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Accounting for the crowding effects inside a living cell is crucial to obtain a
comprehensive view of the biomolecular processes and designing responsive polymer-based No Crowder CR+ Crowder  CR Growder
materials for biomedical applications. These effects have long been synonymous with the
entropic volume exclusion effects. The role of soft, attractive intermolecular interactions
remains elusive. Here, we investigate the effects of model cationic and anionic hydrophobic
molecular crowders on the collapse equilibrium of uncharged model polymers using molecular
dynamics simulations. Particularly, the effect of polymer architecture is explored where a 50-
bead linear polymer model (Poly-I) and a branched polymer model (Poly-II) with nonpolar
side chains are examined. The collapse of Poly-I is found to be highly favorable than in Poly-II
in neat water. Addition of anionic crowders strengthens hydrophobic collapse in Poly-I, whereas
collapse of Poly-II is only slightly favored over that in neat water. The thermodynamic driving I ptng; —— %
forces are quite distinct in water. Collapse of Poly-I is driven by the favorable polymer—solvent Branched polymer
entropy change (due to loss of waters to bulk on collapse), whereas collapse of Poly-1I is driven
by the favorable polymer—solvent energy change (due to favorable intrapolymer energy). The anionic crowders support the entropic
mechanism for Poly-I by acting like surfactants, redirecting water dipoles toward themselves, and preferentially adsorbing on the
Poly-I surface. In the case of Poly-II, the anionic crowders are loosely bound to polymer side chains, and loss of crowders and waters
to the bulk on polymer collapse reduces the entropic penalty, thereby making collapse free energy slightly more favorable than in
neat water. The results indicate the discriminating behavior of anionic crowders to strengthen the hydrophobic collapse. It is related
to the structuring of water molecules around the termini and the central region of the two polymers. The results address the
modulation of hydrophobic hydration by weakly hydrated ionic hydrophobes at crowded concentrations.
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smart surfaces for cell adhesion and migration,m tissue
engineering, and bioseparation."'

For such biological functions, these biopolymers require a
change in their conformation in response to the change in the

Hydrophobic interactions have been known to be crucial for
diverse biophysical and chemical phenomena.'™* Considerable
experimental and theoretical efforts have been devoted over
several decades to obtain a molecular view of the hydrophobic
effect (or hydrophobic collapse) that drives crucial processes
like protein folding and aggregation.””® A common consensus,
however, is still lacking, and an understanding of the molecular
mechanisms remains elusive. Hydrophobic effect arises due to
the tendency of nonpolar molecules to self-assemble in order to
reduce the exposure of their nonpolar surface to water. An
interplay of the direct attraction between the nonpolar solutes
and water-mediated interactions is known to determine the

environment such as the one that they encounter in the
biological fluid or the intracellular environment. In order to
probe these effects, therefore, it is necessary to account for the
effects exerted by the crowded environment inside a living
cell.">~" It has been long known that the tight packing (~20—
40% of total volume) of large-sized macromolecules, cosolutes,
and ions inside the living cell exert macromolecular crowding
effects that drive aggregation or collapse of biomolecules.'®
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These crowding effects are often associated with the volume
exclusion (steric) effects of the crowdinsg macromolecules which
are believed to be entropic in origin."”"”'® An emerging view
suggests that since the intracellular environment also comprises
charged cosolutes, ions, and charged macromolecules, it
becomes imperative to understand and account for the effects
of soft, cohesive intermolecular (enthalpic) interactions on the
biomolecular processes.'”~*" Specifically, the effect of a charged
molecular crowded environment on the hydrophobic collapse
and therefore on the folding—unfolding equilibrium of the
biomolecules is relatively less explored.*

To understand such effects on hydrophobic collapse, often the
coil—globule transition behavior of a hydrophobic polymer is
investigated in the aqueous solutions. Understanding the
polymer chain collapse has attracted considerable attention
partly due to its similarity in exhibiting the two-state
conformational scenario as also observed for proteins.”**' ™
The most popular polymer models have been of the Lennard—
Jones homopolymer,®*** atomistic or united atom model of
polyethylene,*®*” and atomistic model of polyvinyl chloride®**’
to examine the collapse behavior in water. All of these studies
have primarily examined a linear homopolymer chain in their
investigation. However, polymer architecture can play a crucial
role in determining the monomer interactions with the other
monomers and the solvent, thereby determining the conforma-
tional behavior of the polymer. It has been observed that the
cosolvents (e.g., urea and trimethylamine N-oxide) or osmolytes
(e.g, salts) have different propensities to interact with the
protein (or polymers like PNIPAM; poly-N-isopropylacryla-
mide) backbone and the side chains that can significantly affect
the folding—unfolding equilibrium of proteins.*’™" Weakly
hydrated anions such as SCN™ have been shown to preferentially
bind with the amide group of the protein backbone, leading to
salting-in or unfolding of the protein.41 However, the strongly
hydrated cations such as Ca** have been shown to be
preferentially depleted from the polymer (PNIPAM) surface,
resulting in a decrease in the LCST (promoting salting-out) of
the polymer. A recent study by Cremer and co-workers used site-
specific NMR spectroscopy to show that the weakly hydrated
anions such as SCN~ are excluded from the poly(ethylene
oxide) polymer termini but are preferentially bound to the
central polymer regions even when the chemical moieties
constituting the termini and central regions were identical.**
They accorded this discriminating preference of the anions to
the water structuring around the nonpolar monomers of the
polymer. They termed the weakly hydrated anions as
“discriminating hydrophobes” that do not bind to all the
nonpolar solutes but to those that perturb the water structure
considerably. The authors indicated that this could pave way to
separate out polymers with identical monomers but different
architectures.” "’

