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ABSTRACT Using molecular dynamics simulations, we describe how crowded environments affect the internal dynamics and
diffusion of the hepatitis C virus proteases NS3/4A. This protease plays a key role in viral replication and is successfully used as
atarget for antiviral treatment. The NS3 enzyme requires a peptide cofactor, called NS4A, with its central part interacting with the
NS3 g-sheet, and flexible, protruding terminal tails that are unstructured in water solution. The simulations describe the enzyme
and water molecules at atomistic resolution, whereas crowders are modeled via either all-atom or coarse-grained models to
emphasize different aspects of crowding. Crowders reflect the polyethylene glycol (PEG) molecules used in the experiments
to mimic the crowded surrounding. A bead-shell model of folded coarse-grained PEG molecules considers mainly the excluded
volume effect, whereas all-atom PEG models afford more protein-like crowder interactions. Circular dichroism spectroscopy ex-
periments of the NS4A N-terminal tail show that a helical structure is formed in the presence of PEG crowders. The simulations
suggest that crowding may assist in the formation of an NS4A helical fragment, positioned exactly where a transmembrane helix
would fold upon the NS4A contact with the membrane. In addition, partially interactive PEGs help the NS4A N-tail to detach from
the protease surface, thus enabling the process of helix insertion and potentially helping the virus establish a replication machin-
ery needed to produce new viruses. Results point to an active role of crowding in assisting structural changes in disordered pro-
tein fragments that are necessary for their biological function.

SIGNIFICANCE Our understanding of biochemical processes largely relies on experiments conducted in dilute solutions,
whereas living cells are densely crowded with many macromolecules. We investigate how this dramatic change of
environment affects the dynamics of a protein crucial in the replication of the hepatitis C virus. This protein, called NS3/4A,
has disordered tails that have to anchor and fold close to the human endoplasmic reticulum membrane. Using simulations
and experiments, we found that crowding aids folding of the NS3/4A unstructured tails, suggesting that it contributes to
NS3/4A membrane anchoring. The results bring us closer to answering the question of how cellular crowding modulates
the behavior observed during in vitro biochemical experiments and simulations.

INTRODUCTION test tube, where experiments typically involve dilute buffer
conditions. Crowder molecules affect various properties of
solutes; they can reduce their diffusion and may influence
folding, internal dynamics and stability, association and for-
mation of molecular complexes, ligand and substrate bind-
ing, or the catalytic activity of enzymes (1,2).

Considering the physics of crowding, there are two major
components to its effect on proteins: the excluded volume
effect, resulting solely from the reduction of the available
space, and weak, nonspecific interactions of proteins with
the crowder molecules. Because the contribution of each

Submitted February 13, 2021, and accepted for publication July 7, 2021. component is case dependent (2), a universal correction to
experiments conducted in dilute solutions is difficult to

The natural environment in which proteins perform their
function is highly crowded with macromolecules such as nu-
cleic acids, proteins, lipids, and small molecules such as me-
tabolites and cosolutes. This heterogeneous molecular crowd
typically occupies 20-30% of the cytoplasmic volume but
can reach up to 80% in the extracellular matrix. The practical
consequence of crowding is that biochemical reactions inside
living organisms proceed differently from those observedin a
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FIGURE 1 Ribbon model of the NS3/4A protease structure (Protein Data
Bank: 4JMY). The active site residues are shown in violet, the central crys-
tallographically resolved part of the NS4A cofactor is in yellow, and the
NS3 membrane contact sites are in green. C-ter, C-terminus; N-ter, N-ter-
minus. To see this figure in color, go online.

In molecular dynamics (MD) simulations, crowders can
be included explicitly, and their representation can focus
on specific features. Spherical, noninteracting particles cap-
ture the volume-exclusion effect. Such a simplified model
leads to stabilized protein-protein interactions (3,4) and pro-
motes compact conformations (5). In a more realistic model,
the shape of the crowder particles may be modified or diver-
sified, for example, by mixing spheres with spherocylindri-
cal structures. Such models better represent the entropic part
of the crowding effect. However, the mostly attractive
nonspecific protein-crowder interactions encountered in
biological environments would still be neglected. A more
detailed model involves atomistic representations of crow-
ders, although the high computational costs of such simula-
tions limit crowder and overall system sizes (6,7). In
laboratory experiments, crowded conditions are typically
realized with mostly noninteracting, soluble polymers,
such as dextran, Ficoll, or polyethylene glycol (PEG). Solu-
tions with such polymers can be analyzed with a wider range
of biophysical methods than a solution of protein-type crow-
ders or cell extracts. However, the polymer choice also de-
termines which crowding effects are emphasized.
Synthetic crowders that lack interactions with proteins
mostly emphasize the volume-exclusion effect, whereas
other polymers such as PEG, for example, that interact
weakly with proteins may reflect more closely the behavior
of weakly interacting protein crowders (8,9).

Here, we focus on the effects of crowding on the NS3/4A
heterodimer protease encoded by the hepatitis C virus
(HCV) (Fig. 1). The complex consists of a globular NS3
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protease domain and NS4A, a 54 amino acid protein
cofactor. The protease cleaves the junctions in the polypro-
tein produced from viral RNA (10), releasing the nonstruc-
tural proteins vital to viral RNA replication and new virion
assembly. Because of its key role in the production of new
viruses, multiple inhibitors blocking the NS3 activity are
currently used in HCV treatment (11,12). NS4A takes part
in anchoring the replication machinery to the endoplasmic
reticulum (ER) membrane. Because the viral RNA exposed
to the cytosol may be vulnerable to degradation by various
nucleases, HCV RNA is replicated primarily in the perinu-
clear ER membrane regions (13) where nonstructural
HCV proteins are colocalized. There, safeguarded by a
self-made membranous web, new viruses are produced.
Consequently, NS4A is another potential target for devel-
oping antiviral therapies. The focus on the effect of crowd-
ing on NS3 and NS4A aims at providing a more realistic
view of their dynamics under biological conditions.

