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ABSTRACT: Microsecond-long all-atom molecular dynamics Lad
(MD) simulations, circular dichroism, laser Doppler velocimetry, = Y \
and dynamic light-scattering techniques have been used to ‘
investigate pH-induced changes in the secondary structure, charge,

and conformation of poly L-lysine (PLL) and poly L-glutamic acid

(PGA). The employed combination of the experimental methods -:
reveals for both PLL and PGA a narrow pH range at which they are -
charged enough to form stable colloidal suspensions, maintaining
their a-helix content above 60%; an elevated charge state of the
peptides required for colloidal stability promotes the peptide .
solvation as a random coil. To obtain a more microscopic view on

the conformations and to verify the modeling performance, peptide
secondary structure and conformations rising in MD simulations are also examined using three different force fields, i.e., OPLS-AA,
CHARMM?27, and AMBER99SB*-ILDNP. Ramachandran plots reveal that in the examined setup the a-helix content is
systematically overestimated in CHARMM?27, while OPLS-AA overestimates the f-sheet fraction at lower ionization degrees. At
high ionization degrees, the OPLS-AA force-field-predicted secondary structure fractions match the experimentally measured
distribution most closely. However, the pH-induced changes in PLL and PGA secondary structure are reasonably captured only by
the AMBER99SB*-ILDNP force field, with the exception of the fully charged PGA in which the a-helix content is overestimated.
The comparison to simulations results shows that the examined force fields involve significant deviations in their predictions for
charged homopolypeptides. The detailed mapping of secondary structure dependency on pH for the polypeptides, especially finding
the stable colloidal a-helical regime for both examined peptides, has significant potential for practical applications of the charged
homopolypeptides. The findings raise attention especially to the pH fine tuning as an underappreciated control factor in surface
modification and self-assembly.

PGA

PLL

B INTRODUCTION the pH dependency has received significant attention, studies
Poly L-ysine (PLL), and poly L-glutamic acid (PGA) often connecting directly the peptide protonation state and
serve as a model pair of pH-tunable polypeptides (PPs). Their secondary structure remain lacking.
biodegradability and biocompatibility make them perfect The properties of PP assemblies are dictated by their
candidates for the design and assembly of advanced materials properties, such as the secondary structure and charge state, in
for biomedical applications,' such as drug-delivery vehicles,” > the bulk solution. For example, PLL has been reported to
antimicrobial surfaces,” or implantable device coatings.” maintain its secondary structure upon adsorption on a quartz
Due to the wide range of applications, extensive research to surface,'” and the PLL peptide self-assembly morphology is
understand the pH-induced changes of the PLL and PGA sensitive to pH fine tuning in solution.”” PLL adsorption has
structure by a variety of experimental methods including been investigated over a wide pH range with the findings
turbidimetry, dynamic light-scattering, and zeta-potential revealing significant changes in the adsorption kinetics and

analysis exists.” The peptide conformational changes have
been investigated using circular dichroism (CD),”” " UV
resonance Raman spectroscopy, *'* Fourier-transform infrared
spectroscopy,'’ and low-angle laser light measurements.'® It
should be mentioned that besides the pH, the structure and
conformation of PPs can also be controlled by the ionic
strength,'® temperature,’’ or their chirality.'® The existing
works show that both PGA and PLL change their secondary
structure from random coil to @-helix when the pH shifts from
neutral to lower (for PGA) or higher (for PLL). Even though

maximal coverage of the adsorbed layer”" as well as the surface
morphology and roughness™ as a function of solution pH.
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Possible secondary structure changes at different pH values
were not discussed in ref 22. Furthermore, polypeptide
multilayer films assembled by the layer by layer (LbL)
technique show a significant pH dependency of the
morphology and the thickness of the films resulting from the
polycation/polyanion binding.*® Also, the pH dependency of
the structure of PLL/PGA LbL films™* as well as their
application as pH-responsive coa‘cings25 have been investigated.

In addition, changes in the secondary structure of the
peptides have been shown to have a significant effect on the
mechanical properties of the LbL films. For example, PLL/
PGA multilayers composed of chains with a random coiled
structure result in rather soft coatings, while similar films
containing a high degree of intermolecular § pleated sheets
reveal an increased Young’s modulus.”® The assembly of PPs
into biodegradable LbL capsules has also been investigated as a
function of pH and salt concentration.”” Furthermore, the pH
is crucial for the phase behavior of the PLL and PGA solutions
mixture: depending on the solution pH, the mixture either
forms a coacervate or precipitates.'¥*>*” The findings above
indicate clearly the strong pH dependency of PLL and PGA
assemblies but in addition to the pH change-induced charge
state difference also point toward secondary structure changes
being an important factor in driving the changes. Furthermore,
bulk solution characteristics of the peptides appear to translate
strongly to assembly differences. However, direct mapping of
the pH—structure relation of charged homopolypeptides both
in bulk solutions and in assemblies remains largely lacking.

