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ABSTRACT

The voltage-driven passage of biological polymers through nanoscale pores is an analytically,
technologically, and biologically relevant process. Despite various studies on homopolymer
translocation there are still several open questions on the fundamental aspects of the pore
transport. One of the most important unresolved issues revolves around the passage of
biopolymers which vary in charge and volume along their sequence. Here we exploit an
experimentally tunable system to disentangle and quantify electrostatic and steric factors. This
new, fundamental framework facilitates the understanding of how complex biopolymers are
transported through confined space and indicates how biopolymer translocation can be slowed

down to enable future sensing methods.

1

SYNOPSIS: The voltage-driven translocation of complex biopolymers through a protein
nanopore is biophysically modeled to disentangle and quantify electrostatic and steric factors

which can oppose electrophoretic movement.
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INTRODUCTION

The transport of biopolymers through nanoscale channels is of relevance in nanopore analytics,

nanofiltration,' and biology. In nanopore analytics, single molecules are detected via the

passage-induced changes in ionic current.*” The approach can be implemented with protein® *'°

10-16

and solid-state nanopores and has gained popularity'’ due to its simplicity, the wide range of

2, 13, 18-20

accessible analytes, and the prospect of DNA sequencing” ™ based on nucleic acid

sensing.”*?’” The translocation of protein and DNA strands through protein channels is also a

biologically relevant process in pathogenic bacteria and human cells.

Reflecting the technological applications, a fundamental understanding of nanoscale transport
including a biophysical model is key. Detailed insight has been gained from studies on pores of
known molecular structure and the electrophoretically-driven movement of individual DNA and

RNA strands. ' 2" 2 2830 Geveral biophysical parameters have been determined such as

-34 35-39

threading frequency,’'>* orientation of strands, velocity of DNA transport,”® influence of

pore geometry,41 and interactions with the pore wall.*” In addition to nucleic acids, translocation

42-45 46-48

has also been investigated for peptides, proteins, and peptide-oligonucleotide
conjugates,49 which, unlike nucleic acid strands, frequently feature inhomogeneous charge

distributions and vary considerably in diameter along the polymer sequence.

Here, we ask the fundamental question of how charge and steric factors of biopolymers

influence their transport through nanopores. The relevance of this topic is highlighted by the

24, 26, 27

increasing role of polypeptides™ and DNA strands with point mutations in electrical
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sensing and, in more general terms, the need to develop a generic biophysical model applicable
to many different molecules and pores. Current models for homogeneously charged DNA strands
do not account for biopolymers where charge and size vary along the sequence. In this study we
address this shortcoming by using an interdisciplinary approach comprising chemically defined
biopolymers, nanopore recordings, biophysical modeling, and computational molecular
simulations. By examining the translocation of biopolymers as a function of tunable diameter,
length and charge, as well as applied potential, we generate a biophysical model able to
disentangle and quantify steric and electrostatic factors in pore translocation, something hitherto

not achieved.

ACS Paragon Plus Environment

Page 4 of 29



Page 5 of 29

©CoO~NOUTA,WNPE

Nano Letters

RESULTS AND DISCUSSION

Defining the components of the experimental system. We determined the influence of
charge and size in the voltage-driven biopolymer translocation using the o-hemolysin (aHL)
pore. This natural membrane protein is of known structure (Figure 1A)°" and a widely accepted
reference standard in nanopore studies. With regard to biopolymer translocation, the structurally
most important part of aHL channel (Figure 1A, yellow) is its 1.3 nm-wide inner constriction
(Figure 1A, green). The narrow bottleneck limits the passage to single stranded DNA (ssDNA)
molecules and is the site where the majority of an applied electric field drops off.”” ** > The
electric field is the electrophoretic driving force which moves a negatively charged ssDNA
molecule (Figure 1A, red) from e.g. the cis to the positive pole on the trans side of the pore.
Given the key role of the inner constriction, we surmised that a non-homogeneous ssDNA
molecule with a wide central segment of tunable charge and length (Figure 1A, blue) would help
elucidate the influence of sterics and electrostatics in pore translocation. In particular, one could
foresee that a strand with a central wide segment of positive charge would be slowed down in the

inner constriction due to the steric bulk and the lack of electrophoretic force (Figure 1A, arrows).