NS4A is an intrinsically disordered peptide (IDP) in solu-
tion that is subject to significant conformational fluctua-
tions. The folding or unfolding of IDPs is often dictated
by the environment and especially prone to be affected by
crowding. A restriction of the available volume often results
in compaction of disordered fragments (14), whereas
nonspecific interactions with the surrounding molecules
can lead to opposite effects (15). Protein crowders may
destabilize the native fold of some proteins (6,7), thereby
widening the accessible conformational space (16,17).
Which specific effect dominates for a given peptide and
how biological function may be affected depend on the case.

Many IDPs adopt a stable fold upon contacting a specific
binding partner. NS4A is an example of such behavior. The
central segment (residues 21-32) of NS4A noncovalently
binds to NS3, forming a part of its 3-barrel (Fig. 1), although
the N- and C-termini (residues 1-22 and 33-54, respec-
tively; Fig. 1) remain unstructured. Moreover, crystallo-
graphic structures (18) show that upon binding NS4A, 30
N-terminal amino acids of NS3 rearrange from a random
coil into a (B-loop and short «-helix. The evolutionary
conserved N-terminal segment of NS4A (residues 2-20)
are believed to form a transmembrane (TM) a-helix (10)
that folds upon interaction with the membrane (19). The
TM helix of NS4A, together with the NS3 $-loop and helix,
form a three-point contact site that enables binding of the
NS3/4A complex to the ER membrane. This event likely es-
tablishes HCV foci in the infected cell.

Some of the structural transitions within the viral proteins,
including NS4A, are modulated by the molecular environ-
ment. In this work, we ask specifically whether crowding
can contribute to HCV function by promoting folding of
the unstructured tails of NS4A to aid with membrane
anchoring. Using circular dichroism (CD) spectroscopy, we
investigated the structural changes of the N-terminal frag-
ment of NS4A. The conformational dynamics of the NS3/
4A complex is analyzed based on MD simulations under



FIGURE 2 Crowder models used in MD simulations: (A) an all-atom
PEG molecule and (B) a CG bead-shell model. During MD simulations,
the CG crowder slightly changes shape from a perfect sphere to a dodeca-
hedron (Fig. S1). To see this figure in color, go online.

crowded and noncrowded conditions. By considering
different crowder models, we further separated the effects
of volume exclusion and crowder-protein interactions.
More specifically, we used PEG crowders in atomistic or
coarse-grained detail to connect with our previous experi-
ments on NS3/4A under crowded conditions (9).

MATERIALS AND METHODS
Preparation of structures for simulations

The crystal structure of NS3/4A with PDB: 4JMY (20) from the Protein
Data Bank was used as a starting point because of its sufficiently high res-
olution (1.95 A) and the presence of the zinc ion, which is critical for NS3
structural stability (21). 10 amino acids were mutated to match the sequence
of the genotype 1b of HCV because the protease of this genotype was used
in our experimental studies (9). The D30E, L36V, G66A, A87K, M94L,
S147F, V150A, 1170V, A181S, and S182P mutations were introduced
with Chimera (22) using the Dunbrack rotamer library (23). In initial MD
simulations, these mutations did not affect the structural properties of
NS3. Standard protonation states for amino acids at pH 7 were assumed.
Histidines were set to their neutral 7 tautomer form with the H-bond
acceptor at the Ne position. For cysteines 97, 99, and 145, which coordinate
the zinc ion (10), we used a cysteine-zinc specific patch. The total net
charge of the NS3/4A complex plus the zinc ion was +2e. Only the central
part of NS4A (residues 21-32) was resolved in the crystal structure of NS3/
4A (20). Missing terminal fragments of NS4A were built with MODELLER
(24), ver. 9.19., using template-free modeling. From five models of full-
length NS4A, the best model was selected based on the scores calculated
with Dope (25). A peptide composed of 22 N-terminal amino acids of
NS4A (N,,,-STWVLVGGVLAALAAYCLTTGS-C,,.,) was simulated start-
ing from helical (built with Chimera (22)) and extended conformations
(from the NS3/4A simulations).

Simulation systems

NS3/4A was simulated in noncrowded and crowded conditions. Crowded
conditions involved PEG molecules either in all-atom representation or as
CG crowders (Fig. 2). For all-atom PEGs, we used 28-mer PEG polymers
in five starting conformations sampled from MD simulations of PEG mol-
ecules in explicit solvent (26). All systems were solvated using the TIP3P
water model, and ions were added using MMTSB (27). Explicit water mol-

Crowding affects dynamics of NS3/4A

ecules were placed with at least 9 A margin from the protein atoms.
Random water molecules were substituted with Na™ and C1~ ions accord-
ing to an ionic strength of ~20 mM (9). Two additional C1™ ions were added
to the NS3/4A systems for charge neutrality. NS3/4A in explicit water and
ions consisted of ~129,000 atoms in a box volume of 110 A3,