Therefore, this raises an intriguing question as to how the
anionic (and cationic) cosolutes that are at crowded
concentrations (or high packing fractions) would affect the
collapse of hydrophobic polymers having different architecture?
This necessitates including the backbone and side chain features
in a simplified polymer model since it not only determines the
overall flexibility of the polymer but also would help in
determining the role of the chemical details such as of the
backbone and the side chains. In this study, we examine the
effects of the model small-sized charged cosolutes at crowded
packing fractions of 24% (hereafter denoted as crowders). These
crowders represent monomers of biomolecules such as amino
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acids and nucleic acids that comprise charged sites. We denote
these molecular crowders as anionic or cationic hydrophobic
crowders since they are weakly charged and have nonpolar
groups as well. Several studies have focused only on the direct
electrostatic interactions of the charged cosolutes or salts with
the polar groups in the protein to understand the salting-in or
salting-out effects.”” However, very little is explored about the
role of the indirect nonspecific weak attractions of the charged
cosolutes with the nonpolar groups of the protein or the
polymer. Moreover, the hydration of the charged cosolutes,
whether weak or strong, is expected to affect the hydration of the
polymer which in turn can possibly affect the hydrophobic
collapse behavior. We address the following questions: (i) what
is the effect of the charged crowded environment on the
hydration of an uncharged hydrophobic polymer that can affect
its collapse equilibria? (ii) What is the contribution of the
polymer backbone versus the nonpolar side chains of the
polymer in strengthening or weakening the hydrophobic
collapse in the presence of charged crowders? (iii) How does
the hydration of charged crowders affect the hydrophobic
collapse in the polymers? For this, we compare the polymer
collapse equilibrium of the two types of hydrophobic polymers
in positively and negatively charged model crowder aqueous
solutions: (i) a 50-bead linear polymer (further denoted as Poly-
I) and (ii) a branched polymer where two-bead hydrophobic
side chains are introduced on a 50-mer backbone (further
denoted as Poly-II). The solvation thermodynamics of the
polymers in crowded solutions is investigated, and the tendency
of the charged crowders to affect the hydrophobic collapse of the
two polymers similarly or differently is explored.

The hydrophobic polymers examined in this study can be considered to
exist in a two-state conformational eguilibrium between the collapsed
(C) and extended (E) states.”**>*>* The free energy associated with
the collapse of the polymer can be written as*>**
E-C _ * * E-C E-C
AG = (u: — uy) + (AE — TAS

intra conf

(1)

where p& and pif are the solvation free energies or the excess chemical
potentials of C and E states, respectively. AS_, ¢ denotes the change in
polymer conformational entropy on collapse and AE; ., is the change in
the internal energy of the polymer on collapse due to the intramolecular
interactions. The PAV term is negligible at 1 atm.

The microscopic view of solvation can be obtained using the Widom
potential distribution theorem that allows one to connect the excess
chemical potential of the polymer (u*) with the polymer (solute)—
solvent intermolecular energy. It is the reversible work done for slowly
turning on the solute—solvent interactions when the polymer is inserted
into the solvent. Using the inverse form of the Widom potential
distribution theorem, it can be expressed as

oA = (/KT (2)
where ¢ is the solute (polymer)—solvent (crowders and water)
interaction energy and (---) denotes the ensemble average over all the
configurations of polymer solution. In terms of the solute—solvent
energy (E,,) and entropy (S,,), it can be written as

i = (¢) + RTIn(e™'*y = - TS,, (3)

where the average solute—solvent interaction energy is denoted by E,,
= (¢) and the average solute—solvent entropy is denoted by S, = —R
In{e*”/RT), A more detailed description on these contributions can be
found in refs 32 and 33. Using egs 1 and 3, the polymer collapse free
energy can be written as
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AGE”C = AEE”C 4 AEECC

— T(ASE™C + ASEC
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(s)

AGP”C = AE;"C - TAS, ¢

where, AE;“VHC = AEE‘?C + AEiEtr:C and
E-C E-C E-C E-C E-C
ASPV = AS, "~ + AS_ ;.- Here, AEPv and AS,, " are the

change in polymer—solvent energy and entropy, respectively. The
contributions arising from the polymer—crowder, polymer—water, and
intrapolymer energy, respectively, sum up to the

E-C _ E-C E-C E-C E->C
AE;"" = AE,"" + AE 7 + AE 7 (or AE

E-C _ C E
AEPX =E, - E, and x can be p, ¢, w, or v.

