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It is currently the consensus belief that protective osmolytes such
as trimethylamine N-oxide (TMAO) favor protein folding by being
excluded from the vicinity of a protein, whereas denaturing
osmolytes such as urea lead to protein unfolding by strongly
binding to the surface. Despite there being consensus on how
TMAO and urea affect proteins as a whole, very little is known as
to their effects on the individual mechanisms responsible for
protein structure formation, especially hydrophobic association. In
the present study, we use single-molecule atomic force microscopy
and molecular dynamics simulations to investigate the effects of
TMAO and urea on the unfolding of the hydrophobic homopolymer polystyrene. Incorporated with interfacial energy measurements, our results show that TMAO and urea act on polystyrene as
a protectant and a denaturant, respectively, while complying with
Tanford–Wyman preferential binding theory. We provide a molecular explanation suggesting that TMAO molecules have a greater
thermodynamic binding affinity with the collapsed conformation
of polystyrene than with the extended conformation, while the
reverse is true for urea molecules. Results presented here from
both experiment and simulation are in line with earlier predictions
on a model Lennard–Jones polymer while also demonstrating the
distinction in the mechanism of osmolyte action between protein
and hydrophobic polymer. This marks, to our knowledge, the first
experimental observation of TMAO-induced hydrophobic collapse
in a ternary aqueous system.
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solvophobic model) is likely derived from direct protein–osmolyte
interactions whereby protectants are excluded from the protein’s
vicinity, and denaturants adsorb to the protein (8, 16–19).
Of particular interest to protein folding models are studies on
the effects of osmolytes on hydrophobic interactions, which have
primarily been limited to molecular dynamics (MD) simulations
(20–22). The only experimental study on hydrophobic clustering
in the presence of osmolytes of which we are aware makes use of
partially hydrophobic carboxylic acids with varying alkyl chain
lengths (23), and it lends credence to the prediction (20) that
TMAO destabilizes hydrophobic contact pair formation. However, there have been no experimental studies involving entirely
hydrophobic molecules, nor have there been any experimental
studies involving larger collections of hydrophobes. Single-molecule force spectroscopy has recently become an attractive
method for investigating these problems (24). By depositing
polymers on a surface and flooding the system with a liquid, it is
possible to force a small population of hydrophobic polymers
into solution. Atomic force microscopy (AFM) can be used to
stretch polymers into solution, and inferences can be made as
to the balance of forces between thermal motion and the interactions between monomers, the solvent, and the surface
(25, 26). Over the past 15 years, work investigating the hydrophobic collapse of amphiphilic custom-made polymers (27),
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Osmolytes influence protein structure by either promoting
(protecting osmolytes) or disrupting (denaturing osmolytes) the
folding process. Current consensus is that protecting osmolytes
[trimethylamine N-oxide (TMAO)] act by being excluded from
the protein surface while denaturing osmolytes (urea) bind to it.
However there is little knowledge about the molecular mechanism of osmolyte action on hydrophobic macromolecules, which
form the core of most proteins. This work, through a combination of single-molecule atomic force microscopy experiments
and computer simulations, investigates the collapse behavior
of a hydrophobic polymer polystyrene in TMAO and urea. The
mechanism of osmolyte action on hydrophobic macromolecules
is distinct from that of a protein, but, despite key differences,
both mechanisms comply with the standard thermodynamic
theory of preferential osmolyte binding.

O

smolytes constitute a class of small aqueous solutes used by
a variety of organisms to cope with osmotic stress (1). As a
side effect, many osmolytes are known to strongly affect protein
stability, favoring either the native state (thus referred to as
protectant) or the unfolded state ensemble (denaturant) (2–7).
The denaturant urea and the protectant trimethylamine N-oxide
(commonly abbreviated as TMAO) are among the most effective
osmolytes, noted for the diversity of organisms within which they
may be found as well as for the diversity of proteins upon which
they act (1, 8–11).
The universality of osmolyte action gives some indication as to
its mechanism, given that the only thing shared equally by all
proteins is the makeup of the backbone (12). Studies of the solubility of various amino acids have led to two main conclusions: first,
the main contribution to the solvation free energy arises from the
backbone, not the side chains; second, this contribution is positive
for aqueous solutions of protective osmolytes, while it is negative in
denaturant solutions. In other words, the primary cause of osmolyte-induced folding/unfolding is rooted in the tendency for the
protein backbone to avoid protectant solutions, while extending
into denaturant solutions (8, 13–15). Although it has yet to be
assigned a universally accepted driving force, theoretical analysis
has led to some agreement that this model (frequently dubbed the
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Fig. 1. Osmolyte effect on polystyrene collapse behavior: experimental
design. (A) Contact mode scan of polystyrene on a piranha-cleaned silicon
surface in the presence of water (see Supporting Information for details on
sample preparation). Single polystyrene chains deposited on the surface
collapse into surface area-minimized globules. (B) AFM in force-mapping
mode is used to extend the polymer into solution (location 1). (C) The
polymer exerts a force on the AFM cantilever equal to the force of extending
it from the sphere until (location 2) the polymer desorbs from the cantilever,
allowing the cantilever to return to equilibrium, and creating a force plateau
in the process. (D) Force plateau measurements are repeated hundreds of
times over a force map, giving rise to a distribution of forces. Typically, a
second, smaller distribution of forces is observed at double the single-chain
force, corresponding to double-chain events. Double-chain events that
clearly show two plateaus are colored here in green. (E) Single-chain force
plateau averages from single-molecule pulling experiments in water, TMAO,
and urea solution. The force required to extend a polystyrene sphere into an
extended chain depends on the amount and identity of solute dissolved in
water. TMAO (blue) increases the force required to extend polystyrene into
water, while urea (orange) decreases it.

