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Atomistic simulations show how changes in the backbone chirality of peptides
can control the formation of coacervate versus precipitate phases.
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A Molecular View of the Role of Chirality in Charge-
driven Polypeptide Complexation

K.Q. Hoffmann,” S.L. Perry, % 1,. Leon, “ D. Priftis, “ M. Tirrell* and J.J. de
Pablo ™

Polyelectrolyte molecules of opposite charge are known to form stable complexes in solution.
Depending on the system conditions, such complexes can be solid or liquid. The latter are
known as complex coacervates, and they appear as a second liquid phase in equilibrium with a
polymer-dilute aqueous phase. This work considers the complexation between poly(glutamic
acid) and poly(lysine), which is of particular interest because it enables examination of the role
of chirality in ionic complexation, without changes to the overall chemical composition.
Systematic atomic-level simulations are carried out for chains of poly(glutamic acid) and
poly(lysine) with varying combinations of chirality along the backbone. Achiral chains form
unstructured complexes. In contrast, homochiral chains lead to formation of stable B-sheets
between molecules of opposite charge, and experiments indicate that B-sheet formation is
correlated with the formation of solid precipitates. Changes in chirality along the peptide
backbone are found to cause “kinks” in the B-sheets. These are energetically unfavorable and
result in irregular structures that are more difficult to pack together. Taken together, these
results provide new insights that may be of use for the development of simple yet strong
bioinspired materials consisting of B-rich domains and amorphous regions.

precipitate, or only a single phase appears depends on the
balance of multiple competing forces. Past studies from several

Polyelectrolyte molecules of opposite charge experience strong
electrostatic interactions, whose range and magnitude can be
manipulated through the addition of salt. Under some
conditions, aqueous solutions of polyelectrolytes can lead to the
phenomenon of complex coacervation, in which the system
undergoes a phase transition into a polymer-dilute and a
polymer-rich phase. Coacervates exhibit a small surface
tension,'™ which has enabled a wide range of applications in
the food,4 cosmetics, and pharmaceutical industries.
Coacervates can be formed using synthetic polymc::rs,5
pcf:ptidcf:s,6 DNA,” and other biologically  degradable
components. These viscous, polymer-rich phases can be formed
as droplets in microemulsions,™® and engineered for
applications in catalysis of reactions and biological
mc::chanisms,8 gene delivery,9 c::ncapsulation,5 and other
biological uses.'°

Complex coacervation should be distinguished from
precipitation.'' Past work has shown that, depending on the
experimental conditions, precipitation can also occur, where
solid, irregular, polymer-rich masses appear.>'> Coacervate
phases may contain from 25 to 90% water.'>'* In contrast,
precipitates contain much less water.'> Whether a coacervate,

This journal is © The Royal Society of Chemistry 2013

research groups, including our own, have rationalized the
interfacial tension and phase behavior of coacervates in terms
of the Voorn-Overbeek theory, which predicts that chain
l¢.=:ngth,13’15 low temperature, and intermediate  salt
concentrations promote coacervate formation."* Low salt
concentrations promote precipitation, whereas high salt
concentrations tend to inhibit to phase separation.® More
generally, electrostatic interactions can be tuned by pH,'® the
charge density of the polymers,'” ionic strength,'® the type of
ions,'® and stoichiometry.'* By adjusting these parameters, one
can turn on or off the formation of microphases, control their
size and density,”® or change the interfacial tension between the
two phases.”

The formation of complex coacervates from charged peptides
such as poly(lysine hydrochloride) (PLys) and poly(glutamic
acid sodium salt) (PGlu)' offers additional tunable parameters.
Unlike most other polymers used in the past for studies of
coacervation, polypeptides can form secondary structures
between chains. In particular, hydrogen bonds between the
backbones of the chains can lead to -sheet formation where the
mobility of the chains is reduced and longer-range aggregates
or structures are formed. Most naturally occurring proteins or
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polypeptides are composed of predominantly L-amino acids:
the substitution of D-amino acids is found to inhibit the

2122 and can be used to tune the

formation of secondary structure
stiffness and other properties of synthetic hydrogels.”> These
observations suggest that, by only changing the chirality of
certain C, atoms and thereby the secondary structure, one can
tune properties such as viscosity, water content, and size while
leaving other parameters such as chain length, salt
concentration, and pH unaltered. Indeed, in recent experiments
Perry et al®* have discovered that achiral polypeptides form
stable coacervates, whereas homochiral peptides form solid
precipitates, rich in B-sheet content. These new observations are
intriguing, and the underlying molecular forces responsible for
the role of chirality in polyelectrolyte complexation are not well
salt

coulombic interactions, and solvation by water, could all

understood. Hydrogen bonding, bridge formation,

contribute to the formation of solid precipitates versus liquid

coacervates.'*?>%’

1,>* in this first

Motivated by the findings of Perry er a
theoretical investigation of the influence of -chirality in
polyelectrolyte complexation, we consider polypeptide-based
coacervation between poly(lysine) and poly(glutamic acid)
using fully atomistic models. First, the interaction between
homochiral poly(L-lysine) and an achiral poly(D,L-glutamic
acid) system is examined using replica exchange with solute
scaling.”® The low energy conformations are analyzed to learn
how chirality affects backbone hydrogen bonding, secondary
structure formation, and other properties. Key trends and
metastable states are then identified for pairs of short peptides
with different chirality sequences of the poly(D,L-glutamic
acid) chain. By examining these, we provide new insight into
conditions that may lead to formation of liquid coacervates
versus solid precipitates. The formation of energetically stable
B-strands between pairs of peptides is then shown to correlate
with recent experiments** on the formation of precipitates rich
in B-sheet character.