Here,

>¢

The two polymers investigated in this work are uncharged polymers
that have only weak van der Waals interactions in the solution. The
linear S0-mer uncharged model polymer (Poly-I) was constructed from
the previously examined 32-mer uncharged polymer model. The bond
length and angle parameters have been taken from the study of Zangi et
al.*> The nonbonded dispersion interactions are modeled by the
Lennard—Jones (LJ) potential with the size of the bead taken as ¢ =
0.40 nm and the interaction energy parameter & = 1.0 kJ mol™".** The
second polymer, Poly-II, was constructed using a backbone of 50
uncharged beads and 25 side chains, each with two uncharged beads
that are attached to every alternate backbone bead of the polymer. The
bond length, bond angle, and L] potential parameters used were the
same as those used for Poly-I. The snapshots are shown in Figure 1. We
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Figure 1. Generic hydrophobic polymers investigated in this study: (a)
50-mer linear Poly-I and (b) branched Poly-II in aqueous crowded
solutions of (c) charged hydrophobic tetramer molecules CR+ and
CR-.

have employed Lorentz—Berthelot mixing rules to model the unlike
interactions. The crowders were modeled as a tetramer of the beads of
the Poly-I polymer. A partial charge of +0.5e or —0.5e was introduced
on two alternate beads of the crowders, with a sum total charge of either
+1e or —le on the crowder. The positively charged and negatively
charged crowders are denoted as CR+ and CR—, respectively. The
polymer chain was solvated with water molecules and 330 crowder
molecules in a box with cubic periodic boundary conditions. Equal
number of counterions were added to neutralize the overall charge of
the solution. In case of CR+, CI~ were added, and Na* were added in

the solution of CR—. Water was modeled with SPC/E potential. The
details of the system composition and size are described in Table 1.

Molecular dynamics (MD) simulations of the systems were performed
using GROMACS-2019.4.*” The energy of the system was minimized
by using the steepest descent algorithm. The systems were equilibrated
in an isothermal—isobaric (NPT) ensemble for 1 ns (for Poly-I) and §
ns (for Poly-II) at 300 K and 1 atm pressure, followed by the production
run for 10 ns. The temperature and pressure were maintained using the
Nose—Hoover thermostat and Parrinello—Rahman barostat, respec-
tively, having the damping coefficient (zy =) 1.0 ps and (zp =) 2.0 ps,
respectively, for both the equilibration and production runs. In all
simulations, an integration time step of 2 fs was implemented. A cutoff
distance of 1.0 nm was employed to compute the van der Waals
interactions, while the electrostatic interactions were computed by
using the particle mesh Ewald (PME) method with a grid spacing of
0.12 nm and a real-space cutoff radius of 1 nm. The bond lengths of the
solute molecule were constrained by using the LINCS algorithm.

To compute the potential of mean force (pmf) profiles, umbrella
sampling simulations were conducted using the PLUMED 2.6.0
plugin.*” It required 60 independent simulations (or windows) using
the radius of gyration (R,) of the polymer as the collective variable. The
range of R, used was 0.40—1.875 nm with a spacing of AR, = 0.025 nm
which ensured sufficient overlapping of each window with the adjacent
windows for both the polymer systems. Equilibration and production
runs were performed in the NPT ensemble with the parameters of the
thermostat and barostat, as mentioned above. The run lengths for the
equilibration were 2 ns and for production runs 10 and 20 ns for Poly-I
and Poly-II, respectively. Furthermore, a harmonic bias function,
a)ib(Rg), was applied to the R, of the polymer. And the force constant
(strength of the bias) of ky, = 20 000 kJ mol™" nm™ for the harmonic
restraint function was applied to be sufficiently large to drive the system
over the energy barrier between the C- and E-states of the polymer.

ref )2

k
b _ ™
o/ (R,) = 5 (Rg — RS

(6)
where R&iref is the desired equilibrium value of the reaction coordinate.
The unbiased histograms and pmf profiles were obtained over the
trajectories using the Weighted Histogram Analysis Method
(WHAM).* The tolerance value used in the WHAM analysis was
taken to be 107°. The average pmf profile was computed by splitting the
trajectory into five blocks, and the standard error was computed from
the standard deviation of each block from the total average. The change
in free energy on polymer collapse (AGE™C) is calculated using the
following equation

/ " exp(—w(R,)/RT)dR,

—AGE”C/RT) = 222
e et )RR,

(7)

where R is the gas constant and T is the temperature of the system.

In order to compute the polymer—solvent energy contribution to the
collapse free energy, large flexible conformational pools of the C- and E-
states need to be sampled. For this, separate sets of MD simulations

Table 1. Details of Each System for Hydrophobic Poly-I and Poly-II Polymers in Conjunction with 330 Charged Crowders”

Poly-I
system N, N. [
water 30 000 9.954
CR+ 31370 330 9.958
CR— 31370 330 9.922

p
0.997
1.000
1.007

Poly-II

N, N; ) P
30000 9.662 0.994
31330 330 9.970 1.000
31330 330 9.913 1.007

“$, N, and N_ represent the packing fraction in %, number of water molecules, and crowders involved in the system, respectively. (I) and p
represent the average side length of the box in nanometer and average density of the system in g cm™ obtained from the simulations.
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Figure 2. 2-D probability distributions (a,b) of SASA and radius of gyration (R,) for Poly-I and Poly-II, respectively, and (c,d) of the number of
hydrophobic contacts and R, for Poly-I and Poly-II, respectively, in neat water.

were performed using the PLUMED 2.6.0 plugin. A harmonic wall
potential was applied on R, of the polymer with a cutoff of Rg# =1.075
nm for Poly-I and Rg# = 0.8 nm for Poly-II. This potential acts on the
polymer and biases the conformation to C-state if R, > 1.075 nm (or 0.8
nm) and vice versa for the E-state. This ensured sufficient sampling of
the C- and E-states of the polymers in the relevant ensemble. The
equilibration and production runs were performed in an NPT ensemble
with the parameters as described before. The production run was
performed for 100 ns each for the C and E ensembles for each polymer.
For analyzing the energetics, only those polymer conformations from
the trajectory were considered which had zero bias wall potential.