various proteins (28–32), and hydrophobic homopolymers such
as poly (methyl methacrylate) (33) and polystyrene (34–36) has
proven to be of substantial value in answering questions on the
nature of hydrophobic interactions under different conditions.
Proteins are, by their nature, heterogenous molecules. As such,
isolating individual contributions to a solvent-induced change in
stability is a task for which homopolymers may be better suited. To
our knowledge, there have been relatively few studies (21, 22, 37–
39) of how such osmolytes perturb simple homopolymers. Recently, a systematic computational study of the collapse behavior of
simple model Lennard–Jones (LJ) homopolymers with variable
polarizability in aqueous solutions of TMAO and urea has provided
a unified picture of how these osmolytes act (37). As with proteins,
it was found that TMAO acts to stabilize and urea acts to destabilize the globular structure of the model polymers. Surprisingly,
and seemingly in contrast to the solvophobic theory outlined above,
both osmolytes strongly bind to the polymer surface, which a
standard solvophobic model might support as the defining characteristic of denaturants in protein systems. In keeping with the
theories of Tanford and Wyman (2, 3), this study highlights that it is
actually the difference in relative preferential binding between
collapsed and extended state, rather than the absolute magnitude
of preferential binding in either state, which needs to be considered
in a proper treatment of osmolyte-mediated polymer collapse.
Here we use AFM to measure the force required to unfold a
single polystyrene molecule in aqueous solutions of TMAO and
urea. In agreement with earlier theoretical predictions based on
studies of model polymers (37), these experiments show that,
relative to water as a solvent, the force needed to unfold polystyrene is systematically higher in aqueous solution of TMAO and
lower in aqueous solution of urea. Pendant drop and contact angle
measurements are performed to calculate surface tensions, indicating that both TMAO and urea are expected to be in excess at
Mondal et al.

the polystyrene–water interface. These results are complemented
by MD simulations on short chain-length polystyrene in aqueous
solutions of TMAO and urea, which echo both the AFM and
interfacial tension measurements. The results are analyzed using a
thermodynamic preferential binding theory and free-energy calculations to provide a unified molecular level interpretation of
osmolyte actions on a hydrophobic polymer.
Results and Discussion
Investigations by several theoretical groups (40–43) have suggested that a hydrophobic polymer in solution will collapse into a
surface area-minimized globule (such as those seen by AFM
scans; see Fig. 1A) and that forcing a part of the polymer into
solution causes the polymer to assemble into coexisting chain and
globule regions (Fig. 1B). When this is accomplished by AFM, the
polymer will eventually desorb from the tip, allowing a comparison
of the force exerted by the polymer to the retraction baseline. This
sequence of events is described as a force plateau such as the one
shown in Fig. 1C. These models all predict a nearly constant but
slightly decreasing force as the chain region lengthens and the
globule region shrinks. The polymers used in the present experiment are of such size that a significant decrease in force is not
expected to be observed over a typical plateau (36), and so a
constant force approximation may be used. AFM scans and singlemolecule pulling experiments on a variety of hydrophobic polymers
are in agreement with this model (34–36), which will be used to
interpret the results presented here. For polystyrene in water, a
typical histogram of plateau forces (Fig. 1D) shows a Gaussian
distribution near 78 pN, with a second, smaller Gaussian at slightly
less than double this number. This second distribution is attributed
to events involving two chains. Depending on the mechanism of
desorption, the double-chain plateaus might look similar in appearance to single-chain plateaus (Fig. 1D, colored in blue) or have
a staircase-like appearance corresponding to two individual desorptions (Fig. 1D, colored in green). In the present experiment,
the single-chain Gaussian alone was used as a measure of the force
of unfolding polystyrene in the presence of neat water, TMAO,
and urea. Measured in this way, average values for unfolding force
as a function of osmolyte content are shown in Fig. 1E. For solutions containing TMAO, this force is systematically higher than
that in water, but a lower force is required to unfold the same chain
in aqueous solutions of urea. The effect of each osmolyte on the
polymer chain is thus similar to its effect on proteins: The protective osmolyte TMAO stabilizes the collapsed configuration of
polystyrene while denaturant urea destabilizes the collapsed configuration of polystyrene, in keeping with the prediction of TMAO
stabilizing collapsed LJ chains (37).
MD simulations of a 20-mer polystyrene chain in the respective
osmolyte solution complement the single-molecule experiments
and provide a more atomistic view of its conformational preferences in aqueous solutions of TMAO and urea. Fig. 2 A and B
shows the calculated potential of mean force (PMF) of the 20-mer
chain in neat water, 1 M TMAO solution, and 7 M urea solution
along two individual reaction coordinates (the radius of gyration
Rg and the end-to-end distance L), based on umbrella-sampling
simulations. The free-energy landscape along both reaction coordinates suggests that in all cases, the most stable configuration
of polystyrene is a compact one—in agreement with experiments
that show that a positive force is required to unfold the polymer.
This is in strong contrast to proteins, for which the unfolded state
becomes the free-energy global minimum in the presence of a high
concentration of urea. Nevertheless, free-energy landscapes along
both reaction coordinates unambiguously show that compared
with pure water, TMAO lowers the free energy of the collapsed
configurations of polystyrene, thereby stabilizing these configurations, while urea has the opposite effect. As illustrated in Fig. S1,
these free-energy results are robust with respect to use of a different (OPLS) force field for the polymer and a different water
model (SPC/E). For a more complete description of the chain
conformations (given by the joint distribution function of Rg and
L) see Fig. S2 and SI Text. We also note that, in our previous study
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Fig. 2. MD simulation results. Potentials of mean force W for PS 20
as
R ∞ a function of the radius of gyration Rg (A), normalized so that
0 expð−WðRg Þ=k
R ∞B T ÞdRg = 1, and along the end-to-end distance L (B), normalized so that 0 4πL2 expð−WðLÞ= kB T ÞdL = 1. (C) Force vs. end-to-end distance profile of different LJ polymer in the gas phase using steered MD
simulation. We average over the force at the plateau region to compute the
unfolding force. (D) Scaling of plateau force with degree of polymerization for
the gas-phase LJ chain and the corresponding power law fits. Data are shown
for two different pulling rates but, irrespective of the pulling rate, the results
are well fitted by a power law of F = aNb with b = 0.27.