In order to disentangle these two factors, we synthesized DNA molecules with a wide segment,
tunable length and charge as shown schematically in Figure 1B. A common DNA
oligonucleotide of 27 nt carries a positively charged oligoarginine tag of three, five or seven
residues covalently attached at an internal base position (R3-DNA, Rs-DNA, R;-DNA; Figure
1B, blue) or a negatively charged hexa-aspartate tag (Ds-DNA; Figure 1B, magenta). The

attachment is mediated by a linker (Figure 1B, black); the detailed chemical structure of DNA-
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peptide conjugates is shown in Figure 1C. The strategy for the chemical synthesis of the
conjugates® and evidence for their successful chemical preparation is provided in Supporting

Information, Figures S-1, S-2, S-3 and Table S-1.
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Figure 1. Bio-chemical components for examining pore translocation. (A) The aHL protein pore
features a channel (yellow) with the inner constriction (green).”’ A DNA strand (red) with an
attached peptide (blue) encounters steric hindrance upon translocation through the constriction.
(B) Four DNA oligonucleotides R3;-DNA, Rs-DNA, R7-DNA, and D¢-DNA carry an
oligoarginine tag (blue) of varying length or a hexa-aspartate tag (purple) attached to an internal
base position. (C) Chemical structures of the oligoarginine and hexa-aspartate tags, linker, and
DNA oligonucleotide. (D) Snap-shots of energetically equilibrated computer simulation of the
R7-DNA conjugate threaded inside the narrow inner constriction represented by the green-

colored stripes (residues 112, 113, 146 and 147). (E) Summary table showing how steric and
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electrostatic factors support or oppose the translocation of peptide-tagged DNA strands through

oHL.

We determined the width, length and net charge of the central segment of the conjugate

threaded inside oHL using molecular models and simulations™* >

as detailed experimental data
are not available. The molecular model of the aHL pore was based on its X-ray coordinates
whereas the DNA oligonucleotide and the Rs-peptide were assembled in silicio based on the
known monomer dimensions and molecular modeling software. In the computational
simulations, the R7-DNA conjugate was threaded into the narrow inner constriction of the pore
via constant velocity-steered molecular dynamics simulations followed by equilibration for 4 ns
to obtain an energetically representative structure (Supporting Information, Figure S-4). As
illustrated by the close-up view of R;-DNA (Figure 1D), the parallel aligned and slightly coiled
peptide strand is intertwined with DNA. Together, the biopolymers have an average diameter of

5657 _ but feature a smaller value of 1.39 nm at

1.63 nm — in agreement with experimental studies
the inner constriction (measured from the hard-sphere surfaces) (Supporting Information, Figure
S-5). This thickness is very close to the maximum width of 1.35 nm of the inner constriction
which has a corrugated surface at the measured residue position 113. Furthermore, the R;-
peptide within the constriction has a pitch of 0.29 nm (C,-C,) which is lower than the value of

0.52 nm for the elongated DNA (C3'- C3’). The mismatch implies that the R,-DNA segment has

a positive charge of 0.8 per DNA residue.

Based on its width and positive charge, the central segment of the R,-conjugates was expected

to slow down electrophoresis-driven translocation (Figure 1E). Conjugate Dg-DNA served as a

control due to its negative net charge yet similar diameter (Figure 1E).
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The translocation of R3-DNA, Rs-DNA, R;-DNA, and Dg-DNA through aHL. The pore-
passage of peptide-modified DNA oligonucleotides was characterized using single-channel
current recordings. Under standard electrolyte conditions™ *>*’ at 100 mV, the blank aHL pore
exhibited a conductance of 1930 + 190 pS (n = 4, number of independent recordings), in line
with literature.* > Addition of the peptide-tagged strands R3-DNA, Rs-DNA, and R;-DNA to
the cis side gave rise to high-amplitude current blockades (Figure 2A-C, respectively). The
blockades most likely arise when individual net negatively charged DNA molecules are
electrophoretically driven through the inner constriction towards the positively polarized trans
side. For quantitative analysis, we only considered type I events (Figure 2A) which start with the
high-blockage state and likely represent a conjugate where DNA and peptide are aligned in
parallel (Figure 2A) with DNA threaded first into the pore. The other type II events had a
preceding mid-blockade level (Figure 2A) which probably stems from misfolded strands that
reside in the internal cavity’> but eventually thread into the inner constriction to generate an
almost complete blockade.>* *  Similarly, D&-DNA blockades (Figure 2D) also showed two
types of events, and the noisier mid-blockade of type II events can be explained in a related