Methods

Past theoretical or computational studies of coacervation have
relied on various levels of theory' and coarse-grained
representations of the molecules.? In order to examine the role
of chirality, however, one has little choice but to rely on
detailed the
Experiments suggest that relatively small polypeptides can lead

atomistic  representations  of molecules.
to coacervation.” We therefore consider poly(glutamic acid) and
poly(lysine) chains of 10 residues each which, as described in
this manuscript, are sufficiently long to explain many of the
chiral or achiral

experimentally observed features of

complexation.

Molecular Simulations

Molecular simulations were performed in order to identify
important trends in secondary structure formation. While
standard molecular dynamics (MD) simulations are unable to
sample conformational space exhaustively, they provide useful
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qualitative information and can identify important metastable
states. They also provide information on the dynamics of
system and the relative time scales for various modes of
assembly. MD simulations were initially run for a series of
pairs of peptides. A 10-residue poly(L-lysine) molecule was
included in all of the simulations. For the negatively-charged
chain, the length of consecutive L-glutamic acids in the center
of the chain was varied. A list of the PGlu sequences
considered here is given in Table 1. The first sequence was
chosen by shuffling a sequence of 5 L- and 5 D-amino acids;
for sequences A4 and AS5, the chirality of the backbone C,
atoms was shuffled until a sequence where 4 and 5 consecutive,
non-terminal L-amino acids was found. The longer sequences
were generated by putting all of the L-amino acids in the
middle of the chain and the D-amino acids on the ends. The
side chains were fully charged and the N-terminus and C-
terminus consisted of a charged NH;" and a charged COO
group, respectively. The chains were initialized into a (-sheet
like conformation, where the ¢ and y angles were -113° and
120°, respectively. One poly(glutamic acid) chain and one
poly(lysine) chain were placed perpendicularly to each other,
about 1 nm apart, in a 6 nm dodecahedral box. The systems
were solvated with 4889 TIP3P** water molecules and 16 Na*
and CI ions in order to reach a concentration of approximately
175 mM, which was chosen because it is in the experimentally
relevant coacervate phase region and is close to a physiological
salt concentration.

Table 1. List of sequences of PGlu simulated using MD simulations. The
initial letter denotes whether a sequence is achiral (A) or homochiral (L or
D).

Name Used PGlu Chiral Sequence

A3 LLDDDLLLDD
A4 DDLLLLDDDL
A5 DDDLLLLLDD
A6 DDLLLLLLDD
A7 DLLLLLLLDD
A8 DLLLLLLLLD

L LLLLLLLLLL

If a number follows the letter, it denotes the longest homochiral stretch of
amino acids in the sequence. For example, the longest consecutive stretch of
L in A4 is four amino acids long. These peptides were all paired with a single
10-residue poly(L-lysine) peptide.

The CHARMM?22* force field*'*? was chosen because it is
believed to provide an adequate description of secondary
structure.’>* In order to simulate D-glutamic acid, the ¢ and
dihedral potentials were modified to reflect the change in steric
interactions from L to D chirality embedded in the dihedral
parameters. A new atom type was created for D-amino acids,
which is identical to the old C, atom type used (the CT1 atom
type) with respect to all properties and interactions with other
atoms, except for the ¢ and y dihedral potentials. Because the
D-amino acids are a mirror image to the L-amino acids, the

This journal is © The Royal Society of Chemistry 2014
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potentials for the ¢ and y dihedrals of the residues with D
chirality were changed as follows: fp(@) = fL.(-9) and gp(y) =
gL(-y).

In addition, the standard CHARMM22* jon parameters were
not used in this work because the balance between protein,
water, and ionic interactions is critical to coacervation. These
parameters lead to artifacts such as crystallization at NaCl
concentrations of less than 2M.** Instead, the recently
optimized ion parameters from Joung er al.,” were employed.
Because these parameters are limited to the TIP3P, TIP4P-EW,
and SPC/E water models, the TIP3P water model was chosen as
it is most similar to the water model optimized for
CHARMM22* (TIPS3P) and is almost indistinguishable in
performance.’!