of the LJ polymer model (37), we tested the robustness of the
results against two different TMAO force fields.
Even though the computer simulation results shown here are for
relatively short chains of polystyrene compared with that used experimentally, we verified that the effects of osmolytes on polystyrene
are qualitatively similar for a longer chain (PS40; see SI Text and Fig.
S3). PS40 is still much smaller than the chains in the above experiments (typically PS1,000 to PS2,000). Therefore, as expected, the
unfolding forces estimated from the PMF (see Fig. 2B and Table 1)
for both PS20 and PS40 are significantly smaller than those measured
experimentally for much longer chains. This force increases as the
polymer gets longer because there are more interacting sites; direct
quantitative comparison with experiment requires extrapolation of
the simulation data to much longer chain lengths. Even if present
computing resources do not allow simulations on such large chains
of polystyrene in explicit solvent, we do this by performing steered
MD simulations on a simple model LJ polymer chain (σ = 0.4 nm
and « = 1.0 kJ/mol) of various degrees of polymerization in the gas
phase, and assume that because, in the polymer chain, beads also
interact with LJ potentials, the scaling of their plateau forces with
system size might be similar to that of polystyrene. A representative
force-extension curve as obtained from steered MD simulations is
discussed in SI Text and shown in Fig. S4, where the coexistence of
globular and extended configurations along the plateau region is
quite evident. As shown in Fig. 2C, the magnitude of the force
plateau increases with the degree of polymerization. Its force dependence (Fig. 2D) is well fit by a scaling law F = aN b with
a = 21.2 ± 1.4 and b = 0.26 ± 0.01. We have verified that these parameters are weakly sensitive to the pulling rate (Fig. 2D). By applying this scaling law to the simulation data on polystyrene (Table
1), we obtain an extrapolated value of ∼60 pN for PS1,500, in reasonable agreement with the experimental value of 70–85 pN.
Overall, the experimental single-molecule force measurements and
the simulations are in quantitative agreement and provide strong
evidence that both the protecting osmolyte TMAO and the
9272 | www.pnas.org/cgi/doi/10.1073/pnas.1511780112

denaturing osmolyte urea perturb the conformational equilibrium of
a hydrophobic polymer in much the same way as they affect proteins.
To investigate the behavior of osmolytes at the extended polystyrene–liquid interface, the contact angles formed by droplets of
urea solutions and TMAO solutions on a polystyrene film were
measured. The reference for water was found to be 92.5°, in good
agreement with available data (44). Compared with water, both
TMAO and urea were found to induce slight wetting of the surface, decreasing the associated contact angles as depicted in Fig.
3A. These values were combined with values from pendant drop
measurements (see SI Text for methods, Fig. S5, and discussion
therein) to obtain the polystyrene–liquid interfacial tensions
shown in Fig. 3B. To make a connection with the osmolyte effect
on the polymer conformational equilibrium, it is useful to first
consider the Gibbs surface excess, which is defined as the difference in concentration at the surface relative to the bulk. The
surface excess Γes of component s per unit area is given by (45)
[1]

where γ is the interfacial tension for a given interface, as is the
activity of the sth component in the bulk, R is the gas constant,
and T is the temperature. For both solutions of TMAO and urea,
the dependence of interfacial tension on concentration appears
linear with a negative slope. Assuming the activity of the solute
is an increasing function of the concentration, which is typical for
both ideal and nonideal solutions, Eq. 1 indicates that both
TMAO and urea are in excess at the polystyrene–solution interface (Γes > 0).
The observation that the addition of TMAO to a system of
polystyrene in water favors collapse, along with the observation that
TMAO decreases the macroscopic polystyrene–liquid interfacial
tension, is seemingly at odds with both the solvophobic model of
osmolyte action and the simple collapse–extension transition model
used previously by the Walker group (see ref. 35). Both of these
models predict a depletion of TMAO at the polystyrene–liquid
interface, apparently in contradiction to the much better-founded
Gibbs isotherm (from which Eq. 1 is derived), which demands an
accumulation of TMAO at the interface. The key realization in
resolving these contradictions is given by Wyman and Tanford (2, 3)
and supported by MD simulations in the present study: The surface
excess is conformationally dependent (37).
The Wyman–Tanford approach uses the preferential binding
coefficient Γs given by Eq. 2 (2, 3) to describe the dependence of
polymer conformational equilibria on cosolutes,