For computing the preferential binding coeflicient of the crowders
(or the counterions), the following equation was used

o= () - e 20

e n,(r))

(8)

where N, is the total number of water molecules or crowders (or
counterions) in the system and n,(r) denotes the number of waters or
crowders (or counterions) at a proximal distance, r, from the polymer
surface. The proximal distance is the minimum distance between the
center of mass of the crowder and the polymer surface.

The local tetrahedral order metric, gy, of water molecules is a
measure of the tetrahedral network formed by the oxygen atoms of the
water molecules. g, for oxygen atom i can be calculated as>**'

w
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where y is the angle formed between bond vectors r;; and r, where the
central oxygen atom, i, is surrounded by four nearest oxygen atoms
labeled by j and k. If the tetrahedral network of water is perfectly
ordered, g, = 1. The hydrophobic contact is defined between any two
monomer beads of the polymer that are separated by 3 beads or more
within a distance of 0.4 nm. The solvent-accessible surface area (SASA)
is computed using GROMACS tool gmx sasa.

First, we examine the conformational properties of the polymers
in terms of the probability distributions of SASA and the number
of hydrophobic contacts as a function of the radius of gyration
(Ry) of the polymers, as shown in Figure 2. The two-dimensional
(2-D) distributions show that both Poly-I and Poly-II exhibit the
C-state and E-state of the polymer. As shown in Figure 2a,b, for
Poly-1, the minima for the C-state appears around R, = 0.55 nm
and for the E-state appears around R, = 1.5 nm with the
increasing SASA values. For Poly-II, the C-state appears
between R; of 0.6 and 0.8 nm and the E-state appears around

https://doi.org/10.1021/acspolymersau.4c00011
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Figure 3. Potential of mean force profiles (w(Rg)) for (a) Poly-I and (b) Poly-II in pure water solution. The inset in (a) shows the profile for 32-mer
linear polymer. The data for 32-mer polymer has been taken from ref 33. The snapshots are representative polymer conformations at different R,
values. The data for the inset figure has been taken with permission from ref 33. Copyright 2018 American Chemical Society.

R, = 12 nm. Similarly, in Figure 2c,d, the number of
hydrophobic contacts are higher for the C-state for both Poly-
I and Poly-II, which decrease for the E-state. The two dense
minima for the C- and E-states are separated by the free energy
barrier that lies between R; of 0.7 and 1.1 nm for Poly-1, whereas
it lies between R, of 0.8 and 1.1 nm for Poly-IL It is to be noted
that the E-state of Poly-1 is sampled until R; = 1.8 nm, whereas
for a similar chain length in Poly-I, it is sampled until R; = 1.2
nm. This highlights the limitation of the MD simulation that is
not able to sample fully stretched conformations of Poly-II. To
circumvent this insufficient conformational sampling, we adhere
to the umbrella sampling simulations to generate the pmf
profiles of these polymers.

The pmf profiles for the two polymers in pure aqueous
solutions (without crowders) are shown in Figure 3. Both
polymers show qualitatively distinct pmf profiles. As shown in
Figure 3a, the linear polymer, Poly-I, strongly favors the C-state
over the E-state as is indicated by the deep minimum for the C-
state around R, = 0.55 nm corresponding to the compact globule
conformation of the polymer. An additional shoulder minimum
is observed around R, = 0.65 nm, which corresponds to the
hairpin-shaped conformation of the polymer. The E-state
minimum is observed around R, = 1.6 nm which is not well
defined, indicating that the E-state is marginally stable. Such a
pmf profile for hydrophobic polymers with marginally stable E-
state has also been found in previous studies.””” The inset of
Figure 3a shows the pmf profile of the 32-mer linear polymer
examined in our previous study.” Increasing the chain length
results in a qualitatively different pmf profile. The primary
differences lie in the E-state being less favorable in 50-mer Poly-I
than in the 32-mer polymer and the barrier becoming less
distinct in the Poly-I solution. In the case of the second polymer
solution, Poly-II, the pmf profile shows a deep minimum for the
C-state and a well-separated minimum for the E-state, as shown
in Figure 3b. The minimum for the C-state occurs at R, = 0.55
nm. The E-state minimum is observed at R, = 1.7 nm, higher
than that observed for the E-state of Poly-I. There is a well-
defined barrier in the profile of Poly-II that distinctly separates
the C- and E-states unlike that observed for Poly-1. From Figures
2 and 3, it can be seen that for Poly-I, a suitable choice of cutoff
R; would be 1 nm and that for Poly-II would be 0.8 nm. The
differences in the widths of the C-state minimum in the pmf
profiles of the two polymers indicate that Poly-I has more
conformational flexibility in the C-state (broader minimum)
than Poly-II (narrower minimum). This indicates that Poly-II
has a lower conformational entropy as compared to Poly-IL
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The free energies of polymer collapse (AG"~) for both Poly-
I and Poly-II are computed from the pmf profiles and are found
to be —15.59 and —7.50 kJ mol ™/, respectively, in neat water.
This indicates that it is highly favorable for Poly-I to collapse in
water as compared to that for Poly-II. Interestingly, the 32-mer
linear hydrophobic polymer was found to be sparingly soluble in
water with AGE~ = —2.0 kJ mol™" in our previous study.> This
underscores an intriguing observation that on modifying the
architecture of the polymer in terms of increasing the number of
monomers or including side chains to the polymer, it
significantly affects AG®~C. The hydrophobic collapse of the
polymer is observed to be enhanced in Poly-I more than in Poly-
IT even when there are more hydrophobic beads in Poly-IL
Introducing the side chains in Poly-II induces steric effects,
favoring the E-state formation (more than in Poly-I) which leads
to an increase in AGF~C.,