The Gromacs 4.6.3 simulation package® was used for all MD
simulations. An energy minimization was first performed for
500 steps before constraints were added to the bonds. The
energy minimization was continued for another 10,000 steps or
until the change in energy was < 100 kJ, using the steepest
descent algorithm. An NVT simulation was then performed for
100 ps at 298 K and 1 bar. Production MD runs were then
started and run for at least 1 ps. The Nose-Hoover’® and

Parrinello-Rahman®’

algorithms were used to control the
temperature and pressure, respectively. A step size of 2 fs was
used for both the NVT and NPT simulations. The Particle Mesh
Ewald method (PME)*® with a cut-off of 0.9 nm and a Fourier
spacing of 0.33 nm was used to handle electrostatic
interactions. Rigid bonds to hydrogen atoms were constrained

using the LINCS algorithm.*

REST2 Simulations

In order to achieve better sampling of phase space than that
provided by standard MD, we also pursued Replica Exchange
with Solute Scaling molecular dynamics simulations.”® Note
that the high charge density along the side chains and terminal
groups results in the formation of a large number of salt
bridges. These salt bridges are highly stable, and contribute 1-5
kJ/mol of energy per bridge to the system.”’ For the solutions
considered here, at 298 K (kT = 2.48 kJ/mol), the formation of
several of these salt bridges leads to long-lived structures.
Peptide-peptide hydrogen bonds are also stable, leading to

additional sampling concerns.*’

Parallel tempering, or replica exchange,*'~**

is used extensively
in the protein and materials simulation literature to simulate
multiple replicas simultaneously at various temperatures.
Replicas at high temperatures exhibit faster relaxation, thereby
that would be

difficult to access in individual, low-temperature simulations.

accelerating exploration of conformations

When combined with umbrella sampling, this technique was
used to efficiently sample secondary structures of amylin in the
replica exchange with umbrella sampling method.*> The so-
called Replica Exchange with Solute Tempering method*®
(REST) uses a variant of parallel tempering in which the system
is divided into two parts. The goal is to eliminate water-water
interactions, therefore greatly reducing the number of degrees
of freedom and accelerating the relaxation of the actual solute

This journal is © The Royal Society of Chemistry 2012
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of interest. Replica exchange with solute scaling (REST2)*®
improves upon this technique by better exchanging boxes with
REST2 was used to
determine the low free energy states of two peptide pairs:
homochiral PLys and homochiral PGlu (pLK+pLE), and
homochiral PLys and achiral PGlu (pLK+p(D,L)E). Sixteen
replicas, varying in the equivalent temperature of the protein

different peptide-solute interactions.

from 298 to 600 K were used in our simulations. The initial
conformation of each state was taken from the MD simulation
of the peptide pair at 100 ns. The 6 nm radius dodecahedral box
the
geometrically. These temperatures were optimized every 50 ns

was used, and initial temperatures were chosen
using the flux-optimized scheme by Katzgraber et al.,*’ Both
systems were run for 500 ns, at which point the pLK+p(D,L)E
pair reached convergence. The pLK+pLE was run for an
additional 500 ns (for a total of 1 us) to achieve convergence.
The Gromacs implementation by Bussi er al.,*® was compiled
for Plumed 2.02* and Gromacs 4.6.5.*® A custom Python script
was used to scale protein energies of topology files for the
CHARMM22* force field, instead of the script provided in the

REST?2 distribution.

Analysis

The secondary structures were determined using the DSSP
criteria.’® The center-of-mass and radius of gyration for the
peptides and their main chains were determined using the built-
in Gromacs utilities.”® The number of hydrogen-bonds versus
time was also calculated using the Gromacs utility. A hydrogen
bond is registered if the distance between the donor and
acceptor groups is smaller than 0.35 nm and the angle between
the hydrogen, donor, and acceptor is smaller than 30°. The
structures were visualized using VMD 1.9.1.°' Further analysis
was performed using custom python scripts. The REST2
simulations of pLK+p(D,L)E quickly reached equilibrium; the
properties of these simulations were therefore averaged over the
first 500 ns. However, the pLK+pLE system needed more time
to converge. Each replica was run for a total of 1000 ns. The
last 500 ns were then used for analysis.

Experiments

A more extensive account of the experimental system
considered here is provided in Ref. 24. Here we merely provide
an account of essential aspects of those experiments.
Poly(glutamic acid) (pE) and poly(lysine) (pK) were combined
in stoichiometric quantities to obtain overall concentrations of 1
mM. The pH was kept at 7.0, where approximately all residues
are charged. pE was added first to a solution of salt, followed
by pK. After each addition,

immediately

vortexing was performed

in order to mix the samples. The overall
concentration of salt was 100 mM NaCl. Images were taken
within 1 hour of preparation using brightfield microscopy with
a Leica DMI6000 B. The average length of the peptides used
was 100 residues. This was performed with both homochiral
pLE and achiral p(D,L)E. D,O was used to facilitate FTIR

measurements.

Soft Matter, 2014, 00, 1-3 | 3
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Analysis of the secondary structure of the various solid
precipitates and liquid coacervates was performed using a
transmission FTIR microscope.’ The instrument used was a
Bruker Vertex 70 FTIR microscope spectrophotometer with a
MCT detector. A 0.45NA condenser and a 15X Cassegrain-
type IR objective was used. The sample was prepared in D,O
and centrifuged prior to use. The sample was held between two
1-mm thick CaF, windows with a 50 pm PTFE spacer. The
sample chamber was purged with N,. Scans were collected
from 4000 — 600 cm™ at a spectral resolution of 2 cm™. The
microscopic setup enabled direct sample visualization and
targeting. A background in the same cell, away from the
aggregated solid precipitates or liquid coacervate droplets was
used. The location of individual peaks was determined using
non-linear least squares fitting of Gaussian peaks to the features
of the spectrum.