Nstot − ns
· nw .
Γs = ns − tot
Nw − n w

[2]

Here nX is the number of molecules of type X bound to polymer and NXtot is the total number of molecules of type X in the
Table 1. Unfolding free-energy and the corresponding force (in
piconewtons) for stretching a polystyrene (ΔG in kilocalories per
mole) from a collapsed configuration of end-to-end distance Lc
(in Ångstroms) to an extended configuration of length Le (chosen
based on the onset of elastic region) (in Ångstroms)
System
PS20
Water
TMAO
Urea
PS40
Water
TMAO
Urea

Lc

Le

ΔL

ΔG

F=ΔG/ΔL

10.8
5.7
12.7

39.3
39.3
39.3

28.5
33.6
26.6

5.2
7.5
4.4

12.7
15.5
11.4

6.2
9.3
14.3

86.1
86.1
86.1

79.9
76.8
71.8

25.8
27.2
14.1

22.4
24.6
13.6
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Fig. 3. (A) Contact angles of aqueous solutions of osmolytes on polystyrene
and (B) polystyrene–liquid interfacial tensions, as calculated using pendant
drop and contact angle measurements. Preferential binding coefficients (Γ)
as a function of distance to PS20 for TMAO (C) and urea (D), as obtained from
MD simulations, are plotted for three different polymer conformations
(collapsed, red; intermediate, black; extended, green).

system (where X = s stands for the osmolyte (urea or TMAO)
and X = w stands for water). Γs is extensive in the sense that it is
proportional to the polymer surface area; it actually represents
the excess of solute molecules s in the macromolecule solvation
shell compared with its average concentration in the solution:
Γs > 0 if the osmolyte accumulates next to the polymer, and
Γs < 0 if it is depleted near the polymer. Γs should not be confused with Γes, which is basically Γs normalized by the surface
accessible area.
Tanford showed that the conformational equilibrium constant
and the related free-energy difference between polymer conformational states is proportional to a difference in Γs between
the compact (C) and extended (E) polymer states as
∂ln K
= ΔΓC→E ,
∂ln as

[3]

where K is the aforementioned folding–unfolding equilibrium
constant. According to Eq. 3, it follows that an increase in the
concentration of the osmolyte would lead to the polymer unfolding
if ΔΓC→E > 0 and, in contrast, would favor the collapsed state over
the extended one if ΔΓC→E < 0.
The values of Γs computed in our MD simulations are shown
in Fig. 3 C and D for several polymer conformations—collapsed
(Rg = 7.5 Å), intermediate (Rg = 12 Å), and extended (Rg = 14.5 Å).
At a distance corresponding to the polymer hydration shell
(5 Å and beyond), Γs is positive for both osmolytes, which
corroborates the experimental interfacial tension measurement. Furthermore, Γs is found to be strongly dependent on
polymer conformation for both TMAO and urea. The nature of
this dependence, however, varies between TMAO and urea.
Even though TMAO strongly interacts with the polymer in all
configurations, there is an effective depletion of TMAO on going
from the collapsed conformations of polymer to extended conformations (Γs decreases) (Fig. 3C). The opposite is seen for
urea (Fig. 3D). This is similar to what was previously observed
for model LJ polymers (37), and, following Eq. 3, it gives rise to
the observed effect of both osmolytes on the polymer conformational equilibrium. These findings are further supported by
computation of a different intensive parameter known as local
bulk partition coefficient (7, 37) (see SI Text and Fig. S6), which
Mondal et al.

Table 2. Different free-energy contributions (in kilocalories per
mole) for inserting single osmolyte molecules in the first
solvation shell of the PS20 in 1 M TMAO and 7 M urea
System
TMAO
Bulk
Collapsed
Extended
Urea
Bulk
Collapsed
Extended

Gvdw

Gcoulomb

Gtotal

Δμk

+1.64(0.02) −13.26(0.01) −11.62(0.024) 0
−0.39(0.14) −12.48(0.30) −12.87(0.26) −1.25
+0.45(0.29) −12.60(0.28) −12.15(0.38) −0.53
−0.23(0.01) −13.41(0.04) −13.64(0.03)
−0.79(0.37) −12.90(0.29) −13.69(0.01)
−1.46(0.30) −12.38(0.30) −13.84(0.25)

hNk i
–
7.2(0.2)
8.8(0.6)

0
–
−0.05 42.0(0.3)
−0.20 59.5(0.4)