Molecular simulations are clearly a useful tool for studying
molecular level structure dependencies as they have the
potential to yield information about the structural and dynamic
properties of macromolecules and their functions at high
spatiotemporal resolution.’® Specifically, the molecular dy-
namics (MD) method in atomistic detail has been frequently
used for modeling polyelectrolytes’ ~** and charged poly-
peptides®'®*"3*3% in bulk solution as well as polyelectrolyte
complexes’”~** and multilayers.*>~*> Most importantly, these
studies have charted intermolecular interactions, complexation,
and solution characteristics. To our knowledge, charge state
dependency of PP secondary structure has not been studied
computationally.

However, any modeling and simulation predictions are
subject to the underlying model. In the case of classical MD
simulations, the employed empirical force field models the
interactions and typically a fixed molecular charge distribution
is assumed despite the dynamic nature of, e.g, proton transfer
or charge polarization. Significant recent development of
constant-pH methods exists, see for example refs 46—51.
However, their usage is limited by computational cost and
system simplifications. It has been demonstrated numerous
times that empirical force fields verified for some biomolecular
systems and conditions, may lead to less than precise
predictions under different conditions or test systems, see,
e.g., refs 52—56. In particular, protein folding is challenging to
capture due to a delicate balance between the solute—solvent
dispersion interactions.””*” An extensive validation (up to 250
ns) of several commonly used atomistic force fields (OPLS-
AA, CHARMM?22, GROMOS96-43al, GROMOS96-53a6,
AMBER99sb, and AMBERO3) against nuclear magnetic
resonance data for globular proteins points toward the
AMBER99sb as being the most reliable.”® Detailed compar-
isons between the performance of different Amber force-field
variants exist.””>"
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However, homopolypeptides are composed of repeating
units of the same amino acid, so in principle, their response
should be simpler to capture via a model accurately. Typical
choices for PGA MD modeling in recent years have been the
different variants of the AMBER force field'*****®° and the
OPLS-AA force field.*"®" For PLL, the most frequent force-
field choice in recent years has been AMBER,3'®¢062768 1y
also OPLS-AA,*"*"**7% CHARMM,”' and GROMOS"* have
been used. Also, coarse-grained MD approaches using the
MARTINI force field” exist for PLL.”* The existing PLL and
PGA studies employ dominantly a single force field. An
exception is a recent 1 ns long MD simulation of L and D
enantiomers of neutral poly(lysine) and poly(glutamic acid)
with § and 10 repeat units.”* In the study, comparison of the
OPLS-AA, CHARMM?27, and AMBER force fields led to
promoting CHARMM?27 and AMBER.”

Here, we determine experimentally via circular dichroism
(CD), laser Doppler velocimetry (LDV), and dynamic light
scattering (DLS) the secondary structure, electrophoretic
mobility, and colloidal stability of PLL and PGA solutions at
various pH values and compare the predictions of three
different force fields, OPLS-AA,”° CHARMM?27,/%”” and
AMBER99SB*-ILDNP’® at the protonation states correspond-
ing to the measured peptide charge. The force fields are chosen
as a commonly used limited selection of force fields for peptide
simulations to check for consistency between the force fields.
To our knowledge, this is the first time that the secondary
structure and electrophoretic mobility have been determined
for the same PLL and PGA solution samples as a function of
pH. The findings enable resolving pH-dependent fine tuning of
the polypeptide solution characteristics in terms of the
secondary structure, peptide charge state, chain extension,
and ensuing colloidal stability. Comparison of our simulation
results against the experimental data shows that the modeling
descriptions of the charged homopolypeptides in terms of the
structure may deviate significantly from the experimental data.

B MATERIALS AND METHODS

Experimental Methods. Pure crystalline poly-L-lysine
hydrobromide with a molar mass of 150—300 kg mol™,
determined by the manufacturer and approximately one HBr
per lysine residue, and pure crystalline poly-L-glutamic acid
sodium salt with a molar mass of 50—100 kg mol™},
determined by the manufacturer, were purchased from
Sigma-Aldrich-Merck KGaA. These polypeptides are hereafter
referred to as PLL and PGA. The stock solutions of PLL and
PGA were prepared by dissolving a proper amount of the
amino acids in NaCl solution. The NaCl solution of a desired
ionic strength was prepared using deionized water obtained
from Milli-Q Elix and a Simplicity 185 purification system from
Millipore SAS Molsheim, France. All reagents used during the
studies (analytical-grade sodium chloride, sodium hydroxide,
and hydrochloric acid) were also purchased from Sigma-
Aldrich as powders and used during the course of studies
without further purification.

The electrophoretic mobility and diffusion coefficients of
PLL and PGA were examined by the DLS and LDV techniques
using a Malvern Zetasizer Nano ZS apparatus. These
measurements are based on time-dependent fluctuations in
the intensity of scattered light. All experiments were carried out
under a constant temperature of 298 K. For each experimental
data point from DLS, 10 measurements with 20 runs per single
measurement cycle were performed. In the case of LDV, for
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each single experimental point, 15 measurements with 15 runs
per single measurement were performed. The measurements
were carried out simultaneously for the same samples using
both techniques.

The samples were prepared according to the following
procedure.

(1) The appropriate amount of crystalline PLL (0.07029 g)
and PGA (0.07079 g) was weighted using an analytical
balance with a precision of 0.00001g.

(2) Afterward, the weighted amount of the polypeptide was
transferred quantitatively to a volumetric flask (200 mL)
and dissolved with the 107> M NaCl electrolyte.