To generate the crowded systems, 130 single-atom crowders were placed
around NS3/4A in random positions, resulting in three sets of crowder lo-
cations. Each set of one-sphere crowders was then substituted with either
CG crowders or all-atom PEGs (each time randomly selecting one of five
all-atom PEG conformations). The crowders were added to the NS3/4A
starting structure. This resulted in crowder volume fractions of 10-20% de-
pending on the system. Simulated systems consisted of ~250,000 atoms
with all-atom PEGs and ~121,000 atoms with CG crowders. The systems
containing all-atom PEGs were energy minimized in vacuum before add-
ing water molecules to eliminate any clashes from placing PEGs around
NS3/4A. The peptide was simulated either in explicit solvent (~21,000
atoms) or in explicit solvent in the presence of 16 CG crowders added at
random locations (~26,000 atoms). Other simulation conditions were set
as for NS3/4A.

Crowder models

MD simulations were performed for two crowder models as shown in
Fig. 2. The PEG 28-mers in all-atom representation reflect the conditions
used in experiments of NS3/4A activity upon crowding (9) (Fig. 2 A). Start-
ing conformations were taken from the MD simulations of Lee et al. (26).
The CHARMM36 CGenFF force field parameters were combined with
modified torsion angles (26). Because PEGs are hydrophilic, favorable
interactions with polar groups on the surface of NS3/4A are possible.
The second type of crowder is a CG model (Fig. 2 B) that emphasizes
the volume-exclusion effect while minimizing favorable interactions with
the protein surface.

When designing the CG crowder model, a simple idea is to use one-atom
spheres with a radius according to crowder size. However, it is not compu-
tationally efficient to surround large CG crowders with atomistic water mol-
ecules because a large cutoff distance for nonbonded interactions is
necessary to cover the distance between two centers of large interacting
spheres. Therefore, an alternative bead-shell model was used. Bead-shell
crowder models appeared in 2003 in one of the first simulations of crowding
that investigated the escape of a CG protein from GroEL using Brownian
dynamics simulations with implicit water (28). The crowders represented
Ficoll and interacted via the repulsive part of the Lennard-Jones (LJ) poten-
tial and charges placed on the surface atoms. A similar bead-shell crowder
model was also used in 2012, in the simulations of folding of a short peptide
in explicit TIP4P water (29).

Our bead-shell model used here consists of 42 carbon-sized pseudoatoms
distributed almost evenly on the surface of a sphere. The additional large
pseudoatom in the center of a crowder stabilizes the spherical structure
(Fig. 2 B) and prevents collapse due to van der Waals interactions between
surface atoms. The mass of the pseudoatoms was assigned so that the total
CG crowder mass is 1296 Da, equal to the mass of a 28-mer PEG. The mass
of each surface atom was set to 25 Da and of the central atom to 246 Da.
The masses were assigned to reflect the size distribution of the particles
(see Supporting materials and methods, Section S1 for the parameter
file). Heavier central atoms also result in reduced fluctuations of the crow-
der shape. The radius of our CG crowders corresponds to the average hydro-
dynamic radius of PEG, which is 7.7 A (26).

Although interactions between the individual CG crowders were set as
purely repulsive, the crowder-protease interactions follow an LJ potential
with repulsive and attractive parts. The parameters of the surface pseudoa-
toms were set equal to those of PEG carbons (Supporting materials and
methods, Section S1). However, the CG crowder pseudoatoms are not con-
nected by bonds. The NAMD (30) bond exclusion function requires that all
the excluded atoms be located within neighboring patches. This is why the
bonds in CG models cannot be much longer than bonds in proteins. Three
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FIGURE 3 Simulated systems including NS3/4A. (A) NS3/4A surrounded by ions. (B) NS3/4A surrounded by all-atom 28-ethylene glycol molecules and
ions. (C) NS3/4A surrounded by CG crowders and ions. For clarity, the water molecules are not shown, but they were included in the simulations. NS3 is
shown in red, NS4A in orange, ions in green, and crowders in gray. To see this figure in color, go online.

approaches to pseudobond representation were tested: NBTables, extra
bonds, and substitutions of bonds with a strong LJ potential. The third
approach proved to be most practical and was implemented in our model.