fashion as for the arginine-bioconjugates.*
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33 Figure 2. Representative single-channel current traces of a-HL with strands (A) R3-DNA, (B)

36 Rs-DNA, (C) R7-DNA, and (D) D¢-DNA recorded at a transmembrane potential of +100 mV and
38 in 2 M KCl, 20 mM Tris, pH 8.0. The current traces were acquired in the variable-length mode
of Clampex where intermittent stretches of the open-channel current are omitted. A small and
43 short current blockades in panel C (indicated by an asterisk) likely stem from a non-modified
45 DNA strand. Impurities of DNA oligonucleotides without a peptide tag were very rare in the R5-

DNA traces as 98% of all events were of long duration and high-amplitude.

53 The amplitude of the blockades, A, (Figure 2B), obtained by all-point histogram analysis,
55 were: R3-DNA: 98.2 £ 0.5 %; Rs-DNA, 98.7 + 0.5 %; R7-DNA, 99.3 = 0.4 %; and Dg-DNA, 97.4

58 + 1.43 % of the open channel current (Figure 2). The amplitudes are high compared to non-
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modified DNA oligonucleotides (91.7%),* suggesting that the peptide tag almost completely
blocks the inner pore by steric and/or electrostatic factors. The peptide tags also affected the
translocation duration, z.¢, (Figure 2B). Its characteristic average, r*, was obtained as described
in the Methods section (Supporting Information) using on average 2500 events per condition

(Supporting Information, Table S-2) and fitting to the Becquerel decay function® !

(Supporting
Information; Figure S-6). The characteristic duration for R3-DNA, Rs-DNA and R;-DNA events
was 2.4 + 0.3 ms, 109 + 1.2 ms and 19.1 £ 7.8 ms, respectively (Figure 2A-2C). The
dependence of translocation time on Arg-tag length is also visualized in Figure 3A at another
voltage. By comparison, the translocation time for Dg-DNA was 2.0 £ 0.2 ms (Figure 2D). The

durations for all of the noted peptide-modified DNA strands are one to two orders of magnitude

larger than the value of 0.12 ms for non-modified DNA of similar length.*’

Several qualitative interpretations can be drawn from the observations. Firstly, the correlation
between R,-DNA event duration and peptide length strongly supports the notion that the tags
fully translocate through the pore. Secondly, the dramatic slowing down of the R,-DNA
compared to non-modified DNA implies the influence of electrostatic factors. In a molecular
representation, a net positively charged R,-DNA segment moving into the constriction where the
electric field drops off will experience a weaker or even reversed electrostatic force. The
presence of electrostatic factors is also supported when the Rs-DNA duration is compared to Dg-
DNA data. The translocation caused by the positively charged Rs tag is an order of magnitude
slower than for the negatively charged Dg tag, even though both peptide tags have approximately

the same size and volume.
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a1 Figure 3. Quantitative analysis of pore translocation for DNA-peptide conjugates. Plots show
43 experimental data points and fits for 7*, the dominant characteristic time scales of the Becquerel
decay function. Characteristic time scales for translocation of (A) R3-DNA (green triangles), Rs-
48 DNA (blue circles), and R7-DNA (red squares), as a function of applied potential, (B) for the R,-
50 tag as a function of arginine tag length at 140 mV, and (C) for Dg-DNA as a function of applied
voltage. Error bars are calculated as the average standard deviation in 7* obtained from three or
55 more independent experiments at each voltage with the exception of data points for Rs-DNA at

57 120 and 180 mV with two recordings but with an above-average total number of 2598 and 3145
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events, respectively. The fits are derived from the biophysical model and provide the parameters
of q = 0.31e, q» = -0.013¢, k; = 1387 s, kg = 10° s™' for data in panels A and B, and q, = 0.48

for data in panel C.

