of temperature. It is interesting to
note that the simple two-state system approximation applied to the I98A-CTL9 scattering
profiles gives calculated Rgpse values that are in strong agreement with the analysis using the
subtraction of the population-weighted signal, providing additional confidence in the analysis.
The temperature dependence of the apparent Rq and calculated Rq of the DSE indicates that the
cold and high temperature unfolded states of 198A-CTL9 behave markedly differently.

There are only modest differences in the overall a-helical content in the DSE of 198A-CTL9
at low and high temperature.

Far-UV CD spectra were recorded as a function of temperature for I98A-CTL9 to compare the

cold and heat-induced DSE (Figure S2). CD data for wild type CTL9 was recorded to provide a
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folded baseline spectrum. The folded spectrum of CTL9 WT can be combined with the estimate
population of the folded state of I98A-CTL9 to calculate the expected CD signal of 198A-CTL9
DSE using equation 3. The fractional folded population is calculated to be ~13% and ~12% at
5°C and 60°C, respectively. These temperatures allow for comparison of cold and heat unfolded
states where the fraction folded is similar. The a-helical content of the cold denatured state is
estimated to be low, 11% at 5°C, and the helical content, of the heat-denatured DSE is calculated
to be 3%, at 60°C (Table S2, Figure S4). Given the uncertainty inherent in deconvolving CD
spectra or in the analysis of ©222 in terms of helical content particularly when difference spectra
are required, we believe it is not possible to interpret any apparent differences. However, it is
clear that the helical content is modest at best and any small differences are very unlikely to

account for the differences in Rq values.
Discussion:

The temperature dependent studies reported here confirm the expansion of the 1I98A-CLT9 DSE
at low temperature but provide considerably more data and also monitor the thermally unfolded
state. The clear expansion of the cold DSE is in contrast with the lack of significant variation of
the thermally unfolded state dimensions. This lack of significant variation in the value of Ry of
the DSE of 198A-CTL9 at higher temperatures presumably reflects competing contributions from
conformational entropy (-TASconfor), the temperature dependence of the hydrophobic effect, the
increased thermal energy at higher temperature, and the temperature dependence of the solvation
free energy (46). Some unfolded protein chains have been reported to be more compact at higher
temperatures relative to their behavior near room temperature, a result which is different from
that expected for a polymer chain with temperature-independent monomer-monomer interactions
(20, 46, 47). Wuttke reported a SmFRET study in which temperature-induced collapse was seen
for five IDPs, despite the proteins having varying amounts of hydrophilicity, hydrophobicity, and
net charge (46). Wuttke et al. also examined the unfolded state Ry of a non-IDP, monomeric A-
repressor. The sequence properties of their A-repressor construct are closest to those of 198A-
CTL9 in terms of the fraction of positively charged and negatively charged residues (Figure 1).
Comparison of the temperature-dependent Rq values derived from the FRET studies of the A-
repressor construct and these directly measured for 198 A-CTL9 via SAXS shows remarkably
similar behavior (Figure 5). Moreover, similar trends were observed for Yhfl and CspTm (as
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measured by smFRET), both of which exist in a folded-unfolded equilibrium and have broadly
similar sequence properties to 198A-CTL9. All four proteins exhibit a clear expansion as the
temperature is lowered below Ts, and show no significant change in Rq at higher temperatures.
The low temperature behavior of these four proteins suggests that expansion at temperatures
below Ts could be a general phenomenon and further highlights that cold and heat denatured
states are not equivalent. In contrast, the bona fide IDPs studied by Wuttke et al. show a
continuous contraction at high temperatures, and in general have a higher fraction of charged
residues. This is consistent with the proposal that different trends in the temperature-dependent
solvation free energies of hydrophobic vs polar groups plays an important role in the
temperature-dependence of the unfolded state dimensions (46). However, it is worth noting that
the N-terminal domain of HIV Integrase (IN) has general sequence features more similar to
198A-CTL9 than Yhf1, but in contrast to I98A-CTL9 undergoes continuous contraction at higher
temperatures (46). Unlike Yhfl and 198A-CTL9, IN does not undergo appreciable folding across
the temperature range studied in the absence of zinc. With this in mind, the determinants of the
temperature dependence may also depend on the formation of transient structure in the unfolded
state, although additional work will be required to understand this relationship.