MD simulations

All starting systems containing the protease or peptide mimicking the N-ter-
minal segment of the cofactor were energy minimized over 3000 steps via
steepest descent. Next, water molecules and ions were thermalized by gradu-
ally increasing the temperature from 10 to 310 K, running 25 ps of simulation
at each temperature with harmonic restraints of 10 kcal/mol - A2 imposed on
solute atoms. During subsequent equilibration, the positional restraints on the
solute atoms were gradually weakened in six stages (of 25 ps each) with force
constants k set to 10, 5,2, 1, 0.1, and 0 kcal/mol - A2 Both heating and equil-
ibration were carried out in the NVT ensemble with an integration time step of
1 fs. During an additional equilibration step over 25 ps, the ensemble was
switched to NPT, and the time step was increased to 2 fs. For the protein in
explicit water and with all-atom or CG crowders, five 500 ns production sim-
ulations were performed that differed in the starting velocities or crowder
initial positions. For the peptide starting from helical or extended forms and
with or without CG crowders, three sets of 1000 ns production simulations
were carried out. The production simulations were performed in the NPT
ensemble with NAMD 2.11 (30) or openMM 7.4 (31) on GPUs. Temperature
was controlled by a Langevin thermostat, and a pressure of 1 atm was main-
tained using a Langevin piston (32). Electrostatic interactions were calculated
via particle mesh Ewald summation (33) with a 12 A direct-space cutoff. In
the simulations with the CG crowders, the “pairlistdist” parameter that spec-
ifies the maximal distance for constructing the nonbonded interaction pair list
was increased to 17 A. This prevented the overlap of CG crowders. All bonds
with hydrogen atoms were constrained with the SHAKE algorithm (34) to
allow a 2 fs time step. The simulated NS3/4A systems are shown in Fig. 3.
The dynamics from representative parts of the trajectories is illustrated in
Video S1 (all-atom PEGs) and Video S2 (CG crowders). Basic trajectory anal-
ysis such as the calculation of root mean-square deviations (RMSDs), root
mean-square fluctuations (RMSFs), radii of gyration (Rg), and secondary
structure analysis was carried out using VMD (35). RMSD and RMSF were
calculated for Ca atoms with respect to the minimized starting and average
structures, respectively. All errors shown are the standard errors of the
mean (SEM). Mean helicity in the NS4A N-terminus was estimated using
VMD based on the number of frames in which the NS4A N-tail adopted an
a- or 31p-helix (normalized with respect to the total number of frames) accord-
ing to STRIDE (36). In this analysis, only the last 250 ns of the production tra-
jectories were used to allow sufficient time for helix formation. p-values were
estimated based on a two-sample r-test to establish significance when
comparing between water and crowded environments.
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Force field parameters

The CHARMM36m force field (37) was applied because it is suitable for
both folded and disordered protein elements, such as the unstructured
NS4A tails. Because we observed PEG aggregation in initial simulations
(Fig. S2), inconsistent with the known high solubility of this polymer
(38), we scaled the e parameter of the LJ potential for interactions between
the water and other molecules by a factor of 1.09 (39), thereby increasing
the hydrophobicity of the solutes. Such a modification was previously
shown to restore realistic diffusion properties of overly aggregating pep-
tides (39-41); this also proved successful here in preventing PEG aggrega-
tion and restored the expected high PEG solubility (Fig. S3). Scaled water
interactions were applied in all MD simulations described here. In the sim-
ulations without crowding, the force field modifications increased the
occurrence of conformations with larger Rg and also affected the stability
of the NS4A helix that formed at the N-terminus (Figs. S4 and S5).

Diffusion coefficients

Translational diffusion was calculated based on the mean-square displace-
ments (MSD) of the centers of mass of NS3 and crowders.

msD(r) = (1 +7) - 7)) ). )

where r is the position of the molecule in time ¢ and 7 are the lag times be-
tween the positions. First, diffusion coefficients D, were calculated from
the slopes of a linear fit to MSD(7) according to the Einstein relation

SD
Dy = T(T). )

Second, Dy was corrected for the periodic boundary condition (PBC) ar-
tifacts (42) by adding the D, pgc correction term calculated according to

D = — — i
e = o (: i ) 3)
and

n = n,(1+2.5¢), )

where { = 2.837, kg is the Boltzmann constant, 7 is the temperature equal to
310 K, L is the length of the simulation box, 7 is the shear viscosity of the
solvent, and R;, is the hydrodynamic radius of a molecule calculated for



NS3/4A with HYDROPRO (43) (Rys3/44 = 29 A), and the average radius of
a PEG molecule Rprg is equal to 7.7 A (26). The shear viscosity of the sol-
vent in crowded systems was calculated based on pure water viscosity, 1y,
and the volume fraction of PEG crowders, ¢.

Third, to account for reduced viscosity with the TIP3P water model used
here, the PBC-corrected diffusion coefficients D, ppc were further scaled
with the factor of 3.08/8.9, the ratio between the shear viscosity of the
TIP3P water model 0.308 cP relative to the experimental value of 0.89
cP for the viscosity of bulk water. Thus, the final double-corrected transla-
tional diffusion coefficients, D,, are calculated as

3.08

D; = (Do + D, psc) X 39

®

Rotational diffusion coefficients for NS3 were calculated based on rota-
tional correlation functions (44) using the MMTSB toolset (27). A trajectory
with random vectors was generated and merged with the trajectory of the
centered NS3 structure. By fitting NS3 to the reference starting conformation,
the vectors were rotated along with the protease, and the average correlation
function was calculated for the vectors. Correlation times 7, were generated
by fitting the correlation function to a single exponential function f =
exp <j—‘> Rotational diffusion coefficients D, are related to 7, by D, = 6%
The correction related to the altered shear viscosity of the TIP3P model was
also applied to D, (i.e., D, was scaled by 3.08/8.9). A PBC correction was
not applied to D, because it is negligible (45).

(De)coupling of the translational and rotational diffusion was analyzed
based on the comparison with the hard sphere (HS) model (46). The diffu-
sion coefficients in the HS model were calculated based on effective HS
volume fractions ¢pg (47,48) as follows:

D*(bus) _ (1= ¢us)’ ©
DE 14 (3/2)¢us + 2075 + 335

and

7 (Pus)

T}",O

=[1 — 0.631¢5 — 0.762¢%5] ™)

where D§ and 7, are the translational diffusion coefficients and rotational
correlation times derived from the MD analysis of the protease in water and
D"(¢ys) and 7,(¢ys) are their theoretical values calculated for the protease
surrounded by ideal hard spheres. The ¢y fractions are equal to ¢pg = ¢ X
k, where ¢ is the volume fraction of crowders calculated from the trajec-
tories and k is a scaling parameter set to 1 to obtain ideal HS results.