However, thirdly, the slowing down of conjugates is also partly caused by steric hindrance
when the wide DNA-peptide segment passes through the narrow inner constriction. The role of
this steric factor is evident as the negatively charged and hence electrophoretically attracted De-
DNA with a wider central segment is one order of magnitude slower than the non-modified DNA
strand.

In order to better discriminate electrostatic and steric factors, we increased the data set by
measuring the translocation of all four peptide-DNA conjugates as a function of voltage as
illustrated for the R,-DNA strands (Figures 3B) and D¢-DNA (Figure 3C). Almost all data points
were obtained by averaging a total of 2500 events from three independent recordings
(Supporting Information, Table S-2; legend to Figure 3). The quality of data for R;-DNA and R5-
DNA was high as indicated by the small error bars (Figure 3B). For some Rs-DNA data points
(Figure 3B, 120 to 180 mV) the errors are lager even though the number of events was very high
and ranged between 2500 and 3100 events, implying that obtaining event durations can be
associated with a larger data spread, as observed by others.® Irrespectively, two major trends are
apparent. Firstly, longer arginine tag lengths lead to longer translocation times at all voltages
(Figure 3B), thereby confirming and extending the previously mentioned observations at an
isolated voltage (Figure 3A). Furthermore, the event durations decrease with increasing
magnitude of the potential. This is the case for Rs-DNA and R;-DNA (Figure 3B) as well for De¢-
DNA (Figure 3C). While the first trend on tag length suggests the influence of sterics and

potentially electrostatic forces, the second trend is most probably due to faster electrophoresis at

ACS Paragon Plus Environment
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higher voltages. To better discriminate electrostatic and steric factors we developed a biophysical

model whose good fit to the data serves to validate it.

Quantitative analysis using a biophysical model helps define the role of sterics and
electrostatics. A biophysical model was developed to describe 7 as a function of V and
arginine/aspartate tag lengths. The model is based on a previously developed approach® and now
considers the electrostatic and steric effects of modified ssDNA translocating the internal
constriction of the aHL pore (Figure 4). In the model, the DNA-peptide conjugate is divided into
a central, chemically modified and two non-modified flanking regions which differ with regard
to effective charge and steric-dependent speed of translocation (Figure 4A). The force for
translocation is the applied potential which drops off at the narrow inner constriction (Figure
4B). In order to obtain expected translocation times, our model calculates the free energy of
translocation and the associated hopping rates for a DNA strand which is considered to slide
forward and backward for each nucleotide, depending on steric and electrostatic factors (Figure

4C).
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Figure 4. Scheme illustrating our biophysical model. (A) The charge sequence and steric
features of the peptide-modified DNA strand are defined. (B) The strand translocation is
analyzed for the aHL pore which has an inner constriction that is 4 nucleotides in length and 1.3
nm in diameter. The voltage drop is given as a function of DNA position, m, which measures
how many nucleotides have entered the pore. (C) After deriving the free energy change for the
translocation as a function of m, the hopping rates are calculated for the peptide-modified region
(k;) and the unmodified region (ko) of the DNA to account for the steric factors caused by an
increase in diameter. By combining both voltage and diffusion based translocation, the predicted

event duration for a specific DNA strand is calculated.

Each nucleotide segment of the DNA oligomer is characterized by a net charge, Q, and a basal
hopping rate, k (Figure 4A). In the unmodified region, the charge Q1 is written as the product of

the electron charge (e) and the partial charge constant q;. The unmodified basal hopping rate, ko,
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is known from previous experiments, and describes the passage of ssDNA through the aHL pore.
The charge in the chemically modified region of the nucleotide, Q2, is the product of e and the
constant q; which accounts for the combined contributions from the ssDNA and modification.
Due to the effective enlargement of the molecule diameter, the modified basal hopping rate, k;,

will be smaller than k.