Results

REST2 Simulations

Two pairs of peptides were selected to explore the low free
energy states of poly(glutamic acid) and poly(lysine) using
replica exchange with solute scaling (REST2). Homochiral
acid)
(pLK+pLE) provide a control with no changes in chirality (L

poly(L-lysine) and homochiral poly(L-glutamic
strand). In contrast, the A3 strand from Table 1, homochiral

poly(L-lysine) and achiral poly(D,L-glutamic acid), or
pLK+p(D,L)E, contains both L- and D-amino acids. These two
pairs serve to demonstrate the role of chirality in determining
secondary structure.

For the achiral pLK+p(D,L)E system,

disordered structures exist, where the chains can be extended or

a diverse set of
compact, and in either tighter contact with the oppositely
charged chain or further apart. The secondary structure of each
residue versus time is shown in Figure 1, along with some of
the conformations sampled. PGlu is shown in blue while PLys
is shown in red. Many -sheet structures, both parallel and anti-
parallel, are formed between the three consecutive residues of
PGlu and the PLys strand as seen in conformations A and B.
These B-sheets are formed primarily between the L-amino acids
on residues 6-8 of the PGlu with the PLys chain. Occasionally,
a bent B-sheet forms along the entire PGlu backbone with PLys,
for example in conformation E. However, this structure is
short-lived and should be contrasted with the more standard [3-
sheets found in the pLK+pLE system.

When both (pLK+pLE),
conformations composed primarily of [B-sheets appear very

strands are homochiral L
quickly, within 10 ns of time. Several variants of -sheets are
observed on time scales leading to about 500 ns, including
aligned and off-center parallel B-sheets (conformation F).
in both shifted

(conformation H) and matched arrangements (conformation I).

Similarly, we see anti-parallel B-sheets

The end groups have more entropic freedom and therefore tend

to adopt a non B-sheet conformations more frequently than the
center of the strands (for example the C-terminus of PGlu and

4 | Soft Matter, 2014, 00, 1-3

N-terminus of PLys in conformation J). In the last 500 ns of the
simulation, the vast majority of the structures exhibit well
defined anti-parallel B-sheets. The B-sheets at the end of the
simulations, when it is converged, tend to favour a somewhat
twisted conformation, as is typical for B-sheets.

These differences, which are easily identified visually, are
confirmed when the average secondary structure versus time is
examined in more detail. Figure 2 shows the overall average
using thick, solid lines, and the local, running average over a 10
ns interval, using thin, dotted lines. The pLK+p(D,L)E pair
forms a predominantly unstructured coil (61%), with a
significant amount of strand (f-sheet or [B-bridge) content
(24%), and about 10% bend and 4% turn. In contrast, the
pLK+pLE pair contains on average 62% [-sheet, and 37%
random coil. The fraction of peptides in a given secondary
structure converges after approximately 100 and 600 ns,
respectively, and remains relatively unchanged over the last
500 ns of the simulations. On this basis, we conservatively
average over the last 500 ns of each simulation to evaluate the
properties of the system.

When these overall fractions of secondary structure are broken
down by residue, as shown in the Supplementary Information
Figure S1, it is apparent that PB-sheets are typically formed
across the homochiral L. segments of the peptides. In the
pLK+pLE system, the six residues in the center of the
poly(glutamic acid) and poly(lysine) are involved in a strand
(B-sheet or [-bridge) at least 80% of the time. When the
chirality is changed as in pLK+p(D,L)E, strand formation
continues to occur throughout the homochiral poly(L-lysine).
However in the case of poly(glutamic acid), residues 6-8 which
form a three residue homochiral L segment, are the location of
the vast majority of strand confirmations. At the change to D
residues, the fraction of time each residue spends as a strand
drops.

This difference in secondary structure is correlated with
changes in other properties such as the center-of-mass distance
(COM) between the peptide backbones, hydrogen bonding, and
radius of gyration. The COM distance predicted between the
PGlu and PLys main chains (Figure 3) remains near 2.9 A for
pLK+pLE. For pLK+p(D,L)E, meanwhile, the complex adopts
many more structures where the main chains are not joined by
hydrogen bonds and remain further apart, resulting in a larger
COM distance of 5.7 A. In addition, the formation of more p-
sheets in pLK+pLE indicates the formation of additional
hydrogen bonds between the main chains, as confirmed in
Figure 4. On average, 3.5 hydrogen bonds are formed between
the main chains of pLK+p(D,L)E, while for pLK+pLE, this
average more than doubles, to 7.3. A large number of the
hydrogen bonds between the backbones are with residues
formerly hydrogen bonded to water: the average number of
peptide-water hydrogen bonds 1074 in
pLK+p(D,L)E to 101.5 in pLK+pLE.