(3) Then the freshly prepared solution was left for 24 h on a
magnetic stirrer to ensure complete dispersion of the
polypeptide suspensions.

(4) The diffusion coefficient and the electrophoretic
mobility of PLL and PGA in the freshly prepared
suspensions were investigated within a broad pH range
(3.5-12).

(5) In addition, the stability of the suspensions was
investigated by repeating the measurements for the
same solutions (left in room temperature) after 3 weeks
from preparation.

The electrophoretic mobility of the PLL and PGA molecules
(350 mg L7') in the samples was directly measured by
applying the LDV technique. The diffusion coefficient of PLL
and PGA molecules for I = 107> M NaCl and different pH
values was determined by DLS. The diffusion coefficient D
enables determining the hydrodynamic diameter dy of the
molecules using the Stokes—Einstein relationship

kT
H 3mnD

(1)

where dy is the hydrodynamic diameter, k the Boltzmann
constant, T the absolute temperature, and # the dynamic
viscosity.

The hydrodynamic diameter dy; corresponds to the radius of
a spherical particle having the same hydrodynamic friction
coefficient as the arbitrary-shaped particle under investigation.
As this quantity is independent of the temperature and liquid
viscosity, using it instead of the diffusion coeflicient is
advantageous and it provides an apgropriate parameter for
analyzing aggregation phenomena.””™""

In addition, with the electrophoretic mobility 4 and the
diffusion coefficient D known, the electrokinetic (uncompen-
sated) charge q of the PLL and PGA molecules can be
obtained from the Lorentz—Stokes relationship®*

kT

9= —_H

D ()

Consequently, the number of elementary charges N, per one
polypeptide molecule can be calculated from the formula

10kT

N. =gq/e=625X%10 5 U 3)
where e is the elementary charge, D is expressed in m* s/, kT
is in units of J (kg m? s™%), and y is in units of yum cm (V's)™".

The same solutions as for the LDV and DLS were used for
the CD measurements. The CD spectra were recorded at 293
K on a JASCO J-710 spectropolarimeter. A quartz cuvette with
a 200 ym path length was used. Due to the polydispersity of
the PPs, the spectra were normalized by the peptide bonds
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concentration: 2.1 mM for PGA and 1.7 mM for PLL. Three
scanning acquisitions were collected and averaged to yield the
final spectrum, which was then corrected by the solution
baseline. The conversion of ellipticity to the extinction
coefficients difference as well as the secondary structure
composition were estimated using the BeStSel web server.***
Unless otherwise stated, error estimates are based on the
standard deviation of the data.

Molecular Dynamics Simulations. All-atom-detailed MD
simulations were carried out using the GROMACS software,
version 2018.3.*° Two homogolymers, ie, PLL and PGA,
were generated using Tinker.*® The N- and C-termini of the
polypeptides were capped with acetyl (ACE) and N-methyl
amide (NME) groups, respectively. For both PPs, four
different ionization degrees (ID) were modeled, i.e, 1 (fully
charged), 0.66, 0.33, and 0 (neutral). For this, the appropriate
protonation state (see Table 1) of the amino acids was selected

Table 1. Polypeptides Used in Simulations

ionization
no. sequence degree force field
1 ACE-(Glu"),-NME 1 AMBER99SB*-ILDNP
2 CHARMM?27
3 OPLS-AA
4 ACE-Glui-Glu(Glu™),-Glu- 0.66 AMBER99SB*-ILDNP
(Glu™),-Glu-(Glu™),-Glu-
(Glu™),-Glu-Glu™-NME
S CHARMM?27
6 OPLS-AA
7 ACE-Glu-Glu™-(Glu),-Glu™- 033 AMBER99SB*-ILDNP
(Glu),-Glu™-(Glu),- Glu™-
(Glu),-Glu™-Glu-NME
CHARMM?27
OPLS-AA
10  ACE-(Glu);;-NME 0 AMBER99SB*-ILDNP
11 CHARMM?27
12 OPLS-AA
13 ACE-(Lys*) 15-NME 1 AMBER99SB*-ILDNP
14 CHARMM?27
15 OPLS-AA
16 ~ ACE-Lys"-Lys-(Lys"),-Lys- 0.66 AMBER99SB*-ILDNP
(Lys")o-Lys-(Lys"),-Lys-
(Lys*),-Lys-Lys*-NME
17 CHARMM?27
18 OPLS-AA
19  ACE-Lys-Lys*-(Lys),-Lys*- 0.33 AMBER99SB*-ILDNP
(Lys)y-Lys'-(Lys),-Lys"™
(Lys),-Lys*-Lys-NME
20 CHARMM?27
21 OPLS-AA
22 ACE-(Lys);s-NME 0 AMBER99SB*-ILDNP
23 CHARMM?27
24 OPLS-AA

using the pdb2gmx tool provided by GROMACS. The
protonated and deprotonated individual amino acids of the
PLL and PGA chains are referred to as Glu and Glu~ (PGA)
and Lys* and Lys (PLL), respectively. At a particular pH,
realization of the charge distribution can be different. However,
at low ionic strength the electrostatic repulsions remain strong,
which promotes separation of the charges, and the
configuration in which the charges are most separated are
the most favorable. Therefore, we do not consider the charge
distribution fluctuations but instead assume a constant charge
and an evenly spaced, uniform distribution for it in the