As charge q and rate k depend on the nucleotide position of the DNA-conjugate, functions
q(m) and k(m) are defined in Eq. 3 and 4, where parameter m defines how many nucleotides

have entered the pore.

ql xe m< 18
q(m)z{qZ *e 18<m< (17+R) 3)
qlxe m> (17 + R)

k0 m <18
k(m)= {kl 18<m < (17 +R) (4)
kKO m>(17+R)

A value of m = 1 means that one nucleotide is located in the pore while the rest of the sSDNA
has yet to enter. m takes values from 1 to 27, and the chemical peptide modification is set to
begin at base 18 of the DNA molecule (Figure 4B). This is different to the actual covalent
attachment point at nucleotide 14 but accounts for the charge-neutral and thin aliphatic linker
chain. Moving the ssDNA within the aHL pore is associated with a free energy of translocation,
F(m) (Figure 4C). The free energy is assumed to contain only one term® caused by the

interaction with the applied potential. As a consequence of the small diameter of aHL’s inner
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constriction, the potential is assumed to drop linearly and completely over this region (Figure
4B). F(m) is calculated by summing up the energy contribution of each nucleotide segment for

each position, m, as the ssDNA translocates the pore (Figure 4C). The result is given by

YV *qm = D) m<L
Fm)={ V*«X™ gD +Ti3vD)*qm—1) L<m<27 (5)
V32t qD) + Zish—27 V(D * q(m = 1) m = 27

where L is the maximum number of nucleotides that can be contained within the inner
constriction; a value of L =4 is used. The position-dependent hopping rates, k(m), represent the
likelihood that the ssDNA will shift in the forward (+) or backward (-) direction (Figure 4C). An

expression for the hopping rates is given by

k+ — k(m) * e—a*A(m+1)
k. = k(m) % e(l—a)*A(m+1)

(6)
and depends on A(m) that gives the difference in energy between two consecutive states and is

defined by

F(m)—-F(m-1)
kpxt

A(m) = (7)

The variable a represents any possible asymmetry present in the physical transition point

between two successive values of m. Previous experiments have shown that a ~ .6 for ssDNA
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translocating aHL in the 5’ to 3’ direction.** Using the hopping rates, the total theoretical

translocation times <t> can be calculated using

©CoO~NOUTA,WNPE

_ VvN-1v! Wtrans(@) L k—(j)_ 1 m—1yl Werans(i) L k-(J)
11 <t> (m) = Zl:l i=1 K+ (D) l_[]=1+1 ke () Werans(m) Zl:l i=1 k4 (D) H]=l+1 ky()) (8)

16 where the function wy,ns(m) which represents the probability of exiting the trans side is given
18 by

— k—(j
21 RO iond | L

_ 6))
22 Wirans (m) - N—11ql k—(}) (9)
2=y iy

Combining Eq. 3 — 7 and the known value ko~ 10° s™,** Eq. 8 can be expressed as a function
30 solely of q1, q2, ki, and the voltage. This function can now be fitted to the entire data set covering
32 the voltage range from 100 mV to 180 mV and the arginine tag length of 3, 5 and 7. As
illustrated in Figure 3B and an overall correlation coefficient, Rz, of 0.98, the fit achieves an
37 excellent match to data of the R;-DNA and Rs-DNA set, and a good match for R3-DNA. Possible
39 reasons for lower fit quality at low voltages for R3 are discussed in the Conclusions. All fits were
42 obtained using the following parameter values: q; = 0.31, q, = -0.013, and k; = 1387 s™' (Table
44 1). The value for q; is in very good agreement with previously published values which range
from 0.1 to 0.4.*° The variable qz is of opposite charge, in line with a net positively charged
49 DNA-arginine segment predicted from the computational simulations. Finally, k; is several
51 orders of magnitude lower than ko (10° s™), realistically implying that the modified region faces

significantly larger steric hindrance when compared to the unmodified parts of the DNA strand.
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The model was tested for the translocation of De-DNA. This peptide tag is similar in size to
arginine but of opposite charge. It was therefore expected that the fit to the data generates a q;
larger than q; because the former includes the negative charges of the D¢ peptide and nucleic acid
while the latter is only for the DNA strand. Indeed, the best fit to the data (Figure 3C) resulted in

a value of 0.48 for q, (Table 1), matching our expectation.