In order to understand this further, we examine the change in

polymer—solvent energy (AE;EV_’ ©)and entropy change (AS E-C

A4
E-C

v is found to be 3.55 k]

mol™" and —TASPEV_)C is found to be —19.99 kJ mol™". This
indicates that the polymer collapse in water is opposed by
AE;:V_’C > 0 but is favored by—TASPEV_>c < 0(or ASPEV_)C > 0).
This is due to the gain in degrees of freedom of water molecules
that are released from the polymer solvation shell on the collapse

of the polymer. The polymer collapse is associated with an
energetic penalty as losing contacts with water molecules on

) on polymer collapse. For Poly-I, AE

collapse leads to an increase in AEI‘?V_’C. The thermodynamic
driving forces for collapse of Poly-I are similar to those
underlying 32-mer polymer collapse in water as discussed in

our previous study.* ASI?V_)C is found to be similar for the two

polymers; however, AE;EV_’C is much higher for the 32-mer

polymer (23 k] mol™"). The sharp decrease in AG"~C, therefore,
arises due to the lower energetic penalty for Poly-I collapse. This
may be due to the fact that the intrapolymer energy change
(AE};EP_’C) on polymer collapse is more favorable for Poly-I as
compared to the 32-mer polymer. This reduces the energetic

penalty for polymer collapse for Poly-I and results in a highly
favorable AGE~C. On the other hand, the collapse of Poly-II is
opposed by —TAS;:‘V_’C> 0 (i.e, ~40 kJ mol™" or ASI),EV_)C< 0)
but is favored by AE;Z‘V_’C< 0 (=S50 kJ mol™") that drives the
collapse. Examining the components of AEPEV_)C shows that the

polymer—water energy change (AEI])EW_) ©> 0) is unfavorable for
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Figure 4. Potential of mean force profiles (w(R,)) for (a) Poly-I and (b) Poly-II in aqueous solutions of anionic and cationic crowders. The snapshots

are representative polymer conformations at different R, values.

both Poly-I and Poly-1I (slightly more for Poly-I) due to the loss
of water contacts on collapse of the polymer (see Figure 9b).

However, the second contribution to AE;,EV_’C comes from the

lf;c < 0) which is more

favorable for Poly-II than for Poly-I. This is due to the additional
side chains in Poly-II that lead to favorable intrapolymer
interactions that drive the collapse. This contribution makes the

overall AE;‘V_’C

driving force for polymer collapse in water.

intrapolymer energy change (AE

< 0 for Poly-II and therefore is the primary

Figure 4 shows the pmf profiles of the linear and branched
polymers in the presence of the charged crowders, i.e., positively
charged (CR+) and negatively charged (CR—) crowders. Poly-I
shows qualitatively similar pmf profiles in CR+ and CR-—
crowder solutions (Figure 4a). The minimum at R, =0.55 nm
for the collapsed state is highly preferred with a small shoulder at
R, = 0.65 nm even in the crowded solutions. Interestingly, the
preference for the E-state varies in all the crowded solutions
when compared with no crowder solution. The preference for
the E-state in different crowded solutions follows the order CR—
< CR+< pure-water solutions. Such differences in the preference
for the E-state lead to different AG"~C values as shown in Figure
5. The AGE™C follows the order (most favorable to least

0

5k bt

©

E

210 |l

5

d
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|
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20 Poly-ll mmm
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Figure 5. Collapse free energy (AG"C) of Poly-I and Poly-II in

aqueous solutions of anionic and cationic crowders.

favorable for collapse) CR—, CR+, pure-water. Figure 4b shows
the pmf profiles of Poly-II where two distinct minima are
observed in all the crowded solutions, similar to that observed in
the pure water solution. The C-state is observed at R, = 0.55 nm,
with a shoulder minimum around R, = 0.65 nm. The E-state is
observed around R, = 1.7 nm, similar to that observed in the
pure water solution. Due to similar preferences for the C- and E-
states in crowded solutions, AGE~C is found to be not
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significantly different in the crowded solutions, as shown in
Figure S.