The radius of gyration of the main chain reflects the trends seen

drops from

in the MD simulations, as shown in Figure 5: chains with more
B-sheet character form more extended chains. Both the PLys
and PGlu chains of pLK+pLE are relatively extended, with the

This journal is © The Royal Society of Chemistry 2014
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radius of gyration of the PGlu and PLys main chains at 8.4 A
and 8.3 A, respectively. In contrast, in the pLK+p(D,L)E
system, the pLK chain is more compact, with a radius of
gyration of 7.9 A, while the p(D,L)E chain adopts an even
tighter conformation, with a radius of gyration of 6.9 A.
Despite the more compact arrangement of the individual chains,
the overall pLK+p(D,L)E system forms a looser complex, as
revealed by the relatively large fluctuations of the radius of
gyration.

The contact maps shown in Figure 6 show that the pLK+pLE
pair favors anti-parallel B-sheets, while the residues of
pLK+p(D,L)E interact with a variety of partners, indicating a
disordered structure. For pLK+pLE, each residue interacts
primarily with the 2-3 residues on the opposite end of the
oppositely charged chain. This manifests in a band across the
diagonal, indicating a strong preference for interactions with
residues on the opposite end of the other chain. In contrast,
pLK+p(D,L)E forms more globular structures, lowering the
mean distance of many residues not in direct contact. Each
residue of poly(glutamic acid) interacts with many different
residues throughout the poly(lysine) chain. Therefore, the
average distance is relatively uniform across the residues.

The stronger interactions formed between the peptides in the
pLK+pLE system are accompanied by differences in the
distribution of ions around the peptide when compared to
pLK+p(D,L)E. Figure 7 shows the radial distribution functions
(rdf) of the ions with PGlu and PLys. The rdf for the main
chains and side chains are shown separately. In general, three
regions exist: the immediate vicinity of the main chain/side
chain, the rest of the polypeptide, and the bulk solution. In the
vicinity of the PGlu main chain, the two peaks for Na*
correspond to the carbonyl oxygens in the backbone. The first
peak is higher in the pLK+p(D,L)E system than for pLK+pLE.
This is likely because the oxygens in the pLK+pLE system are
involved in hydrogen bonds. Furthermore, the B-sheets of the
pLK+pLE system cause the chains to bind more tightly, making
it more difficult for ions to diffuse into the backbone region. CI’
ions are excluded from the region around the main chains.
Their large size (in comparison to Na*) makes it even more
difficult to come in close contact with the backbone. Little
difference in seen for the Na* ions with respect to the PLys
chains between the pLK+pLE and pLK+p(D,L)E systems.
There is a slight increase in the first peak, corresponding to an
increase of ions near the oppositely charged strand in PGlu. CI’
is largely excluded from the PLys main chain, though a slight
increase is observed for pLK+p(D,L)E compared to pLK+pLE.
CI is largely excluded from the PGlu chain, though it returns to
the bulk density more quickly in the case of pLK+pLE than for
pLK+p(D,L)E. We attribute this to a sharper transition from the
peptide region to the bulk solution in pLK+pLE compared to
pLK+p(D,L)E. In the homochiral case, the peptides are nearly
always matched pair for pair, forming a set of structures with a
relatively constant radius of gyration. However, in
pLK+p(D,L)E, residues bind to many different residues on the
opposite strand as seen in the contact maps in Figure 6. When
the pairs are “mismatched,” the PGlu can extend further than

This journal is © The Royal Society of Chemistry 2012
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when the peptides bind to their native contacts. The exclusion
of CI' by the PGlu chain in this region results in a slower return
to the bulk value in the achiral case.

More drastic differences between pLK+p(D,L)E and pLK+pLE
are observed in the ion densities near the side chains. In both
systems, Na* ions are more abundant in the region around the
PGlu side chains than in the bulk. However, in pLK+p(D,L)E,
Na* is more often bound to the carboxylic acid of the PGlu side
chains compared to pLK+pLE. This suggests that the side
chains of pLK+p(D,L)E are more accessible to Na* compared to
pLK+p(D,L)E. The negative carboxylate group on the glutamic
acid side chain forms many salt bridges with the positive lysine
side chain. The achiral system, however, forms fewer salt
bridges between the side chains than in the homochiral system.
Because the side chains are bound less frequently to each other,
they remain exposed to solvent. Furthermore, the charges on
the chains are not neutralized as often by the oppositely charged
side chains of the other peptide.

In contrast to Na*, CI" is mostly excluded from the space around
the side chains of both PGlu and PLys. The CI ions interact
most strongly with the positive terminus of the PLys side
chains. The first peak, corresponding to the binding of CI to the
amide group, is roughly equal for pLK+p(D,L)E and pLK+pLE.
This suggests that the NH;* terminus prefers to bind other
atoms, such as the carboxylic acid of PGlu. Na* ions are much
smaller compared to CI” ions. The smaller Na* ions are able to
access the carboxylic acid side chains of PGlu. However, the
larger CI ions have more difficulty binding to the charged PLys
terminus. CI” is more prevalent in the achiral system further
away compared to the homochiral pair. We attribute this to
increased access of the Cl ion to the lysine side chains.