Further analysis shows that the biophysical model strongly supports the dual role of steric and
charge in the determining the translocation time. Good fits of the model to the data are obtained
only when both factors are considered; ignoring either one results in inadequate fits. For
example, DNA-Args at 160 mV has an experimental translocation time of ~ 8 ms which is
matched by a fit when both steric and charge are considered. If the steric effects of the
modification are ignored (i.e. k; is the same as ky), the best fit results in an inadequate
translocation time of 0.2 ms. Similarly, accounting for the increased diameter caused by the
peptide, but setting a homogeneous charge over the entire molecule to q;, the predicted value is
too low with a value of 1.5 ms. When both effects are entirely eliminated, a value of 0.1 ms is
obtained which satisfactorily matches the translocation speeds of unmodified ssDNA through

oHL. %

CONCLUSIONS

In this manuscript, we have examined how a non-homogenous charge distribution influences

the electrophoretic transport of linear biopolymers through a nanopore. Using chemically tunable

DNA and peptide strands, computational simulations, and single-molecule analysis of the
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reference pore a-hemolysin, we have developed a powerful biophysical model which is able to
disentangle electrostatic and steric factors. The model provides excellent to very good fits even
though several simplifying assumptions were made. (i) The voltage was assumed to drop off
linearly over the inner constriction of the aHL pore even though in reality the potential profile is

likely to be more complicated.*" >

(i1) Only the steric interactions between the pore and the
translocating molecule were taken into account, while other factors such as electrostatic
influence of local charges at the pore walls were neglected. This simplified approach may be
valid for large voltages but as the potential decreases, the electrostatic pore-DNA interactions
could become more prominent. Indeed, the lower fit quality for the R3-DNA at lower voltages
could be accounted for by such factors. The mismatch between fit and data occurs for the R; but
not the longer peptides likely because pure electrophoresis and sterics become less important for
short tags thereby increasing the relative influence of pore interactions. (iii) Finally, our model
does not explicitly consider the effects of electro-osmotic flow (EOF) which has previously been

shown to be important in determining DNA translocation kinetics.”® ®> ¢

However, it is unlikely
that EOF plays a major role in our experiments because the average flux of the ions inside the

pore blocked by the peptide-DNA conjugate is very low.

Within these boundaries, our model has advanced the field of nanopore research and
established that it is possible to separate and quantify how inhomogeneous charge and sterics
along the primary sequence affect biopolymer translocation. We are confident that a refined
model can be expanded and fine-tuned to biophysically analyze and aid the sensing of DNA
strands with single point mutations and also of polypeptide strands which differ in size and

charge at every residue position. This is an important task as the examination of proteins and
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possible future sequencing of polypeptides has received a major boost.®” ¢

In order to adapt the
biophysical model to polypeptides, the basal hopping rate would have to be varied along the
sequence (currently it is a constant), and the free energy would have to include more terms such
as the pore-biopolymer interactions. The varied hopping rate could be obtained following
previous studies by extrapolating the translocation speed to zero voltage.** If done for homo-
polymers, the corresponding diffusion coefficient could then be assembled to model to hetero-
polymers under voltage following Boltzmann statistics. Similarly, the inclusion of pore-
biopolymer interactions into an expanded model can benefit from previous work in this area.®* ®
We note that our results on the charge-induced slowing down of DNA strands may also be
applicable to several nanopore-based DNA strand sequencing techniques in which it is often
difficult to achieve high signal-to-noise ratios for speedily translocating DNA strands. Our
concept of partial charge neutralization for delayed DNA translocation could furthermore be
extended to nucleic acid derivatives that carry a different partially neutral DNA backbone as well
as the detection of DNA mutations.”* %’ Finally, our results apply to the use of nanopores as
model systems to study biopolymer transport through biological pores. Though in vivo transport
is in most cases not driven by electric fields, detection in these model systems is most easily
accomplished by applying an electrostatic potential, and observing ionic current blockades
during translocation. Understanding the effects of electrostatic forces in these systems is
therefore essential to interpretation of translocation results. In conclusion, our model and data are

of interest to nanopore analytics and for the basic understanding of driven transport through

confined space.
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