Using the approach of Das and Pappu, the sequence analysis of I98A-CTL9, 8 IDPs and r-
RNaseA (proteins for which temperature dependent studies of the unfolded state dimensions
have been reported) reveal that 1I98 A-CTL9 is not an outlier in terms of sequence properties
(Figure 6, Table S3), and falls within the same region of the plot as several of the IDPs. This
indicates that these properties alone do not predict the temperature dependence of Rg and
additional information is required. It is important to note that the analysis was developed based
on sequence properties at 25°C, and was not explicitly designed to predict the temperature-
dependent behavior. The data presented here should provide a useful test case for the
development of methods to analyze temperature-dependent changes in the DSE and in IDPs and
is useful as a benchmark for molecular dynamics (MD) simulations of unfolded states and IDPs
(29, 48).

Recent efforts have shown that existing MD protocols predict unfolded states that are more
compact than is experimentally observed. One contribution to this issue is believed to result from

the strength of water-water versus water-protein interactions (49). The temperature dependence

15



of Rq of the unfolded state provides a more rigorous test of refinements in these methods than

does the ability to reproduce Ry at just a single temperature.
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Figure Captions
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Figure 1. Schematic of 198A-CTL9

A) Ribbon diagram of 198 A-CTL9 with 198 shown in black in stick format. Figure is constructed
from PDB ID: 1DIV. B) Primary sequence of 198 A-CTL9 (residues 58-149 of L9) with
schematic diagram of secondary structural elements where arrows represent 3-strands and bars
represent a-helices. The location of the 198 A mutation is shown in red in the primary sequence.
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Figure 2. pH and temperature dependent unfolding studies reveal cold and thermally
induced unfolding transitions

(A) CD monitored unfolding curves of 1I98A-CTL9 as a function of temperature at different pD
values (uncorrected pH reading), in 10 mM DMG and 120 mM NacCl, 100% D0. The estimated
folded (green) and unfolded (pink) baselines are shown. The folded baseline was determined by
an extrapolation of the pre-unfolding transition of the thermal denaturation curve at pD 8.0. The
unfolded baseline was determined by a quadratic fit to the pD 4.0 data. The fraction folded at any
given temperature and pD value can be estimated from these plots. (B) Plots of fraction folded as
a function of temperature at different pD values.
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Figure 3. Apparent Rq of 198A-CTLJ9 as a function of temperature

Apparent Rq values at different temperatures from SAXS studies of 1I98A-CTL9 in 10 mM DMG
and 120 mM NacCl, 100% D0. Ry app Values were calculated from a Guinier analysis of the
observed 198A-CTL9 SAXS data. The error bars represent the linear fitting in the Guinier
approximation.
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Figure 4. The Rq of 198A-CTL9 DSE plotted as a function of temperature

(A) The Rgpse of I98A-CTL9 as a function of temperature, in 10 mM DMG and 120 mM NacCl,
100% D-0 calculated by equation 7. Error bars were determined from the linear fitting in the
Guinier analysis. (B) A plot of the fraction of folded 198A-CTL9 over the same range of
temperature used for the SAXS experiments.
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Figure 5. Comparison of the temperature-dependent Rq values of the DSE of 198A-CTL9
(red circles) monomeric A-repressor (blue diamonds), CspTm (green squares) and Yhfl
(yellow triangles). The vertical axis is the radius of gyration of the unfolded state, calculated
from SAXS data (I98A-CTL9 in red circles), or extrapolated from smFRET data (A-repressor in
blue diamonds, CspTm in green squares, and Yfh1l in yellow triangles) 198 A-CTL9 data were
taken from column d in table 1. The SmMFRET data were extracted from references 19,20, and 44
in the main text. Although the magnitude of the radii of gyration vary from protein to protein, the
trends observed are highly similar. In all four cases, these proteins coexist in a folded-unfolded
equilibrium over at least part of the temperature range examined. The reduced extent of
expansion at low temperature for CsptTm may reflect the fact that these experiments were done
under 0.49 M GdmcCl, while all others were done under native buffer conditions.
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Figure 6. Diagram of states generated by CIDER. A comparison of 10 proteins are plotted
with respect to various sequence attributes using the analysis developed by Das and Pappu (44).
The x-axis represents fraction of positively charged residues (F+) and the y-axis is the fraction of
negatively charged residues (F-). Light green refers to weak polyampholytes and polyelectrolytes
(sequences with a low fraction of charged residues). Medium green refers to the sequences with
an intermediate fraction of charged residues. Dark green refers to strong polyampholytes. Red
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and blue refer to negatively and positively charged strong polyelectrolytes, both of which are
expected to behave as swollen coils.
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pD Folded % R, .pp(A)? R, pse (A)° R, pse (A)