Δμk represents the difference with respect to the bulk solution, and the
average number of molecules in first solvation shell of the polymer Nk is also
given. SDs are given within parentheses.
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has been shown to quantitatively distinguish between protecting
osmolytes and denaturants toward protein.
Finding that Γs is conformationally dependent begs the question of why a homopolymer should interact with a surrounding
solution differently in different conformations. The simulations
performed in this study can shed some light on this. Radial
distribution calculations (see Fig. S7) show a preference for
TMAO to interact with the more polarizable aromatic pendant
groups than with the aliphatic backbone. This, in turn, gives rise
to a tendency for polystyrene to bury the aliphatic backbone and
partition aromatic pendant groups to the interface when in a
collapsed configuration, which is impossible in the extended
configuration.
In the final part of this paper, a free-energy perturbation (FEP)
analysis is used to gain a more detailed understanding of the
thermodynamics of osmolyte binding to the polymer. Following
ref. 37, we have computed the free-energy changes (or chemical
potentials) for inserting an osmolyte or a water molecule in the
bulk solution and in the first hydration shell of the polymer either
in the collapsed or an extended conformation.
As evident from Table 2, insertion of a TMAO molecule is
more favorable (Δμ is more negative) near a collapsed conformation than near an extended conformation. The reverse is true
for urea where Δμ is slightly more negative when this molecule is
inserted next to an extended conformation than next to a collapsed
conformation.
These calculations suggest that the osmolyte–polymer freeenergy difference between extended and collapsed configurations (ΔGC→E
OS ) will be guided in such a manner that TMAO
molecules would preferentially bind to the polymer collapsed
state while urea molecules would be more stable next to the
extended state. Hence, there will be a substantial contribution
solely coming from cosolutes to the total free-energy difference
between collapsed and extended conformation. We will refer this
cosolute contribution to the free energy as ΔGC→E
. However,
s
one has to consider two other contributions to explain the conformational propensities of PS20 in the presence of various
osmolytes: (i) the gas-phase (or purely intramolecular) contribution to the free-energy difference between collapsed and exC→E
tended configuration of polystyrene (ΔGgas
) and (ii) the water’s
contribution to the free-energy difference (ΔGwC→E), which is not
the same in all three solutions since the presence of urea or
TMAO will modify the water chemical potential in different ways
except at very low-osmolyte concentration. Toward this end, as
depicted in Fig. S8, we have computed the gas-phase PMF along
Rg, from which we find that the gas-phase PMF of polystyrene
C→E
(ΔGgas
) favors the collapsed state by more than 10 kcal/mol. On
the other hand, similar estimates of the chemical potential for
water in different osmolyte solutions have been calculated (see
C→E
Table S1) and used to compute ΔGW
.
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By combining these three ingredients, a simple thermodynamic
analysis can be used to estimate the conformational preferences as follows:
X
C→E
ΔGC→E
ΔGC→E
OS = ΔGgas +
k
C→E
C→E
=ΔGgas + ΔGw + ΔGsC→E


[4]
=ΔGC→E
+ N E ΔμE − N C ΔμC
 gasE E w C w C  w w
+ Ns Δμs − Ns Δμs
where NkC and NkE are the average numbers of solvent molecules
of type k (water w or osmolyte s) in the first hydration shell of the
polymer in collapsed and extended configurations, respectively, and ΔμCk and ΔμEk are their corresponding differences in
chemical potentials in the first solvation shell of polymer and that
in bulk. Physically, ΔμCk and ΔμEk are simply equivalent to binding
potential energies of the kth component to a site on the polymer
surface in their respective configuration. A detailed derivation of
the equation has been provided in SI Text. An underlying assumption is that the major free-energy contribution comes from solvent
and cosolute reorganization in the first solvation shell of the polymer when it changes conformation. We assume that the chemical
potentials of molecules beyond the first hydration shell are similar
for both polymer configurations. We also assume that free-energy
contribution due to the water–cosolute mutual interactions will be
similar for both polymer conformations.
Histograms of these different contributions are shown in Fig.
4. These data help to explain how the osmolytes TMAO and urea
affect polymer collapse. The free energy from water molecules in
pure water favors the extended state of polymer. However, interactions with water cannot compensate for the polymer intramolecular contribution. Thus, the collapsed state is more stable
in neat water. Water’s free-energy contribution in TMAO solution hardly changes from its contribution in neat water, but
contributions from TMAO favor the collapsed state. The water
contribution becomes negligible in urea solution, and urea contributes almost 10 kcal/mol toward stabilizing the extended state,
more than compensating for its displacement of water near the
extended state. The collapsed state is still favored in urea solution
because of the strength of intramolecular interactions, but its
stability is significantly reduced compared with TMAO solution or
pure water. These results are in agreement with preferential
binding data and provide a molecular interpretation of it.
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Conclusions
This study clearly demonstrates the value to be gained by combining
single-molecule force measurements with computer simulations.
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Fig. 4. Histograms showing the different contributions to the free-energy
cost of binding water (black) or osmolyte molecules (TMAO, blue; urea, orange) in the PS20 first solvation shell (terms in parentheses of Eq. 4, Table 2,
and Table S1). The gas-phase contribution (gray) was calculated from separate simulations (see SI Text). The total free-energy change ΔGC→E
OS is shown
as a red bar to the right of each set of contributions.
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While the single-molecule force spectroscopy measurements show
that the osmolytes TMAO and urea have a significant and contrasting effect on the collapse of a hydrophobic polymer like polystyrene, our extensive free-energy-based conformational analysis,
obtained from computer simulation, provides insights difficult or
impossible to obtain experimentally. Both experiment and simulation find that both protecting and denaturing osmolytes strongly
interact with the polymer (both having a preferential binding constant greater than zero), in contrast with existing explanations of the
osmolyte effect on proteins.
A thermodynamic model taking into account the different
contributions (gas phase, water, and osmolyte) to the polymer
conformational equilibrium suggests that what determines an
osmolyte’s effect on polymer conformation is the effective depletion or accumulation of the osmolyte in the first solvation shell
of the polymer as the polymer’s conformation changes. Indeed, for
TMAO, it is the much more favorable free energy of inserting a
single solute molecule near the collapsed configurations of the
polymer than near the extended configurations that dictates the
system’s propensity to collapse. This leads to a protective effect in
systems of polystyrene, but, depending on the polymer, this effect
may or may or not be able to overcome the intramolecular van der
Waals attractions of the polymer side chains. In contrast, urea is
preferentially stabilized next to the extended conformation and
therefore acts as a denaturant for polystyrene. It is interesting to
note how closely the present results, based on a real homopolymer, mirror the previous study on a model LJ polymer (37). While
the primary significance of the present work lies in its being
founded on a real hydrophobic polymer, it also highlights the
value of studies based on model system.
The combination of experiment and theory provides a powerful tool for the analysis of many problems in biophysical
chemistry. In this paper, we report the results of single-molecule
AFM experiments to determine the pulling force required to
elongate a polystyrene chain in various chemical environments,
and we use molecular simulations to provide a detailed microscopic interpretation of how the osmolytes TMAO and urea
alter this force. The synergy between experiment and theory,
especially with respect to hydrophobic hydration, will hopefully
lead to a better understanding of hydrophobicity and an improved capability of including it in biomolecular engineering.
There are many possible avenues for future research. For example, recent work in Raman solvation shell spectroscopy (46)
may offer an experimental method capable of obtaining complementary information to that which was presented here.
Questions on homopolymer responses to the Hofmeister series
of salts or aqueous mixtures of urea and TMAO beg to be answered, and the effects of these osmolytes on hydrophobic aggregation at different length scales is worth exploring, both from
experimental and theoretical perspectives.
Experimental. Single-molecule force spectroscopy was performed on a single
polystyrene chain in different aqueous solutions following methods previously
described (34–36). The experimental setup is illustrated in Fig. 1. The contact
angles were measured using a sessile drop method, and vapor–liquid interfacial
tensions were measured using the pendant drop method. Complete details of
the solution preparation, single-molecule force spectroscopy, contact angle
measurement, and interfacial tension measurements are provided in SI Text.
Computer Simulation Details. The computer simulations were mostly performed on a 20-mer of polystyrene chain in neat water, 1M TMAO solution,
and 7M urea solution. Some simulations were repeated for 40-mer of
polystyrene chain to check robustness of the result. The simulation protocols
revolved around determining the potentials of mean force along the polymer
radius of gyration and end-to-end distance, using the umbrella sampling
technique. FEPs were also used to compute the free energy of inserting a
single osmolyte or solvent next to the polystyrene chain. The binding or
exclusion of osmolytes toward polymer was quantified using the preferential
binding coefficient, Γs. Finally, model LJ polymers of different degrees of
polymerization were subjected to steered MD simulations to determine a
scaling exponent of plateau force for comparison with the experiments.
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SI Materials and Methods
Experimental.
Solution preparation. Highly concentrated solutions of TMAO and