https://dx.doi.org/10.1021/acs.jpcb.0c01475
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simulations. All of the PP chains consisted of 15 repeat units.
This chain length was chosen as it is sufficiently long to show
secondary structure behavior while still allowing a microsecond
time scale needed for equilibration. The finite-size effects rising
from the peptide chain length should be negligible for the
highly charged polypeptides at low ionic strength, because the
electrostatic repulsions make the peptide end-to-end distance
then linearly dependent on the molar mass.'® On the other
hand, for the low ionization degrees, it is very likely that longer
peptides would fold onto themselves more than these short
segments. However, examining this would need a significantly
longer equilibration and larger box size, which makes such
simulations computationally very demanding. The chemical
structure of the protonated and deprotonated amino acids as
well as the corresponding snapshots with their hydration shells
are presented in Figure 1. The single PP molecules were

"

[ ¢
o <
HO L 4 ,
Glu 0
Glu
Lys
Lys*

Figure 1. Chemical structures and MD simulation snapshots of the
examined amino acids in the charged and neutral states. Snapshots
show also the surrounding water molecules.

solvated in a 7 X 7 X 7 nm® cubic box with periodic boundary
conditions applied. To neutralize the system, a sufficient
number of Na® or CI” jons was added. To make the
comparison between the experiments and the modeling
teasible, we focused on dilute solution conditions. At higher
salt concentration, the chloride ion’s absorbance hinders the
CD measurements and, due to the electrode reactions, the
electrophoretic mobility measurements are less reliable.
Notably, at higher polyelectrolyte concentrations, deviations
from the here reported findings can be expected, in particular,
in terms of secondary structure weights but also in the pH
response.

Three different force fields were used for the simulations of
the PPs, i.e., OPLS-AA,”° CHARMM?27,”® and AMBER99SB*-
ILDNP.” Detailed information about their functional forms
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and parametrization protocols is presented in ref 87, which
provides a comparative review of the models. For water, the
TIP3P water model was employed.*® For the CHARMM27
simulations, also the standard variant of the TIP3P was used.®
However, it should be noted that the PP’s properties might be
sensitive to the water model choice.”

The van der Waals interactions between atoms were
described using the Lennard—Jones potential with a 1.0 nm
cutoff. The long-range dispersion corrections for energy and
pressure were applied. The long-range electrostatics inter-
actions were calculated by applying the particle mesh Ewald
method with the Fourier grid spacing set to 0.16 nm and using
a fourth-order smoothing spline.”’ The temperature at 298 K
was controlled for the PPs and solvent separately using the V-
rescale thermostat’® with a coupling constant 0.1 ps. The
Parrinello—Rahman barostat’ with a coupling constant of 2 ps
was used to maintain the pressure at 1 bar.

In order to use a 2 fs time step, all of the bonds in PPs and
water molecules were constrained using the LINCS™* and
SETTLE®® algorithms, respectively. The trajectory frames were
saved every 10 ps. Prior to the 1 ys long NPT production run,
the system was energy minimized using the steepest descent
algorithm for 5000 steps. The minimization was followed by an
NVT ensemble initial equilibration for 40 ps. The first 500 ns
of the production run has been disregarded in the analysis as
the relaxation time. The sufficiency of this time period was
verified by monitoring the equilibration of the PP secondary
structure features and their fluctuations. All of the visual-
izations were done using the VMD software.”

B RESULTS AND DISCUSSION

The electrophoretic mobility, diffusion coefficient, hydro-
dynamic radius, and zeta potential of the PLL and PGA
molecules in I = 107> M NaCl solution were determined using
the LDV technique and DLS. A summary of the bulk
physicochemical characteristics of PLL and PGA molecules
measured in the LDV and DLS measurements is gathered in
Table 2.

Figure 2 presents the pH dependence of the electrophoretic
mobility y as a function of pH as measured by the LDV. The
results indicate that the electrophoretic mobility of PGA
molecules increased with pH, attaining the highest value of
—3.5 ym cm (V s)7" in the pH range 8—11.5. Contrary to
PGA, the mobility of PLL molecules decreased with increasing
pH, attaining the highest value of 3.5 ym cm (V s)™' for the
pH range 3.5—7.5. The isoelectric point of PLL molecules was
defined to be between pH 10.5 and 11, which agrees well with
the literature data.”””*

The electrokinetic charge is physically interpreted as the
charge moving with the molecule, i.e., located below the shear
plane.”” Therefore, the electrokinetic charge is usually smaller
(in absolute terms) than the condensed (specifically adsorbed)
charge. This deduction is supported by a previous MD
modeling work that predicted the condensed charge on PLL is
26% of the nominal charge of the molecule.”’ This is ca. three
times larger than the electrokinetic charge.'®

The average diffusion coeflicient of PLL and PGA molecules
at their highly charged states was equal to Dp;;= 2.0 X 1077 +
0.3 cm® 5! and Dpgy = 4.1 X 1077 + 0.3 m* s, respectively.
The pH-mediated differences in D, visible in Table 2, are
comparable with the standard deviations, which makes it
impossible to speculate about the trend. However, it should be
mentioned that very accurate determination of the diffusion

https://dx.doi.org/10.1021/acs.jpcb.0c01475
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Table 2. Experimental Characteristics of PLL and PGA Solutions at Different pH Values for I = 107> M NaCl (Debye length ~