When the hydrogen bonds between the peptides are broken
down by component, they confirm that the side chains of
pLK+p(D,L)E do not form hydrogen bonds with each other as
often as in pLK+pLE. Results are shown in Figure 8; on
average, a larger number of hydrogen bonds are formed
between the side chains in pLK+pLE. Correspondingly, while
the number of main chain-main chain H-bonds increases for
pLK+pLE, fewer H-bonds are formed between the PGlu main
chain and itself and the side chains compared to pLK+p(D,L)E.

MD Simulations of Peptide Pairs

Molecular dynamics simulations were used to observe trends in
secondary structure formation as a function of chiral sequence.
While REST2 better the
conformational system, more

simulations  can explore

space of a they are
computationally demanding and do not provide information on
the dynamics of assembly. Molecular dynamics simulations on
a set of chiral sequences of varying homochirality provide
qualitative information about the metastable states and
timescales on which the peptides interact.

After 1 us, all pairs of peptides are able to form some B-sheets,
which generally increase in length as the chains contain longer
stretches of L-amino acids. Figure 9 shows the secondary
structure of pairs A3, A5, A8, and the homochiral L pair as a

function of time. The conformations at 0, 400, 700, and 1000 ns

Soft Matter, 2014, 00, 1-3 | 5
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are shown on the right. The remaining pairs are shown in the
Supplementary Information Figure S2. The total number of
residues in a strand conformation (f-sheet or B-bridge) versus
time is given in Figure 10. pLK+pLE quickly forms a parallel (-
sheet after about 100 ns of simulation time. Likewise, the
sequence with 8 consecutive L-glutamic acid residues (A8)
forms a parallel B-sheet. However, the A7 sequence, while
forming a number of small -sheets, does not adopt a B-sheet
structure spanning more than a few residues in the first 1 ps:
only residues 5 and 6 of PGlu and residues 3 and 4 of PLys
have formed a B-sheet. For sequences A4-A6, relatively few -
sheets appear. The A6 sequence forms a small B-sheet segment
between residues 3-5 and residues 5-7 of PLys that, while
present, never extends during the duration of the simulation.
During the last 200 ns of the A5 pair, a more extended f-sheet
appears with a kink at the transition from L- to D-amino acids.
The A4 sequence is similar to the A6 sequence, with residues 4-
6 of PGlu and 2-4 of PLys transiently forming B-sheets. The A3
sequence samples a range of disordered structures and
occasionally forms B-sheets. Residue 6 of PGlu and 3 of PLys
form a B-bridge quickly. The B-bridge then dissolves before
small parallel B-sheets form between residues 7 and 8 of PGlu
and 6 and 7 of PLys near the end of the simulations.

The B-sheets observed in simulations appear primarily between
segments with consecutive L-glutamic acid residues. Only in
sequence A5 does a more extended kinked “B-sheet” form;
however it forms at the end of the simulation, making its
stability unclear. In general, the B-sheets for sequences A3-A7
appear transiently and often fluctuate into and out of a
conformation through the trajectory. These sequences explore
many more disordered states than the homochiral L and A8
sequence. The length of f-sheet in the A8 pair grows
throughout the course of the simulation, and the homochiral L
strand forms an extended B-sheet within the first 200 ns that
remains stable for the rest of the 800 ns simulated.

The number of hydrogen bonds between PGlu and PLys, and
PGlu and water reflects the trends in secondary structure, as
shown in Figure 11. As B-sheets form between the main chains,
the corresponding hydrogen bonds between PGlu and PLys also
form. Molecules that exhibit extended B-sheets have more
hydrogen bonds between the two chains. The number of
hydrogen bonds between PGlu and water follow the opposite
trend: strands with less (-sheet content have more hydrogen
bonds with the water.

The radii of gyration of poly(glutamatic acid) and poly(lysine)
are also correlated with B-sheet formation as seen in Figure 11.
Structures with the largest [B-sheet content are the most
extended. The more achiral structures have a smaller radius of
gyration, as the poly(glutamatic) and poly(lysine) fold about
themselves in order to maximize the number of salt bridges. In
general, poly(lysine) is more extended than poly(glutamic
acid).

Experiments

Experimental measurements by Perry et al.?* confirm the
general trends observed in simulations. Figure 12, which is

6 | Soft Matter, 2014, 00, 1-3

taken from the experimental literature,

shows brightfield
microscopy images of the two systems in the top panel (two
images), while the bottom panel shows results of FTIR
measurements. For the pLK+pLE system, precipitates are
formed as seen in the brightfield image. The precipitate sample
shows several peaks: at 1642 cm™' indicating a random coil

structure, a peak at 1563 cm’

corresponding to the glutamic
acid side chain, and two sharper peaks at 1678 cm™ and 1610
The

pLK+p(D,L)E system however forms spherical coacervate

cm’ indicating the presence of P-sheet structures.
droplets. Only two peaks are seen for this system: the random
coil peak at 1646 cm™ and the glutamic acid side chain peak at
1562 cm™. These findings are in agreement with the simulation
results, where achiral peptides disrupt the B-sheets form and
instead remain mostly random coil. Instead, the homochiral

peptides form B-sheet structures and a precipitate phase.