Protease and crowder contacts

Conditional radial distribution functions (RDFs) describing the distribution
of PEG molecules around NS3/4A with respect to the protease surface were
obtained with a custom program that calculates the number of crowder
atoms of a specified type found within the available volume at a given dis-
tance from the closest heavy atom of the protease.

The conformations of NS4A with respect to NS3 were characterized with
a measure called the wrapping coefficient, which distinguishes whether the
unstructured tails are wrapped around NS3 or maximally extended. The
wrapping coefficient W is defined as

W = ;, 8)

where x; is the distance between the Ca atom of the i-th residue of the N- or
C-terminal tail of NS4A (for N residues: 1-22 and 33-54, respectively) and
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a fixed atom in the center of mass of NS3 (i.e., the C« atom of GLY 141).
Smax and s,,;, are the minimal and maximal distance sums for each tail in
all production simulations. W is constructed so that W = 0 represents the
conformation with the tail closely wrapped around the protease and W =
1 the conformation with the tail maximally extended.

The timescales of forming the protease-crowder and crowder-crowder
contacts were calculated via correlation analysis and based on the contact
function P(Af) that describes whether a contact present at time 1, is still pre-
sent at time 7y + Az (39,49):

—k N,

=

1 1
P

i=1

~.

where N is the number of trajectory frames, At is the k-th time interval
(At = k x 0.5 ns, k = 1000), Np is the number of molecule pairs, and
the function 6,(r) takes a value of 1 when a molecule pair i is in contact
at time ¢ and O when the distance between the molecules is longer than
the contact cutoff of 5 A. A double exponential function (Eq. 10) was fitted
to the correlation function to obtain correlation times of contacts on shorter
(%) and longer (7%) timescales, with a corresponding weight S

o —Af —Af
f(Ar) =S, x exp (7_5) +(1=58.) X exp (ﬁ)
(10)

CD spectroscopy

The high-performance liquid chromatography-grade peptide with the
sequence of KKGG STWVLVGGVLAALAAYCLTTGS GGKK (N —
C), mimicking the N-terminal tail of NS4A, was purchased from Lipo-
pharm.pl (Gdansk, Poland). The flanking KKGG were added as solubility
tags. PEG 600 and PEG 2000 were purchased from Alfa Aesar (Haverhill,
MA), and Ficoll 400 from Sigma Aldrich (St. Louis, MO). CD spectra
were recorded in water, in 10 mM phosphate buffer (pH 7.0), and in the pres-
ence of PEG 600, PEG 2000, or Ficoll 400 suspended in the phosphate
buffer. In all CD experiments, the peptide concentration was 50 uM. The
concentration of PEG crowders was 50 mg/mL and of Ficoll was 25 mg/
mL because of problems with dissolving the peptide in Ficoll crowders.
The CD spectra were collected using the Biokine MOS-450/AF-CD spec-
trometer with the Xe lamp. The acquisition time was 2 s with a resolution
of 1 nm. Measurements were performed using a 0.1 cm cell, in the wave-
length range 190-260 nm and at room temperature, with the high-tension
values below 600 V. The presented CD spectra are the averages of three
scans. Each biological experiment was conducted twice. The Savitzky-Go-
lay (50) method was used to smooth the graphs.

RESULTS AND DISCUSSION
Crowder interactions with the protein

PEG-protein contacts and hydrogen bond frequencies (9)
show a variety of interaction types, ranging from hydropho-
bic contacts to electrostatic interactions with polar amino
acids. At times, transient hydrogen bonds formed between
the oxygen atoms of the PEG polymer chain (acting as
hydrogen acceptors) and protein side chains (Fig. 4 A) or pro-
tein backbone atoms (Fig. 4 B) (acting as hydrogen donors).

The distribution of crowder molecules around NS3 (Fig. 4
C) features a sharp peak at ~4.5 A in the PEG crowder RDF,
indicating a characteristic distance preferred by PEG
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FIGURE 4 Crowder interactions with NS3. (A) Hydrogen bonding (violet dashed lines with hydrogen-acceptor distances) formed between the PEG ox-
ygen and NS3 Arg amine. (B) Hydrogen bonds between PEG oxygens and NS3 peptide bond nitrogens. (C) RDF of the PEG oxygens and surface pseudoa-
toms of the CG crowders around NS3, averaged over five trajectories with mean = SEM. RDF was normalized with respect to the volume fraction of the
crowders and number of atoms per crowder (30 PEG oxygen atoms and 42 CG surface pseudoatoms). (D) NS3 colored according to the average number of
PEG atoms found within 5 A from a given residue (averages based on 100 snapshots taken at 5 ns intervals from a single 500 ns trajectory of NS3/4A with
PEG crowders). (E) NS3 colored by amino acid type. To see this figure in color, go online.

oxygens around the protein. The location of the peak and the
preceding slope suggest that the closest PEG-protein inter-
actions involve hydrogen bonds.