urea were prepared by adding water to a given mass of osmolyte
such that the total volume reached the desired amount. It was not
possible to measure out a specific volume of water and add solid
osmolyte assuming neglible density changes, as the osmolyte itself
occupies a large volume at such concentrations. All osmolytes were
purchased from Sigma Aldrich. Water was freshly deionized using
an 18.2 MΩ MilliQ water purifier. Solutions were iteratively mixed
mechanically followed by sonication until no crystals were visible in
solution. Immediately before use in measurements, all solutions
were filtered using 0.2-μM cellulose syringe filters.
Atomic force spectroscopy. Force spectroscopy was performed on
single polystyrene chains following methods previously described
(34–36). Briefly, silicon substrates were prepared by cleaning in a
piranha chemical bath [3:1 mixture of concentrated sulfuric acid to
a 30% (wt/vol) solution of hydrogen peroxide in water] to remove
any residual organic material. The wafers were then rinsed with
copious amounts of water and dried under nitrogen. Then
131,000 Mn or 138,000 Mw polystyrene (Polymer Source) was deposited onto the wafers by spin casting from a solution of 1–5 μg/mL
in toluene. Silicon nitride cantilevers with spring constants of
17 pN/nm or 60 pN/nm were used in all experiments. The cantilever
tip was cleaned by UV ozone for 15 min immediately before use. If,
at any point during a force map, it became apparent that the cantilever became contaminated, the experiment was paused and the
cantilever was once again cleaned with UV before proceeding.
Force curves with complex entropic stretching profiles were discarded from the final dataset, as were force curves containing no
pulling events (which comprise the majority of all pulling data).
Cantilevers were individually calibrated using the thermal noise
method (47). Force maps of polystyrene were first taken in ultrapure neat water, and then in the presence of osmolyte. Small
differences in mean water plateau force between force maps were
seen as errors in calibration, and force curves were renormalized
accordingly. As such, each osmolyte measurement could be referenced to a neat water measurement. Each data point in Fig. 1E,
with the exception of the 10 M urea, comprised an average of two
or more osmolyte-containing force maps. All single-molecule experiments were performed using a closed fluid cell with MFP-3D
microscope from Asylum Research.
Contact angle measurements. Flat polystyrene surfaces were prepared
by spin casting a 2% wt/vol solution of polystyrene in tetrahydrofuran onto piranha-cleaned silicon wafers at a rotational frequency
of 2,000 rpm for a duration of 1 min. The surfaces were left to cure
for 24 h at atmospheric pressure in a clean box. Contact angles were
taken using the sessile drop method with a KSV tensiometer. Then,
10-μL droplets were deposited using a micropipettor from a fixed
height. Each film was tested four times, each time in a different
area. A total of five films per concentration per osmolyte were
measured this way. The data are thus constructed of 20 measurements per concentration per osmolyte. SDs and means were
calculated assuming a normal distribution, and data points more
than two SDs from the mean were excluded from the sample set.
The entire set of measurements was performed over 3 d to minimize variation in climate conditions. The order of the measurements was randomized to avoid systematic error.
Interfacial tension measurements. The vapor–liquid interfacial tension
was calculated using a pendant drop method. A single finely sanded
stainless steel needle with a diameter of 0.9 mm was used for all
measurements, and a KSV CAM 101 tensiometer was used to record
Mondal et al. www.pnas.org/cgi/content/short/1511780112