In order to understand these differences further, we examine
the preferential binding coefficients of the crowders on the
polymer surface, as shown in Figure 6. The crowder molecules
are found to preferentially adsorb on both Poly-I and Poly-II
since I" > 0 in both C- and E-states. For both the polymers, I'(C)
> I'(E) indicates that the polymer collapse equilibrium would
shift to the C-state in these crowded solutions. However, there is
a preferential depletion of the crowders (I" < 0) very close to the
polymer surfaces at a proximal distance of ~0.35 nm for both the
polymers, beyond which the crowders preferentially adsorb on
the polymer surface. This implies that a thin hydration layer is
formed on the polymer surface in the crowded solutions, which
is further solvated by the adsorption of the crowders. The
counterions are weakly bound to the polymer surface as can be
seen in Figure 6¢c—h. To further understand the molecular
mechanisms for polymer collapse, we investigate the contribu-

tions of change in polymer—solvent energy (AE;,_’C) and
entropy (ASI}:‘V_’C) to the collapse free energy. For Poly-I, Figure
7a shows that —TAS;,_)C < 0(or AS;:V_’C > 0) that favors

polymer collapse in CR+ and CR— solutions. ASI])EV_)C is more
favorable for the crowded solutions relative to that in pure water.
However, AEI],EV_’C> 0 implies that the polymer—solvent energy

change opposes polymer collapse in crowded solutions. The
energetic penalty, however, is higher in CR+ solution relative to
that in pure water and CR— solutions. The energetic penalty
primarily arises due to the loss of water contacts with the

E-=C
5C>0

(Figure 7b). The dehydration energy penalty decreases on going
from CR+ to CR— solution. On polymer collapse, the loss in
crowder molecules from the polymer solvation shell to the bulk

is not significant as indicated by almost no change in polymer—
E-C
pc

(AEI?;C < 0) is, however, favorable for polymer collapse but

polymer on collapse as indicated by the unfavorable AE

crowder energy (AE ~ 0). The intrapolymer energy change

not sufficient to overcome the dehydration energy penalty that

makes the overall AE;JV_) ¢

This energetic penalty is overcome by the favorable AS:,EV_)C >0

> 0 unfavorable for collapse of Poly-I.

that arises due to the gain in entropic degrees of freedom of
water molecules that are released into the bulk on polymer

collapse. AS;,_’C > 0. This entropy gain is related to the

fluctuations in the polymer—solvent interaction energy as
described in the Methods section. The negatively charged
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Poly-I and Poly-II, respectively.

beads of the CR— attract and orient the water dipoles toward the
crowders, leading to a large accumulation of water molecules
and anionic crowders near the polymer surface in both C- and E-
states (see Figure 8a,c). The CR— crowders interact favorably
via uncharged beads with the polymer surface in both E- and C-
states. Therefore, CR— act like surfactant molecules that have
favorable interactions with water, and they can screen the

nonpolar polymer interface from water which decreases the
E-C
pw
collapse is also not accompanied by a high loss of polymer—
E-C
pc

dehydration energy penalty (decrease in AE ;" ™). The polymer

crowder contacts as indicated by AE ~ 0. Also, there is an
. . . E-C
increase in the intrapolymer energy change (AElDID ) on

collapse relative to that in neat water. This could be due to
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the existence of partially extended E-state instead of fully
extended E-state which is highly unstable (relative to neat water
solution) and tends to collapse (as also indicated by the E-state
minimum in the pmf profile, which is less stable in Figure 4a).

This makes the overall AESC_’C unfavorable for collapse. It is also

observed that the CR— accumulate at the central region of the
polymer, preferably where the tetrahedral order of water
molecules is lower than that of waters around the termini of
the polymer, as shown in Figure 8d. In case of CR+, the crowders
can interact favorably with the polymer surface via uncharged
beads. Since the water dipoles point away from the cationic
crowders, these crowders are very weakly hydrated, as shown in
Figure 8b,c. On polymer collapse, this results in higher
dehydration energy penalty than in CR— solution, i.e., the loss
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intrapolymer (AEI]’E;C), polymer—water (AE;“: 9, polymer—crowder (AE;‘C

solvent energy change on polymer collapse.

in polymer—water contacts is higher than in case of CR—
solution. Similar to CR—, the CR+ molecules preferentially bind
to the central region of the polymer, where the water structuring
is disordered as compared to the termini of the polymer (see
Figure 8e). However, the number of crowders adsorbing on the
polymer surface are much lesser than CR+. Therefore, the
hydrophobic collapse is observed to be strengthened in the CR—
solution to a higher extent than in CR+ solution.

In the case of Poly-II, the collapse free energy is found to be
not significantly different in the crowded solutions. It is slightly
more favorable for the polymer to collapse in CR— solution than
in CR+ solution. Similar to that observed in pure water solution,
polymer <collapse is opposed by

~TAS;”¢ > 0(or AS;”© < 0) in both CR+ and CR-

solutions, with higher entropic penalty in the case of CR+
solution (Figure 9). This is, however, overcompensated by the

favorable AE;—)C< 0 in both the crowder solutions. The
unfavorable polymer—water energy change (AE}],EW_) €>0) and

unfavorable polymer—crowder energy change (AE;EC_’C > 0)

oppose the collapse. Reduction of polymer—water and
polymer—crowder contacts on polymer collapse is unfavorable.
This is because the crowders preferentially adsorb and interact
favorably via van der Waals interactions with both C- and E-
states of the polymer, with higher contacts with the E-state. On
polymer collapse, a loss in polymer—water and polymer—
crowder contacts leads to a higher energetic penalty that
opposes collapse. However, the intrapolymer energy change