Moreover, PEGs are not distributed evenly around the pro-
tease. NS3 colored according to the number of PEG atoms
near the protein as shown in Fig. 4 D indicates that PEG in-
teractions are reduced for the cavity-like parts of the NS3 sur-
face. One of those cavity regions that is less populated with
PEGs is the neighborhood of the NS3 active site. Crowders
are distanced from the catalytic triad by over 7 A, thereby
leaving a PEG-free buffer zone large enough to fit an interact-
ing peptide substrate (9). The most PEG-crowded regions
near the protease surface correspond to the most solvent-
exposed parts of the structure such as the zinc binding site
rich in polar residues, the hydrophobic residues located in
the short helix participating in membrane binding, and the vi-
cinity of Argl6l in the (-sheet turn (Fig. 4, D and E).
Although these regions are solvent accessible, no correlation
was found between the amino acid type and the number of
neighboring PEGs (Fig. 4, D and E). Given the complex
spatial arrangement around the protease, PEGs at least
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partially resemble protein-like molecules with weak attrac-
tive interactions rather than inert crowders. This is consistent
with similar conclusions from previous research (8).

The CG crowders are designed to mimic the volume-
exclusion effect and lack the charge-charge interactions of
the protein and PEG atoms, but they retain generic attractive
interactions because of the van der Waals part of the LJ pa-
rameters of PEG carbon atoms used in the CG crowders.
However, specific hydrogen bonds are not formed between
the CG crowders and protein surface, so the CG crowders
and protease interact less. This is reflected by the RDF
showing a wide and flat peak at a distance of ~17 A
(Fig. 4 C). Thus, the CG crowders mostly model inert crow-
ders that restrict accessible volume.

Crowding reduces diffusion of the protease and
crowders

Translational diffusion coefficients D, and rotational corre-
lation times 7, for NS3 in various environments are given
in Table 1. Both translation and rotational diffusion is



TABLE 1 Translational diffusion coefficients and rotational
correlation times for NS3/4A in noncrowded and crowded
environments

Environment D, (Azlns) 7, (n8)
No crowders 6.98 + 0.04 45.1 £ 25
PEG crowders 4.66 = 0.01 76.7 £ 1.5
CG crowders 4.85 + 0.05 63.8 £ 2.3
HS model 4.61 52.3

Translational diffusion coefficients, D,; rotational correlation times, 7,;
mean = SEM averaged over five production trajectories. HS values are
D (¢ys) and 1, (dps) according to Eqs. 6 and 7 (51).

reduced upon crowding. Translation is retarded similarly in
the presence of CG and PEG crowders, by ~40%, and
similar to what is expected from an HS model (47,48,51).
Rotational correlation times 7, are increased by 70% with
all-atom PEG crowders but less (40%) with CG crowders;
both are significantly more than the HS prediction of a small
increase by 15%. An increased retardation of rotational
diffusion over the HS prediction indicates the presence of
protein-crowder interactions and/or nonspherical solute
shapes (51-53). The diffusion analysis was carried out for
NS3, but the presence of the NS4A ligand adds deviations
from a spherical shape because of at least partially extended
N- and C-termini (see below). On the other hand, significant
protein-crowder interactions are present with the all-atom
PEG model as described above, based on the RDF analysis
(Fig. 4) and previous work (9). Moreover, protein-crowder
contacts persist longer with all-atom PEG crowders than
with the CG crowders (see Table 2). This suggests that rota-
tional diffusion is retarded more with all-atom PEGs versus
CG crowders because of frequent transient clusters that
persist long enough to affect rotational diffusion, similar
to what has been observed with protein crowders (39).

The D,values calculated for the crowder molecules indi-
cate that CG particles diffuse faster than all-atom PEGs,
with D, cg = 11.17 + 0.15 and D, pp = 8.74 * 0.06 A/
ns (Table S1). These results are again consistent with the
atomistic PEGs forming interactions with the protease but
also among themselves (Table 2). On the other hand, CG
crowders show limited contacts with the protease and do
not interact with each other, allowing faster diffusion.

In summary, PEG molecules transiently form clusters
with the protease and with each other, whereas the CG crow-
ders largely move independently, as they interact less with
the protein and avoid each other.

NS3 remains stable, but crowding modulates
NS4A flexibility

The radius of gyration, RMSD, and RMSF of NS3 vary only
a little within the statistical uncertainties with and without
crowders, with average RMSF values for NS3 below 1 A
(Table S2). Even though NS3 remains stable, its residue-
based RMSF is redistributed by crowding (Fig. S6). The dif-

Crowding affects dynamics of NS3/4A

TABLE 2 Correlation times of protease-crowder and crowder-
crowder contacts on two timescales, shorter 75 and longer 7/,

Contact type Tf. 7 S,
NS3-PEG 1.20 = 0.26 29.78 = 7.64 0.79
NS3-CG 0.43 = 0.02 21.40 + 0.41 0.93
PEG-PEG 0.45 = 0.01 10.99 = 0.46 0.74
CG-CG 0.03 = 0.01 3.88 = 0.04 0.99

Timescales based on fitting Eq. 10. Mean values = SEM averaged over pro-
duction trajectories. The weights S, show that dominant contributions are
from the shorter contact times.

ferences in NS3 flexibility occur mostly in loop regions and
are consistently observed with both CG and all-atom PEG
crowders (Fig. S6). The findings suggest a more complex
response of the conformational dynamics of a globular pro-
tein subjected to crowders than what may be expected from
simple volume-exclusion arguments, which would predict
overall more compact and hence less-fluctuating structures.