videos of 1 s in length just as the drop fell from the needle. After each
solution was measured, the syringe was replaced and the needle was
rinsed five times in 18.2 MΩ MilliQ deionized water. Three droplets
per concentration were recorded with a frame rate of 60 Hz, and six
randomly chosen frames per video were used to take a measurement
for each droplet. For those frames chosen, the solvent–vapor interfacial tension was measured by fitting the frame of the emerging
droplet to the Young–Laplace equation via a regression analysis algorithm built into the video software. Each data point shown in Fig.
S5 is thus an average of 18 measurements, one from each frame
chosen. Polystyrene–solvent interfacial tensions were calculated using
drop and contact angle values in Young’s equation (45),
γ PS−L = γ PS−V − γ L−V cos θ,

[S1]

where γ PS−L is the polystyrene–liquid interfacial tension, γ PS−V is
the polystyrene–vapor interfacial tension, and γ L−V is the liquid–
vapor interfacial tension, commonly taken as a measurement for
surface tension. The value for polystyrene–vapor interfacial tension
was taken from literature using Fowke’s equation (44). Solvent–
vapor interfacial tensions were measured using the pendant drop
method and compare well with values previously recorded (15, 48).
Computer Simulation Methods and Models.
System and force fields. Polystyrene is modeled using the analogous

hydrocarbon parameters from Charmm force field (49, 50). Water is
modeled using the TIP3P model (51) due to its compatibility with
Charmm force field. Urea interacts through the OPLS/AA force
field (21, 37) and TMAO through the force field developed by Kast
et al. (52). To check the robustness of the simulation result, we have
also repeated some of the simulations using the OPLS/AA force
field (53, 54) for polystyrene and the SPC/E model (55) for water,
and we have obtained very similar results. Consistent with our
previous work (37), we have simulated three systems: a 20-mer of
polystyrene (PS20) solvated in neat water, solvated in 7 M urea
solution, and solvated in 1 M TMAO solution. The system of pure
aqueous solution is composed of a PS20 chain solvated by 8,993
water molecules. The system in 1 M TMAO solution is composed
of a PS20 chain, dissolved in a solution of 100 TMAO molecules
and 6,494 water molecules. Finally, the system in 7 M urea solution
is composed of a PS20 chain in a solution of 1,000 urea molecules
dissolved in 5,454 water molecules. The equilibrated box size was
close to 6.5 × 6.5 × 6.5 nm3 in all cases. To get a sense of how the
results scale with chain size, we also simulated the longer PS40
chain in neat water (solvated by 22,392 water molecules) and a
PS40 chain in 1 M TMAO solution (composed of a chain, 320
TMAO molecules, and 20,480 water molecules), and, finally, the
PS40 chain in a 7 M urea solution (composed of 3,040 urea molecules and 16,580 water molecules). The equilibrated box size was
close to 10.6 × 8.2 × 8.2 nm3 for these simulations.
PMF. We used the Gromacs 4.5.4 software (56) to determine the freeenergy landscape (or PMF) as a function of the end-to-end distance L
and the radius of gyration Rg of polystyrene PS20 in the three different osmolyte solutions using an umbrella sampling protocol. First,
we carried out equilibrium MD simulations starting with an all-trans
extended configuration of the polymer. The simulation protocol was
similar to that used in our paper on the model LJ chain (37). The
system is first energy-minimized using steepest descents followed by
100 ns of production run in the NPT ensemble. Configurations from
the equilibrium simulations were used as the basis for the umbrella
sampling free-energy simulations, and the PLUMED (57) extension
of Gromacs was used. The value of Rg ranged from 0.7 nm to 1.6 nm
1 of 7

at a spacing of 0.05 nm between adjacent windows, while the value
of L ranged from 0.5 nm to 4.5 nm. Restraining harmonic force
constants of 7,000 kJ·mol−1·nm−2 were used in the umbrella potential in all positions to ensure a Gaussian distribution of the reaction coordinate around each desired value of the reaction
coordinate. Finally, we used the Weighted Histogram Analysis
Method (58, 59) to generate unbiased histograms and corresponding
free energies. As described later, we also computed the joint probability distribution of Rg and the end-to-end distance and the corresponding PMF as a function of these two variables.
Preferential interaction. We determined the affinity of the cosolute
(urea or TMAO) for the PS20 molecule by computing experimentally relevant preferential binding coefficient (Γs) (2, 3, 7, 60, 61),