E-C
(AE,,

the crowder solutions which makes the overall AE

< 0) is highly favorable for polymer collapse in both
E-C
pv

favorable for polymer collapse in both the crowder solutions.
Such favorable intrapolymer energy on polymer collapse also
results in lower conformational entropy of the polymer and

< 0and

therefore AS;,_)C < 0. However, among the two crowders,

AE;EP_}C is more favorable in CR+ solution. CR— seem to
interact more favorably (than CR+) with the E-state of Poly-II
than with the C-state due to which AE}],3 :C on polymer collapse
is more unfavorable for CR— than for CR+. Also, the hydration
energy penalty (AE;: ©) is lesser in the case of CR— solution
than in CR+ solution, similar to that observed for Poly-I. This
implies that there is lesser loss in the number of polymer—water
contacts and larger loss in the number of polymer—crowder
contacts on collapse in Poly-II (as also indicated in Figure
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—

E-C

€), and polymer—counterion (AEP_Ci ) energy to the total polymer—

10a,c). This results in the entropic penalty of collapse being
smaller in the case of CR— solution. This leads to slightly more
favorable collapse free energy of the polymer in CR— solution
when compared with CR+ or in pure water. It is interesting to
note the role of the polymer—crowder energy in the case of Poly-
II. The loss of crowder molecules on polymer collapse is
unfavorable that is reflected in the increasing and positive

E-C
AESC.

observed in Poly-I, where there were equal number of crowders
in C- and E-states. It seems that the loss of crowders is easier
from the solvation shell of Poly-II. This can be understood in
terms of the crowder interaction with the side chain versus
backbone of Poly-II as shown in Figure 10c. The CR— are found
to be interacting weakly with higher probability with the side
chains such that they are loosely bound to the side chains in both
the C- and E-states. This was not the case for Poly-I. Therefore,
the loss in the number of crowders on Poly-II collapse is higher

Such an unfavorable change in AEI‘?C_’C was not

and leads to an increase in AE;,EC_)C. The CR+ molecules also

interact more favorably with the side chains than the backbone
in the C- and E-states, however, with lesser probability than the
CR— molecules as can be seen in Figure 10b,c. Moreover, both
crowders induce equal disordering of water molecules around
the termini or around the side chains of the central region of
Poly-II (see Figure 10d,e).

In this study, we have compared the effects of the charged
hydrophobic cosolutes at crowded concentrations on the
hydrophobic collapse of two polymers: one that is linear and
the other that has side chains. The results provide the following
interesting insights: (1) Poly-I favors collapse more than in Poly-
II in neat water, as indicated by the collapse free energies, even
though there are more hydrophobic groups (side chains) on
Poly-IL. (2) The anionic crowders discriminate between the two
polymers in terms of strengthening the hydrophobic collapse.
Addition of anionic CR— crowders to an aqueous solution of
Poly-I strengthens the hydrophobic collapse to a higher extent.
However, for the case of Poly-II which has more hydrophobic
groups, it can be seen that the polymer collapse free energy is
only slightly favored in any crowder solution when compared to
that in pure water solution. (3) The thermodynamic driving
forces underlying the polymer collapse are distinct for the two
polymers. Poly-I collapse is supported by the polymer—solvent
entropy change, whereas the collapse of Poly-II is supported by
the polymer—solvent energy change. The side chains provide a
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Figure 8. (a) Radial distribution function of the polymer—crowder interaction for (a) CR— and (b) CR+ in the C- and E-states of Poly-I. (c) Average
number of water molecules and crowder molecules in the first solvation shell of Poly-1. The numbers of the x-axis denote the average SASA (nm?) of
Poly-Iin different aqueous solutions. The snapshots show the spatial density function of the crowders in first solvation shell of C- and E-states of Poly-1.
(d,e) Probability distributions of tetrahedral order (P(g,,)) of water molecules around the termini and the central region of Poly-I in the E-state in the
first solvation shell in CR— and CR+ solutions, respectively. The solid lines and dotted lines represent solutions with crowders and no crowders,

respectively.

higher accessible surface to the solvent in Poly-II that results in
different thermodynamic forces. (4) This indicates that the
charged crowded environment need not necessarily enhance the
hydrophobic collapse; it is rather determined by the weak or
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strong hydration of the crowders that in turn affect the hydration
of the polymer. Weakly hydrated cationic crowders do not
stabilize the C-state more favorably than the strongly hydrated
anionic crowders. Anionic crowders strengthen the hydrophobic

https://doi.org/10.1021/acspolymersau.4c00011
ACS Polym. Au 2024, 4, 289—-301


https://pubs.acs.org/doi/10.1021/acspolymersau.4c00011?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00011?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00011?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00011?fig=fig8&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(@)  AE,, =m -TAS,, =m (b)  AESCe- AEECo AEECa AEECo

p-ci
' ' ' 200 T T T
150 |
100 |
50 | A - e A
Of s e T
-50
-100
-150
200} o ’___-----*
X . . -250 - : :
No CR+ CR-
No CR+ CR-
Crowder Crowder
Figure 9. (a) Change in polymer—solvent energy ( AE;_'C) and entropy(AS}fv_)C) on collapse of Poly-1I in crowded aqueous solutions. (b) Change in