NS4A is overall more dynamic compared to NS3. The
central part of NS4A, bound to NS3, maintains a (3-sheet
(Fig. 5). However, regardless of the environment, the
NS4A C-terminal tail relatively quickly wraps around the
globular protease from the initial, almost fully extended
conformations. The C-tail prefers conformations with a
small wrapping coefficient, indicating that most amino acids
are adherent to the NS3 surface (Fig. S7). Yet, the largely
hydrophobic N-tail of the cofactor (which contains the pro-
posed TM helix) adopts a broader range of conformations
that depend on the type of crowders (Figs. 6 and S8). In
the presence of CG crowders, the dominant conformation
of the NS4A N-tail is a closely wrapped structure around
NS3. The plots in Fig. 6 A show transitions between the
expanded or wrapped states of the N-tail. Indeed, with CG
crowders, once the N-terminal NS4A tail wraps around
the protease, it stays wrapped until the end of the simulation.
This result is in line with the theoretical predictions and
earlier simulations of crowded systems (7,54,55), in which
protein compaction is favored because of the excluded vol-
ume effect captured by the CG crowders.

In contrast, when surrounded by all-atom PEGs, the pro-
tein-crowder interactions allow many N-tail detachments, as
in noncrowded environment (Figs. 6 and S8). This is
confirmed by the average Rg of NS4A being larger in non-
crowded and PEG environments (25.6 = 1.2 and 25.7 =+
0.9 A, respectively) than in CG crowders (22.4 = 1.3 IOA).
In addition, the R, distribution for the entire cofactor
(Fig. S9) is broader for the noncrowded and PEG environ-
ments because of a large share of extended conformations
for the N-terminus.

Crowding may stabilize a helical conformation in
NS4A, priming it for membrane anchoring

The N-terminal tail of the cofactor mediates the membrane
association of the NS3/4A complex by forming a TM «a-
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helix. Circular dichroism and nuclear magnetic resonance
experiments have confirmed a TM helix composed of up
to 19 amino acids, in which residues Thr2, Trp3, Thrl9,
and Thr20 interact with the lipid headgroups at opposite
sides of the membrane (19). The addition of a glycosylation
acceptor site at the N-terminus of NS4A has led to experi-
mental evidence that the helix traverses the ER membrane,
with the N-terminus inside the ER lumen (19).

Although the NS4A N-tail remains largely unstructured
in water, parts of it between residues 10 and 20 folded
briefly into short helices (Fig. 7). Upon crowding, helical
structures also formed in this region and were maintained
for longer times (Fig. 7). More specifically, residues
Alal2 to Tyrl6 formed a particularly stable helix in one
of each of the crowder simulations (Video S3). Based on sta-
tistical analysis, helix formation is more likely in the pres-
ence of the PEG crowders with moderate significance
(p-value = 0.2) than with CG crowders (p-value = 0.35).
Additional simulations of just the 22-residue N-terminal
fragment of NS4A also show that helix formation is more
likely in the presence of CG crowders (p = 0.2; Fig. S10),
whereas an initially helical peptide is more stable in the
crowded environment but starts to unfold in the noncrowded
environment. Closer inspection of the all-atom PEG simula-
tions did not indicate specific PEG-protein interactions that
may correlate with helix formation. Moreover, because the
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helix also appears to be stabilized by CG crowders, it may
be that the excluded volume effect exerted by the crowders
is primarily responsible. However, the simulations are too
short to establish unambiguously whether crowding shifts
the equilibrium toward a helical structure in the N-terminus
of NS4A or whether the crowders primarily provide kinetic
stabilization of a helical structure.

The stabilization of a helical conformation in the N-tail
of NS4A in various environments is consistent with the
CD experiments of Brass et al. (19) and ours. The CD
spectra of Brass et al. (19), recorded for residues 1-22 of
the NS4A N-terminus in the presence of various micelles,
show bands corresponding to an «-helix. In addition, the
spectra are similar for both the negatively charged sodium
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dodecyl sulfate (SDS) and neutral dodecylphosphocholine
(DPC) micelles (19), suggesting that space restriction is a
prevalent factor, rather than the electrostatic interaction be-
tween the peptide and micelle. Nevertheless, to test this hy-
pothesis in the environment reflecting the simulated
crowding agents, we performed CD experiments of the
NS4A N-terminus in the presence of PEG and Ficoll crow-
ders (Fig. 8). The CD spectra confirmed that both the inter-
acting PEG and noninteracting CG crowders increase the
helical content of the NS4A N-terminal peptide. Fig. 8
shows that in pure water, the peptide structure cannot be
clearly identified (it is probably a mixture of various struc-
tures), but in the buffer, the CD spectrum intensity in-
creases, and the «-helical spectral signatures start to
appear (negative bands at 208 and 222 nm and a positive
band at ~192 nm). After incubation with crowders, the
CD spectrum intensity increases even more, and the nega-
tive bands indicative of a helix become more evident.
Whichever mechanism is at play, the main conclusion is
that crowding appears to stabilize a helical conformation

in the region of NS4A assumed to correspond to a TM helix
when inserted into a membrane, thereby priming the NS4A
N-terminus for membrane insertion to anchor the NS3/4A
complex near the membrane.

Stable membrane binding of the NS3/4A complex is
achieved by forming a three-point contact site involving
the NS4A N-terminal TM helix and two elements of NS3:
the 38-40 loop and the 12-23 helix (19) (Fig. 1). Based
on partially folded NS4A structures extracted from the tra-
jectories with all-atom and CG crowders, the helical frag-
ment in NS4A forms in the proximity of the NS3
fragments that are expected to contact the membrane
(Fig. 9). The spatial location of this helical fragment and
consistent folding within the same range of highly
conserved residues suggest that its formation in solution
might play the role of a TM helix precursor. Crowding,
moreover, as encountered in cells upon viral infections,
seems to stabilize such a precursor.