3 nm) Solutions at 298 K“

pH D [em? s7!] dy [nm]
5.7 22 %1077 + 0.3 22+ 3
8.6 20X 107 + 0.5 24+ 5
9.1 22X 107 £ 0.2 22 +2
9.7 1.8 X 1077 + 0.5 27+ 6
9.9 24 X107 +£03 20 + 3
10.4 26 X 1077 + 0.4 19 + 4
11.2°

3.61’
43 41x 107 + 0.8 12+3
5.1 44 x 1077 + 0.8 11+5
54 49 x 1077 + 0.8 10 +2
5.9 49 x 1077 + 0.8 10 +2
7.2 41x107 £ 0.8 12+3
10.4 3.1 X107 + 0.9 16 + 4

PLL

PGA

p [pm em (Vs)7'] ¢ [mV] N,
33 +0.1 63 +3 38
32 +02 61 + 4 40
2.5 +02 46 + 4 29
2.1 +02 40 + 3 29
1.8 +£ 0.2 35+2 19
1.7 + 0.2 33+2 17
0.1 +£0.1 11+1

0.78 + 0.09 -15 + 8

—1.8 £ 0.2 -34+5 11
—-1.9 + 04 —36 + 8 11
—-2.0 + 03 -39+7 10
=27 £ 0.2 -52 + 4 14
—-2.5+ 0.8 —-50 + 8 16
-34=+1 —6S + 10 28

“The zeta potential ({) was calculated from Henry’s model. bAggregation occurs.

2 F

g [um cm (Vs) 1]

4t

pH

Figure 2. pH dependence of the electrophoretic mobility y at I = 107
M NaCl solution for PLL and PGA molecules. Filled symbols
correspond to data obtained from measurements of freshly prepared
solutions, and hollow points correspond to data obtained from
measurements performed for 3-week old dispersions. Solid lines
provide a guide to the eye. Dashed line indicates the level of
isoelectric point (zero charge level).

coefficient, e.g,, by using the laser-induced transient-grating
method with a photoreactive probe molecule, would enable
investigating, for example, the PGA conformational changes.12

The dependence of the hydrodynamic diameter on pH for
PLL and PGA molecules is illustrated in the SI in Figure S2.
For PGA molecules, the hydrodynamic diameter dyy = 12 + 3
nm in the pH range 4.5—11 remains constant in the range.
Changes in the PGA hydrodynamic diameter are observed at
pH < 4.5 and associated with the instability of the PGA
suspension, which leads to aggregation of the molecules. On
the other hand, for PLL molecules in the pH 3.5—10.8 range,
the hydrodynamic diameter remains constant with an average
value of dy = 22 + 5 nm. An increase in the hydrodynamic
diameter is observed at pH =~ 11 and analogous to PGA
indicates instability of the suspension and onset of aggregation.
These DLS results correlate well with the electrophoretic data,
see Figure 2. The observed onset of aggregation occurs near
the isoelectric points of the examined molecules at pH = 10.5
and 4.0 for PLL and PGA, respectively, see Figure 2. This

2965

indicates that the colloidal suspension stability is mainly
governed by the electrostatic repulsion between the charged
PPs.

The electrophoresis and dynamic light-scattering data of
Table 2 enables calculating, based on eq 3, the number of
uncompensated charges per molecule N. While at low pH
values, the PLL N, value is approximately constant, reaching
N, =40 at pH = 5.7, the PLL charge decreases with increasing
pH and is only N_ = 10 close to pH = 11. For PGA molecules,
the N, increases with pH: The PGA charge at pH 10.4 is N, =
28 and at pH 4.5 the charge N, = 11. The inverse response to
pH changes in the number of uncompensated charges for these
two amino acids results directly from their chemical structure,
see Figure 1.

Besides the pH, the PP structure and behavior in solution
are affected by the chain length and polydispersity,"
temperature,'’ and salt type and concentration.'”'" The
purity of used reagents, due to a different batch or
manufacturer, might also affect the PP behavior. All of these
hinder the direct comparison between the results reported by
different groups. Therefore, the corresponding changes in PGA
and PLL secondary structure as a function of pH were
investigated experimentally via CD measurements for the same
samples to connect the PP charge and their secondary
structure. Figure 3 presents the overall summary of these
results together with the electrophoretic mobility data that
indicates the peptide charge state. Molecular visualizations of
representative peptide conformations corresponding to the
AMBER99SB*-ILDNP force-field simulations at charge states
corresponding to the electrophoretic mobility data are
presented. The original CD spectra and fittings to them are
presented in the SI (Figure S1), and the more detailed
resulting secondary structure compositions of the peptides at
the different pH values are summarized in Table 3 for PGA
and Table 4 for PLL. For the CD data, it is worth noting that
even though the fittings are reasonable for both PPs and at
every measurement pH, the highest fitting RMSDs are for the
data of PGA at pH > 7.2 and PLL at pH < 8.6. These pH
ranges both correspond to extended molecule conformations
due to the strong electrostatic repulsions.'® This may cause
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Figure 3. Experimentally determined electrophoretic mobility () and
PP secondary structure content as a function of the solution pH for
(a) PGA and (b) PLL. Simulation snapshots present the
AMBER99SB*-ILDNP force-field-predicted configurations for the
corresponding pH range.

structural alignments to be less pronounced, which complicates
CD analysis for the highly charged peptides.