5.0 3.0 25.5%1.9 24.0t1.6 25.8%1.2
5.6 12.1 25.0£2.1 23.4%1.9 26.1+1.3
6.2 342 21.7x1.8 21.7%2.1 22.8%1.4

Table S1. The pD-dependence of the Rq values of 198A-CTL9 DSE at 60°C, in 10 mM DMG
and 120 mM NacCl, 100% D20

a) Apparent Rq values obtained directly by the Guinier analysis from the observed 198A-CTL9
scattering profile. b) Rg values of the 198 A-CTL9 DSE obtained by Guinier analysis of the DSE
scattering profile after subtracting the signal from the weighted folded state contribution. c) Rq
values of the 198A-CTL9 DSE calculated by the equation describing a two-component system.
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Temperature (°C) Prolded” Helix (%)

5 13.2 11
15 26.2 9
50 28.1 7
60 12.1 3

Table S2. Calculated helical fraction of 1I98A-CTL9
Helical fraction estimated for the 1I98A-CTL9 DSE using the mean residue ellipticity monitored

at 222 nm by CD, in 10 mM DMG and 120 mM NacCl, 100% D0, pD 5.6
a) Fraction folded ensemble at given temperature. b) Estimated by equation 3, using [€].

calculated by equation 5.
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Protein Kappa Hydropathy NCPR

rRNascA 0.140 3.84 0.032
Ythl 0.224 4.07 -0.122
A-Repressor 0.178 4.25 0.012
CspM34 0.193 4.11 -0.029
IN 0.107 3.97 -0.067
ACTR 0.149 3.83 -0.113
hNHE lcdt 0.266 3.68 -0.099
ProTaN 0.399 2.60 -0.384
ProTaC 0.416 2.87 -0.326
[98A CTL9 0.117 4.13 0.043

Table S3. Sequence analysis of unfolded proteins and IDPs

Comparison of 198A-CTL9 to seven other unfolded proteins or IDPs. The sequence of each
protein was analyzed to determine various sequence attributes including hydropathy, net charge
per residue (NCPR), and patterning of oppositely charged residues (kappa) using the publicly
available CIDER software (44).
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Figure S1. Guinier analysis of I98A-CTLJ9 in the presence of denaturant

Guinier analysis of 198A-CTL9 SAXS data collected in 6M GdnHCI, pD 5.6, at (A) 55°C, (B)
30°C, (C) 5°C. The Rg values obtained from the analysis agree with the Rq value expected for a
random coil model. The buffer consists of 10 mM DMG and 120 mM NacCl.
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Figure S2. Scattering profiles of 1I98A-CTL9 at 60°C

Data were collected at three pD values: 5.0, 5.6, and 6.2. The buffer consists of 10 mM DMG
and 120 mM NaCl, in 100% D20.
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Figure S3. Temperature dependent analysis of the DSE of 198A-CTL9 by SAXS.

Guinier plots of (A) wild type CTL9 control scattering data, (B) the I98A-CTL9 observed
scattering profile before subtracting the folded contribution, and (C) the 198A-CTL9 DSE SAXS
scattering profile from 5 to 60°C, in 10 mM DMG and 120 mM NacCl, 100% D0 at pD 5.6
obtained after subtracting the contribution of the folded state. The curves are offset for clarity.
Note the different x-axis for the wild type protein.
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Figure S4. CD spectra at different temperatures

The CD spectra of 198A-CTL9 (red), and wild type CTL9 (black) in 10 mM DMG and 120 mM
NaCl, 100% D-0O at pD 5.6 (uncorrected pH-meter reading). The CD spectrum of the DSE of
198A-CTL9 in buffer (green) was calculated by subtracting the population-weighted CD signal
of the folded state (using the CD spectrum of CTL9 WT as the folded spectrum). The CD
spectrum of 198A-CTL9 in 8M urea (blue) is shown for comparison. A) 5°C; B) 15°C; C) 25°C,

D) 60°C.
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