According to Brass et al. (19), NS4A inserts into the
membrane after insertion of the amphipathic 12-23 helix

Biophysical Journal 120, 3795-3806, September 7, 2021 3803



Ostrowska et al.

— Buffer

6 L
—  Water
4 — Ficoll, 25 mg/ml
— PEG-600, 50 mg/ml
2 PEG-2000, 50 mg/ml|{
o
(]
20
o)
O 5l

190 200 210 220 230 240 250 260
Wavelength [nm]

FIGURE 8 CD spectra of the N-terminal tail of NS4A in diluted (water
and phosphate buffer) and crowded (with PEG and Ficoll) environments.
To see this figure in color, go online.

of NS3 via an unusual mechanism of spontaneous insertion,
with a possible role of highly conserved amino acids that are
prevalent in the N-tail. Thus, the role of the NS4A TM helix
precursor observed in our simulations, might be to facilitate
the initial adsorption onto the membrane surface similar to a
mechanism described for the adsorption of amphipathic he-
lices. The sequence of the precursor helix, Ala-Leu-Ala-
Ala-Tyr, suggests a membrane topology with a Tyr residue
interacting with the lipid headgroups, in which the hydro-
phobic residues would be oriented toward the membrane
core. The adsorption precursor could be followed by spon-
taneous helix formation on the membrane-water interface,
similar to a mechanism described for polyleucine as simu-
lated by Ulmschneider et al. (56). In that simulation, the
unfolded peptide quickly adsorbed onto the membrane
interface and subsequently folded spontaneously into a helix
in the membrane.

In summary, the TM helix insertion mechanism proposed
for the N-terminal tail of NS4 A under crowded cellular con-
ditions would consist of a crowding-induced initial folding
of the helical precursor, adsorption onto the membrane sur-
face assisted by NS3-membrane interactions, and finally
spontaneous complete TM helix formation at the membrane
interface and transition to a transmembrane conformation.
Although a full analysis of the proposed mechanism is
beyond the scope of this work, it could be examined via sim-
ulations in future studies to develop more specific hypothe-
ses to be tested in an experiment assessing the effects of
crowding on the NS3/4A activity.

CONCLUSIONS

The effects of crowding on biomolecular structure and dy-
namics are partially understood, but much less is known about
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how crowding in cellular environments may directly impact
biological function. In this study, crowding effects on the
conformational dynamics of the NS3/4A complex from
HCV are described from MD simulations in water and in the
presence of crowders. The crowders were modeled to repre-
sent PEG to allow comparisons with experiments. With an
all-atom model of PEG, we found partially attractive interac-
tions that are reminiscent of protein-protein interactions in
crowded environments. Therefore, PEG may serve as a
generic mimic of weakly interacting protein crowders in
both simulations and experiment. The apparently protein-
like behavior of PEG might also explain the results of our
earlier experiments (9), in which we found that PEG and Ficoll
affect the enzymatic activity of NS3/4A. According to those
experiments, Ficoll, which is typically described as an ideal
inert crowder because of the lack of interactions with proteins,
enhanced the protease activity. In contrast, PEG considerably
slowed down enzyme activity, an effect that may be expected
because of PEG-protease interactions. Therefore, PEG might
be a more realistic crowder of protein crowders in the cell than
generally believed but easier to use experimentally than pro-
tein crowders, especially at higher concentrations.

We found that the globular NS3 protease is only weakly
affected by the presence of crowders, mostly in the form
of altered loop dynamics, whereas NS4A with flexible N-
and C-terminal tails was more sensitive to the presence of
the crowders. The most interesting observation was the
finding that crowding appears to stabilize a short helical
fragment in its N-terminal tail involving residues known
to form a TM helix while positioning that helix next to
membrane-interacting parts of NS3 as a likely precursor
to TM helix insertion and subsequent anchoring of NS3/
4A. This is likely important in priming NS3/4A for its func-
tion during viral replication. There is much left to be done
via simulations and experiments to develop and test hypoth-
eses for the specific mechanism of how NS3/4A adsorbs and
anchors to membranes. This is a subject for future studies.



We used here two types of crowders to disentangle two
main effects of crowding: nonspecific protein-crowder inter-
actions and the excluded volume effect. Both were found to
stabilize the helical fragment that folded in the N-terminal
tail of NS4A, suggesting that the excluded volume effect
is sufficient. Considering only the volume-exclusion effect
via the CG crowders did, however, lead to more compact
conformations, with the NS4A tails interacting more closely
with NS3, whereas at least the N-terminal tail remained
more flexible and able to detach in the presence of the all-
atom PEG crowders. Such flexibility in the presence of
crowders may be similar to what is observed in the presence
of protein crowders in the cell and is likely needed for the
NS4A N-terminus to insert into the membrane after the
initial helix formation. As we found in CD experiments of
the N-terminus of NS4A, both PEG and Ficoll crowders
induce the formation of a helical structure.

The analysis presented here suggests that cellular crowd-
ing may act as an enhancer of biological function, in this
case assisting with NS3/4A TM helix precursor formation
and positioning near the membrane surface to facilitate
membrane anchoring and ultimately facilitating viral repli-
cation. Such a role of crowding expands previous findings in
which protein stability, dynamics, and enzyme rates were
modulated by crowding and may be just the beginning of
realizing an even broader role of crowding in supporting
biological function in cellular environments.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.07.008.
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