Changes in PGA structure can be divided into four regions.
(1) At pH above 7, PGA is highly charged and the CD spectra
indicate only a ff-sheet structure. (2) In the pH range between
5.5 and 7, a significant decrease in f-sheet, increase in a-helix
content, and decrease in absolute value of electrophoretic
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mobility (lul) occurs. (3) In the pH range between 4.2 and 5.5
a further decrease of lul occurs, accompanied by a maximum of
a-helix content and no f§ structure. Finally, (4) at pH below
4.2, a decrease in a-helix content and partial recuperance of the
P-sheet structure is observed. However, at the higher pH,
antiparallel f-sheets dominate, while the f-sheets structure
contributions at low pH are parallel at low pH, see Table 3.
The parallel B-sheets have somewhat more distorted and
consequently weaker hydrogen bonding, according to the
Pauling—Corey models.

Changes in PLL structure can be divided into three regions.
(1) At pH below 8.6, PLL is a highly charged, elongated
molecule with S-sheet structure. (2) At pH range between 8.6
and 10.4, the f-sheet structure and lul decrease while the a-
helix content increases. (3) At pH above 10.4, the a-helical
structure is dominant and the very low value of lul suggests
that the molecule is almost charge neutral. For PLL, significant
changes in the secondary structure and electrophoretic
mobility occur around 1pH 9.8. This corresponds to the pK,
for poly L-lysine (9.85)."”' However, in the pH range from 9.8
to 10.4, the electrophoretic mobility remains significantly
positive. This indicates that PLL carries charge. Furthermore,
the PLL solution remains colloidally stable at pH 10.4, and
aggregation occurs only above pH 11, see Figure S2.

The results suggest that in a narrow pH range, pH 9.8—10.4
for the PLL and pH 5.0—-5.5 for PGA, both PPs remain
sufficiently charged so that their solutions form a stable
colloidal suspension (see Figure S2). However, a sufficient
decrease in charge has occurred, so that their a-helix content is
already above 60%. As the secondary structure change
influences strongly the response of these peptides, e.g, as
adsorbed films or PEMs, this might have very important
implications for further use of these PPs. This narrow range
typically remains overlooked, as PLL and PGA are the most
commonly used at pH around 7, where both are highly
charged. However, at this pH the dominant structural
composition, in addition to random coils, is beta sheet. On
the other hand, the secondary structure has a significant
influence on the materials properties resulting from PP
adsorption of PEMs or PPs.”® This suggests that fine tuning
using the pH has a significant potential for providing more
control on the properties of materials composed of the PLL
and PGA.

Interestingly, the f-sheet content seems to be strongly
correlated with lul for both PPs. The experiments show that for
both PPs at their fully charged states, at pH above 8 for PGA
and at pH below 8 for PLL, the f-sheet secondary structure
covers ~40—50% of the PP chain. This is related with strong
electrostatic repulsion between neighboring charge groups that
forces elongation of the PP. Recently, viscosity measurements
have showed that the PLL has an extremely extended
conformation at pH 5.6.'

Let us next move to simulations-based characterization of
the corresponding polypeptides. The pK, of the side chain
group depends on the neighboring groups. It might differ
significantly between amino acids in the protein, typically
surrounded by neutral amino acids, and in charged
homopolypeptide molecules. Assuming the PLL and PGA
pK, to be 9.85'" and 6.5,'"* respectively, the charge states of
PLL and PGA in MD simulations can be set to correspond to
the mean charge state in a given pH using the Henderson—
Hasselbalch equation. The ionization degree of the poly-
peptides, ie., 1, 0.66, 0.33, and 0, in the MD simulations has

https://dx.doi.org/10.1021/acs.jpcb.0c01475
J. Phys. Chem. B 2020, 124, 2961-2972


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c01475/suppl_file/jp0c01475_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c01475/suppl_file/jp0c01475_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c01475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c01475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c01475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c01475?fig=fig3&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c01475?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Table 3. Estimated Secondary Structure Content (%) of PGA Determined from Fitting to the CD Spectra®

secondary structure pH
3.6 4.3 S.1 5.4 59 72 10.4

helix helix] (regular) 30.9 58.4 56.8 485 20.1 0.0 0.0

helix2 (distorted) 10.6 19.2 16.7 15.1 9.2 0.0 0.0
antiparallel antil (left-twisted) 2.7 0.0 0.0 0.0 0.0 0.0 0.0

anti2 (relaxed) 8.0 0.0 0.0 0.0 0.0 0.0 0.0

anti3 (right-twisted) 0.0 0.0 0.0 0.4 153 423 43.1
parallel 15.7 LS 0.0 0.0 0.0 0.0 0.0
turn 16.5 9.5 7.4 10.1 13.1 14.0 13.3
others 18.7 114 19.1 26.0 42.4 43.8 43.6
RMSD 0.1114 0.1902 0.1442 0.0636 0.1435 0.728 0.89
NRMSD 0.00561 0.00589 0.0048 0.0026 0.01422 0.06347 0.07192