Discussion

The REST?2 simulations show that the chirality of the peptide
backbones influences the secondary structures of the two-chain
complexes considered here. In the case of pLK+pLE, over 99%
of dimers form a B-sheet. The majority of these B-sheets include
the six residues in the center of the chain. There are a number
of hydrogen bonds formed between the peptide backbones,
serving to stabilize these structures. In contrast, while 63% of
the pLK+p(D,L)E pairs present a B-sheet, these typically extend
only between the homochiral L residues 6-8 of PGlu. The rest
of the PGlu molecule rarely forms B-sheets, in contrast to the
PLys molecule, where most of the chain occasionally forms a
B-sheet with these residues.

This increase in B-sheet character for pLK+pLE compared to
pLK+p(D,L)E is correlated with the radius of gyration of the
that for pLK+pLE and
pLK+p(D,L)E, when the number residues classified as coil is

main chains. Figure 13 shows
high, the distribution of structures with a radius of gyration is
similar for pLK+pLE and pLK+p(D,L)E. However, when the
structures are mostly classified as B-sheets, the distribution is
different in pLK+pLE compared to pLK+p(D,L)E. Even when
the number of residues in a B-sheet is roughly the same, the
conformations of pLK+p(D,L)E typically have a smaller radius
of gyration than in pLK+pLE. These histograms show that
pLK+p(D,L)E’s large [-sheets
gyration, indicating that the peptides are more globular. This is

have a smaller radius of

confirmed visually by conformation E of Figure 1, where the
peptides form a kink where the chirality changes. This kink in
the backbone results in a smaller radius of gyration and a more
bent structure, even when the number of residues in a B-sheet is
the same.

This kink is a result of the change in chirality along the
backbone. Figure 14 shows the structure of the backbone of
pLK+pLE when the peptides are in an anti-parallel B-sheet
conformation. In order to minimize steric repulsions between
the side chains, a twist is often seen in anti-parallel B-sheets.>
For pLK+pLE, we observe that if the chirality of every other
residue is changed from L to D, the side chains extend into the

This journal is © The Royal Society of Chemistry 2014
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opposite peptide’s backbone. It is possible for the peptide to
avoid these interactions and continue forming a -sheet, as seen
in the case of pLK+p(D,L)E; however, this then introduces a
kink in the B-sheet at this residue or the next one. This kink is
observed in all three places in pLK+p(D,L)E where the chirality
changes.

We propose that when two pairs of pLK+pLE peptides come
together, they are able to more readily pack and form inter-
peptide hydrogen bonds, facilitating the formation and growth
of precipitates. In contrast, peptides with pLK+p(D,L)E can
only form kinked and irregular f-sheets, resulting in a less
compact packing, more peptide-water hydrogen bonds, and a
reduced number of inter-peptide contacts. While the peptides
still form strong inter-peptide interactions, they cannot tightly
pack, and so remain more accessible to ions and water. This
allows the eventual dissolution of the secondary structure and
formation of a coacervate phase. The increased access to ions is
reflected in the radial distribution functions of the ions around
the peptides shown previously in Figure 7.

As alluded to earlier, experiments’* have shown that while
mixes containing a racemic mix of L,D-amino acids form
coacervates, if both peptides are homochiral, they instead form
precipitates.”* The corresponding FTIR measurements show
that while the complex coacervate phase consists of mostly
random coil structures, the precipitate phase exhibits B-sheet
formation. Additional circular dichroism measurements further
support these results.”* Interestingly, urea is known to disrupt
the backbone hydrogen-bonds associated with secondary
structure.”® While urea has little effect on coacervates phases —
in contrast to how a salt with equivalent concentration would,
when added to precipitate solutions it causes the precipitates to
dissolve and form coacervate like liquids.** These experiments
are consistent with the results presented in this work, and serve
to establish that the chirality of the peptides can be used to
change the properties of the peptide rich phase.

The MD simulations highlight several important trends, which
help explain why homochiral chains precipitate out of solution
while systems with achiral chains form coacervates. In these
simulations, a randomly shuffled PGlu chain with five L-
glutamic acids and five D-glutamic acids forms a mostly
disordered dimer complex with a 10-residue homochiral L PLys
chain. In contrast, when both chains are homochiral L, a
parallel B-sheet forms within 200 ns, and is stable for time
scales approaching a microsecond. This suggests that these
the total
concentration is typically low, e.g., 0.01-0.20 wt%,'* the

peptides quickly form dimers. As peptide
peptides most likely first interact in pairs. In the case of
homochiral chains, the chains rapidly adopt a stable -sheet
dimer. Therefore, when larger numbers of chains in these
systems interact, they most likely do so first as pairs of [3-
sheets.

However, the number of consecutive L-glutamatic acids is
critical to the formation of stable, large B-sheets. The number of
L-glutamatic acids in the middle of the chain was varied from 4
to 8. In these simulations, only the sequence with 8 consecutive
L-amino acids formed a stable B-sheet structure within 1 ps.

This journal is © The Royal Society of Chemistry 2012
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While PGlu chains with homochiral

transiently formed stable B-sheets, these were unable to extend

smaller segments
past transitions in chirality. Instead, the rest of peptide
remained in a disordered state.