intrapolymer (AEI],E;C), polymer—water (AE;: ©), polymer—crowder (AE;‘:C), and polymer—counterion (AEfjaC ) energy to the total polymer—
solvent energy change on polymer collapse.
collapse when they interact with the polymer backbone (Poly-I). protein backbone and are effective in salting-out the protein.
Like surfactants, the anionic crowders screen the nonpolar This is contrary to what is observed in our study, where the
polymer surface while interacting favorably with the water weakly hydrated anionic crowder interacts more favorably with
molecules that get released on polymer collapse. This the hydrophobic side chains of the polymer rather than the
strengthens the hydrophobic collapse in the polymer via the hydrophobic backbone and strengthens the polymer collapse.
entropic mechanism. When the side chains are introduced in Okur et al. also indicated that the weakly hydrated anions such as
Poly-II, the anionic crowders loosely bind to the side chains SCN— partition to the hydrophobic interface more easily since
more preferably than to the backbone, resulting in a loss of they can shed their hydration shell to preferentially adsorb on
crowders as well as waters on collapse. This decreases the the surface.”’ Previous studies have also shown that weakly
entropic penalty, which is still high to oppose the collapse. The hydrated I” tend to interact more favorably with the nonpolar
favorable intrapolymer energy on collapse makes the overall alanine residues and induced destabilization of the peptide by
polymer—solvent energy favorable for collapse, although this amplifying the action of the cations.”* In another study,
does not lead to a significant strengthening of the hydrophobic polymerization or cooperative self-assembly of a bacterial
collapse in Poly-II. (5) The propensity of anionic crowders to protein, FtsZ, was seen to be accelerated in the presence of
preferentially adsorb on the side chains or the backbone is found negatively charged DNA at crowded concentration.>
to be determined by the structuring of water molecules around The water structure around the termini and the side chains of
the different regions of the polymer. (6) The well-known the polymers is also found to play a key role in determining the
aggregating effect of crowding is found to be dependent on the discriminating behavior of the anionic crowders. Rogers et al.
architecture of the polymers. It is strengthened in the case of the showed that the weakly hydrated ions such as SCN™ have a
linear polymer and weakened in the case of the branched tendency to preferentially bind to the central region of
polymer. poly(ethylene oxide) where the structuring of water was
Our observations are consistent with the results shown by disordered as compared to the polymer termini where the
Chudoba et al.** where they found that the weakly interacting water was more ordered.** Our results also show that in the case
anion decreases the LCST of the uncharged polymer or in other of the linear Poly-, the anionic crowders preferentially adsorb in
words, enhances the salting-out of the polymer. In another the central region of the polymer where the tetrahedral order of
study, Heyda et al. showed that GndSCN had the highest waters is slightly lower than that found around the termini of the
propensity to salt-out the ELP (Elastin-like peptide) at low polymer. In the case of Poly-II, the water molecules are equally
concentrations when compared with GndSO,* and to salt-out disordered around the side chains in the central region or around

the PNIPAM (poly-N-isopropyl acrylamide) polymer.*" The the termini of the polymer, thereby leading to loss of binding of
SCN~ was found to preferentially bind on ELP (or PNIPAM the crowders around the polymer. The results underscore the

surface), whereas SO3~ was found to be weakly bound to ELP sensitivity of the weakly charged crowded environment in
and depleted from the PNIPAM surface. Although, SCN~ strengthening or weakening the hydrophobic collapse in
destabilized the peptide, the counterion Gnd" was found to polymers based on their architecture. Such insights have
stabilize it. Strongly hydrated cations such as Ca**, Mg**, and Li* implications for designing crowding-sensitive smart materials
have been found to be weakly binding with the peptides.”’ This for tailored biomedical applications. To summarize, the insights
is a similar observation as we have found in our work where CR— provide a fundamental understanding of the thermodynamic
is more effective than CR+ to induce polymer collapse. They driving forces underlying the crowding effects of charged
also pointed out that in order to understand the salting-in and cosolutes on the hydrophobic collapse of the two polymers. The
salting-out effects, one needs to examine the interactions of the results highlight an emerging view of molecular crowding, where
cations and anions not only with water but also with the the aggregating effect of crowding is found to be sensitive to the
biomolecular surfaces.”' They showed that the weakly hydrated polymer architecture. The findings have implications for
anions and strongly hydrated cations are attracted toward the strategizing the employability of the crowded environment as
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Figure 10. (a) Radial distribution function of polymer—crowder interaction for (a) CR— and (b) CR+ in the C- and E-states of Poly-II. (c) Average
number of water molecules and crowder molecules in the first solvation shell of Poly-II. The numbers of the x-axis denote the average SASA (nm?) of
Poly-ITin different aqueous solutions. The snapshots show the spatial density function of the crowders in the first solvation shell of the C- and E-states
of Poly-11. (d,e) Probability distributions of tetrahedral order (P(gy.)) of water molecules around the termini and the side chains of the central region
of Poly-1I in the E-state in the first solvation shell in CR— and CR+ solutions, respectively. The solid lines and dotted lines represent solutions with
crowders and no crowders, respectively.

a tool in designing tunable responsive polymer-based smart

materials for biomedical applications.
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