“The fitting has been completed by dividing the spectrum into eight secondary structure elements following ref 83.
Table 4. Estimated Secondary Structure Content (%) of PLL Determined from Fitting to the CD Spectra”
secondary structure pH
5.7 8.6 9.1 9.7 9.9 10.4 11.2

helix helix1 (regular) 0.0 0.0 0.0 3.7 44.2 63.6 65.1

helix2 (distorted) 0.0 0.0 0.0 2.7 132 15.8 18.6
antiparallel antil (left-twisted) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

anti2 (relaxed) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

anti3 (right-twisted) 489 451 356 259 47 0.0 0.0
parallel 0.0 0.0 0.0 0.0 0.0 0.7 1.0
turn 10.7 12.4 159 14.1 7.1 6.8 5.4
others 40.5 42.5 48.5 53.5 30.8 13.0 10.0
RMSD 1.0151 0.7881 0.3211 0.2795 0.1752 0.2869 0.2472
NRMSD 0.06953 0.06017 0.0367 0.03294 0.00728 0.00803 0.00706

“The fitting has been completed by dividing the spectrum into eight secondary structure elements following ref 83.

been chosen so that the charge states cover pH regions on both
sides around the pK, and cover also the fully charged and
neutral states, see Figure 3.

In Figure 4, Ramachandran plots calculated based on the
MD simulation trajectories show the secondary structure
distribution of PLL and PGA simulated using the three
examined force fields, AMBER99SB*-ILDNP, CHARMM?27,
and OPLS-aa. Notably, in the Ramachandran plots, the top-left
spots correspond to backbone configurations characteristic of
beta sheets, the center-left spots to right-handed a-helical
structure, and the center-right spots characteristic to backbone
angles of left-handed a-helices. The three examined force fields
differ significantly in their prediction both within a given
charge state but also in response to charge state changing.

Comparison with the experimental secondary structure data
in Figure 3 and the MD simulations predicted conformations
distribution in Figure 4 shows that the AMBER99SB*-ILDNP
force field reproduces the changes in the secondary structure
due to changing ionization degree. In particular, the
conformation distributions shown by the Ramachandran
plots follow for PGA the experimentally observed increase in
a-helix content when the ionization degree decreases from 1 to
0.33 and also the decrease in a-helix content at ID 0. Likewise,
the inverse response for backbone configurations correspond-
ing to f-sheet content as a function of pH (charge ID) is
reproduced with the exception that at high ionization degree
the AMBER99SB*-ILDNP force field predicts that the a-
helical conformation dominates, while experiments clearly
indicate preference for f-sheet. As with PGA, for PLL, the
simulation data shows a preference of the conformations
adopting backbone angles corresponding to the f-sheet

2967

structure at high ID of the peptide (corresponding to elevated
pH) and a sudden increase in the a-helix content at very low
ID. Notably, the examined peptides are so short (15 amino
acids) that full formation of beta sheets is not visible in the
simulations even though the backbone configurations of the
peptides may correspond to the extended configurations
typical to beta sheets. This result is in line with experimental
data.

The AMBER99SB*-ILDNP force field is optimized for the
correct description of the helix—coil equilibrium.'” An
accurate balance between a and f structures in protein folding
via the force field has been tested against NMR and Forster
resonance energy transfer measurements.'>* For the AMBER
force field, we also investigated the effect of the chain length on
the conformation distribution, see Figure S3. The differences
in the exhibited secondary structure fractions between S and
1S5 repeat units are relatively small. The visible differences
mostly result from much better sampling of the 15 amino acids
long peptide (more dihedrals) than the S amino acid long
chain. It might be expected, however, that for much longer
chains the f-sheet content might increase as several f-strands
can assemble into proper p-sheets. Therefore, the much
shorter PPs in the simulations than in the experiments hinder
quantitative comparison of the exact a- and J-structure
fractions. Also, analysis of the populated regions of the
Ramachandran plot determined from MD simulation trajectory
is crudely simplified with no further subdivision of the
individual structures as specified in the recent nomenclature.'*®

The Ramachandran plots corresponding to both
CHARMM?27 and OPLS-AA force fields, Figure 4, are much
less sensitive to the changes in the PPs protonation state than
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Figure 4. Ramachandran plots for the (a) PGA and (b) PLL
calculated from the molecular dynamics simulations trajectories.
Subplots show the distribution of the ¥ and @ angles of the peptide
backbone for the different ionization degrees (ID) with the three
examined force fields.

the AMBER99SB*-ILDNP force field. The OPLS-AA
prediction shows the same structural features as with
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AMBER99SB*-ILDNP but with very little sensitivity to a
change of the PP charge state. However, the CHARMM?27
force-field prediction looks quite different from the other two
examined force fields. In comparison to the experimental
results, it significantly overestimates the a-helix content at
every charge ID for both PPs. This means a qualitative match
with the secondary structure content observed experimentally
is obtained only for PLL at ID 0 or PGA at ID 0.33. Similar
overestimation of the a-helix fraction for the same force field
has been previously reported for polyalanine.'”® On the other
hand, CHARMM?27 seems to work for PGA and PLL in their
neutral state.”* In comparison to CHARMM27, the more
recent CHARMM36 version might result in significantly better
results as the backbone CMAP potentials have been refined
and the side-chain dihedrals have been reparametrized.'®”'*®