This dependence on the length of the peptides suggests that the
fraction of L and D amino acids can be used to tune the
properties of the resulting peptide rich phase. By changing the
ratio of L to D amino acids, the average maximum length of
consecutive L amino acids can be changed. To determine the
distribution of the average maximum length of consecutive L-
amino acids, 100,000 one hundred residue L/D sequences were
generated. The chirality of each residue in the chain was
assumed to be independent, and the probability of choosing an
L or D amino acid was set to 0.5 and 0.68. The distribution of
the maximum length, shown in the Supplementary Information
Figure S3, shows that most chains with a 0.68 L-amino acid
fraction have at least eight consecutive L-amino acids. In
contrast, most chains with a probability of 0.5 have less than
eight consecutive L-amino acids. Perry et. al** conducted
experiments where the ratio of L to D-amino acids was changed
from 50% L to 68% L for poly(glutamic acid) chains on
this the 68% L
formed precipitates with the
homochiral poly(L-lysine), while the 50% L mixture instead

average 100 residues long. In case,

poly(glutamic acid) chains

formed a coacervate phase, confirming that this ratio can be
used to tune the properties of the peptide rich phase.

Conclusions

Conformations of the pLK+p(D,L)E and pLK+pLE pairs were
extensively sampled using replica exchange solute scaling.
pLK+pLE peptide pairs formed B-sheets in over 99% of the
structure sampled after convergence. These pairs contained
many peptide-peptide backbone hydrogen bonds stabilizing this
structure. The structures were extended and contained a regular
B-sheet structure. In contrast, while pLK+p(D,L)E formed [-
sheets between the homochiral poly(L-glutamic acid) segment
on residues 6-8 with the homochiral poly(L-lysine), B-sheets
typically did not extend past these residues. When longer -
sheets formed, a kinked B-sheet was observed. These structures
had of gyrations than their homochiral
counterpart, indicating that pLK+p(D,L)E adopts
globular formation.

smaller radius
a more

Increasing the length of the homochiral poly(L-glutamic acid)
sections led to the observation of trends in B-sheet content and
radius of gyration when molecular dynamics simulations were
conducted of the pairs for 1 us. In all simulations, the peptides
quickly formed inter-protein salt-bridges and remained bound
at all times. As the homochiral L PGlu section increased, the
length of the B-sheets formed also increased. Significant 3-sheet
formation was found within 200 ns, indicating that peptides can
quickly adopt B-sheet conformations stabilized by peptide-
peptide hydrogen bonds and salt-bridges between the two
strands. Considering that the peptides immediately bind to each
other and are stable through the duration of the simulation, we
suggest that homochiral peptides interact in larger groups first

Soft Matter, 2014, 00, 1-3 | 7
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as pairs of B-sheets. In contrast, systems with more achiral
the
polyglutamic acid chain for amino acids part of the homochiral

character only formed (-sheet conformations on
L chain. These peptides were more disordered and globular than
the homochiral peptide pairs.

We hypothesize that this more globular, random coil rich pair is
unable to pack as well as pLK+pLE, leading to easier access for
ions and water. As a result, a coacervate phase is observed for
the pLK+p(D,L)E system. In contrast, pLK+pLE dimers form
extended, regular B-sheets that are better able to pack. These -
sheets are better able to bond tightly together, resulting in the

formation of a precipitate phase.
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Figure 12. Brightfield optical micrographs showing the (a) solid precipitates resulting from the stoichiometric electrostatic complexation of pLK+pLE, or the (b) liquid
coacervates resulting from the complexation of pLK+p(D,L)E at a total residue concentration of 6 mM and 100 mM NaCl. (c) FTIR spectra showing the amide | region
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NaCl, and centrifuged prior to use. Both materials show a peak around 1642-1646 cm-1, characteristic of random coil polypeptide structure, and a peak at 1563 cm-1
corresponding to the carbonyl stretching of the glutamic acid side chain. The precipitate sample also shows characteristic peaks at 1610 cm-1 and 1678 cm-1, typical
of an aggregated beta strand structure. All samples were prepared using polypeptides with an average N = 100.
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Figure 13. Histograms of the radius of gyration of Poly(glutamic acid). The distribution for structures with at least 15 residues classified as coil is shown on the left,
while the distribution for structures with at least 13 residues in a B-sheet is shown on the right. The fraction of states with a radius of gyration in that bin is shown in
black for the pLK+pLE system, and red for the pLK+p(D,L)E system.
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Figure 14. Structure of the anti-parallel B-sheet backbones formed by pLK+pLE and the potential steric repulsions if an L-Glu was changed to a D-Glu (left), and the
kinks formed by the structure of pLK+p(D,L)E with the most B-sheets in order to avoid these repulsions (right). In left-hand figure, carbons are shown in cyan,
nitrogens in blue, oxygens in red, and hydrogens in white. The structure is the anti-parallel B-sheet formed at 1000 ns by pLK+pLE. In the right-hand figure, the
poly(lysine) chain is shown in red, while the L-Glu residues are shown in dark blue and the D-Glu residues are shown in cyan. The structure shown is the one formed
at 266.23 ns by pLK+p(D,L)E where 14 residues are counted by DSSP as being in a B-sheet.
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