The OPLS-AA force field shows the best agreement with the
experiments for both PLL and PGA at their highly charged
protonation states. This corresponds to the pH above 8 for
PGA and below 8 for PLL. However, for the lower IDs, this
force field does not properly map the changes in the secondary
structure. At the lower IDs, the f-sheet conformations are
overestimated, contrary to the CHARMM?27, which promoted
a-helical structure. Notably, in temporal analysis of the
secondary structure evolution in the simulations, the OPLS-
AA force field shows more pronouncedly the bridge regions
between the a-helix and the f-sheet, see Table S1 in the SI.
This suggests that the transition between these a-helix and f-
sheet structures occurs within the simulation time. The
comparison of the evolution of the secondary structure for
different force fields can be found in Table S1. For example,
the OPLS-AA force field predicts that PLL with ID 0 has a-
and p-structures that are stable for more than 200 ns in
duration of the 1 ps total simulation time here. This suggests
that simulations concerning the changes in the secondary
structure should be sufficiently long or employ an enhanced
sampling method, like TREMD'*” or HREMD.""’

A further characterization of the differences between the
peptide structures predicted by the force fields is provided by
the radius of gyration R, Figure S4. On the basis of the
experimental data, an increase of R, with ID can be expected
due to the stronger repulsion between the charged side chain
groups. Indeed, for the AMBER99SB*-ILDNP and OPLS-AA,
the R, increases significantly with ID, while only a small
increase is visible for CHARMM.

As the secondary structure is dictated by hydrogen-bond
formation, we analyzed the number of PP internal and PP—
water hydrogen bonds as a function of the ID and force field,
see Figure S5. The data shows that the AMBER99SB*-ILDNP
and OPLS-AA force fields lead to similar data sets in terms of
hydrogen-bond formation. For both force fields the number of
internal hydrogen bonds in PPs decrease with increasing ID,
while the number of PP—water hydrogen bonds increases. For
PLL, the number of internal hydrogen bonds at ID 1 is close to
zero, which corresponds with the highly extended conforma-
tion. On the other hand, for PGA, even at ID 1, on average 0.3
internal hydrogen bonds per amino acid form. Moreover, the
number of PP—water hydrogen bonds increases more for PGA
for all of the studied force fields. However, for the
CHARMM?27 force field, the hydrogen bonding seems to be
less sensitive to the changes in the protonation state. Only at
ID 1, the decrease in PP internal hydrogen bonding shows.

Only small differences in the simulation performance were
observed. The simulations employing the OPLS-AA force field

https://dx.doi.org/10.1021/acs.jpcb.0c01475
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were ~5% faster than AMBER99SB*-ILDNP and CHARMM
for ionization degrees 1, 0.66, and 0.33 and ~5% slower for ID
0.

B CONCLUSIONS

The ability to accurately reproduce pH-induced changes in
PLL and PGA homopolypeptide secondary structure and
conformation by different atomistic resolution molecular
modeling force fields was investigated via the MD method.
The simulation results were validated against experimental CD,
LDV, and DLS measurements data that also provided a full
characterization of the secondary structure and charge state pH
dependency of these homopolypeptides. The simulation results
show that the studied force fields, i.e., OPLS-AA,
CHARMM?27, and AMBER99SB*-ILDNP, have significant
differences in their predictions, and only the AMBER99SB*-
ILDNP properly captured the secondary structure response
versus pH. However, for the fully charged PLL and PGA, i.e,
the most important state for practical applications of these PPs,
the OPLS-AA has the best quantitative match with the
experimental data. On the other hand, the CHARMM27 force
field, which systematically overestimates the a-helix content of
the charged PPs in this work, has been previously shown to
work well for neutral PLL and PGA.”*

We emphasize that the results in this work should not be
considered as indications of the best available force field.
Rather, the results demonstrate how force field sensitive the
results can be and that the force field choice should be done
with great care and tested against the experimental data
whenever possible.

The experiments indicate that both PGA and PLL adopt a
partial, ~40—50% f-sheet secondary structure when highly
charged (at high pH for PGA and low for PLL). Close to the
pK,, peptides experience a gradual loss of the partial fS-sheet
structure and rise to up to 80% a-helical structure as their
charge decreases. Furthermore, at very low charge (very low
pH), PGA loses partially the a-helical structure. In addition,
the presented experimental results suggest that pH fine tuning
with the aim of high-precision control of the secondary
structure of the PPs can provide access to a very interesting
tuning option for the properties of the molecules. The
experimental data shows that both PLL and PGA have a
narrow pH range in which they are charged enough to form a
stable colloidal suspension but having at the same time a-helix
content above 60%; the dominant charged state secondary
structure of the peptides is fB-sheet. Such pH sensitivity in
secondary structure has major implications for the practical
application of these PPs, e.g, in adsorption or multilayer film
formation. Direct implications of this pH sensitivity in
secondary structure is that the experimental protocols should
be carefully investigated and connected with the properties of
the molecules in the bulk solution. This could help understand,
improve, and control the properties of the assemblies built

from oppositely charged polypeptides.
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