Nstot − ns
· nw ,
Γs = ns − tot
Nw − n w

[S2]

which is extensive (i.e., it depends on the size of the hydration shell).
Here nX is the number of molecules of type X bound to polymer,
and NXtot is the total number of molecules of type X in the system
(where X = s stands for the osmolyte (urea or TMAO) and X = w
stands for water). As in our previous work (37), we computed the
value of Γs as a function of the proximal cutoff distance for the
counting of molecules around the polymer [defined as the shortest
distance between the central atom of the solvent molecule (O for
water, N for TMAO, and C for urea and any polymer bead)].
Again, as before, the polymer was frozen in representative collapsed or extended configurations for each osmolyte solution, and
each of the simulation runs was propagated for 15 ns. In this way, Γs
was determined from averages over ensembles of five trajectories.
Finally, we used the FEP technique to compute the transfer free
energy (chemical potential) for transferring a single TMAO (or
urea or water molecule) from bulk solution into the first solvation
shell of particular conformations of polymer in 1 M TMAO (or 7 M
urea) where the polymer conformation of PS20 was fixed in either a
collapsed or an extended conformation. For these calculations, the
initial configurations were taken from a representative snapshot of
the prior umbrella sampling windows, and the TMAO (or urea or
water) molecule was grown in the presence of other TMAO (or
urea or water) molecules in solution. The interactions of the
molecule being inserted were slowly turned on in two stages: In the
first stage, only the van der Waals interactions were turned on, and
in the second stage, the electrostatic interactions were turned on.
Thermodynamic integration gives these two contributions to the
transfer free energy. The difference between the free energy for
the insertion proximate to the polymer and the insertion in bulk
gives the required transfer free energies. Finally, since the choice
of the position near the polymer where the osmolyte and solvent
molecules is grown is arbitrary, we repeated such calculations at
several positions in each case: three sites for TMAO and urea and
two sites for water near each of the collapsed and extended conformations and two sites for each of them in bulk media. They
were finally averaged, and the SDs were estimated.
Polymer conformations in different osmolytes. A more complete description of the chain conformations is given by the joint distribution
function of Rg and L. These are shown in Fig. S2. In neat water,
two main peaks are observed: One corresponds to a collapsed state
(low Rg and large L) and another one to a hairpin state (higher Rg
but much lower L). In aqueous TMAO solution, the collapsed
state peak shifts toward slightly lower Rg and L, but the most
striking effect is observed in the hairpin peak, which shifts toward
much lower values of Rg, very close to that of the collapsed state.
The situation is more complex in the presence of urea, where many
peaks are observed. The main peak is very close to that of the
hairpin state in pure water (Rg an L close to 8 Å), but, most importantly, the collapsed state is almost not present while more
extended configurations are sampled.
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A closer look at force-extension profiles obtained from computer simulation.

Fig. S4 illustrates computer-simulated representative force vs. endto-end distance profiles of a model hydrophobic polymer chain as a
strand is being pulled out from its globular conformation. To make
contact with the experiment in which forces measured for polymers
are very large compared with those simulated here, we performed
steered MD simulations on simple LJ polymers (σ = 0.4 nm and
« = 1.0 kJ/mol) of various sizes in the gas phase, and we assume that
the scaling of their plateau forces with system size might be similar
to what would be seen in our polystyrene experiments. Such model
polymers act in a way similar to hydrophobic polymers in water.
Fig. S4 shows how the force and conformations change with end-toend distance as a 128-bead polymer is pulled out from a collapsed
conformation when the pulling is done at a constant rate of
30 ×10−4 nm/ps. As illustrated in representative snapshots in Fig. S4,
the force increases initially, when the polymer is being pulled out
of its collapsed conformation to more solvent-accessible extended
conformation, until a plateau region appears. Our computer simulation unequivocally shows that this plateau region is where both
collapsed and (hydrated) extended configuration of the polymer
coexist, as previously described by Li and Walker (35, 36) in singlemolecule force spectroscopy studies of polystyrene. Our computer
simulated force-extension curve shows that for high end-to-end distances where the globular segment is small compared with the extended coil segment, the force decreases slightly and then rises again
as polymer reaches its elastic region. This decrease in the magnitude
of the force is, in fact, in accordance with the power law scaling found
by fitting the plateau force with degree of polymerization (Fig. 2D): If
N is the number of monomers in the globule, the scaling law also
predicts that the force will decrease as globule size gets smaller. In a
previous paper (35), it was shown that, for a worm-like chain model
at large end-to-end distance, when the number of globular monomers is very small, the force will decrease slightly with chain extension. However, this was based on the assumption that the diameter of
the collapsed spherical globule is much greater than the diameter of
the extended worm-like chain, and this begins to fail toward higher
extension length when the number of monomers in the collapsed
state is very small, an assumption made in the worm-like chain
theory. Our experimental analysis, based on this assumption, is not
designed to observe this effect. In future work, we plan to improve
our analysis program to pick out these special force curves.
Analysis of osmolyte effect using bulk partition coefficient. We determined
the affinity of the cosolute (urea or TMAO) for the PS20 molecule
using the approach described in a previous paper (37) involving the
local-bulk partition coefficient, Kp, and the preferential binding
coefficient, Γ. Briefly, the local-bulk partition coefficient Kp is
defined as (7)
Kp =

hns i Nwtot
,
·
hnw i Nstot

[S3]

where hnX i is the average number of molecules of type X bound to
polymer, and NXtot is the total number of molecules of type X in the
system (where X = s stands for the cosolute (urea or TMAO) and
X = w stands for water). Kp is intensive and reflects the affinity of
the cosolute for the polymer regardless of the exposed surface area
of the polymer. As in our previous work (37), we computed the
value of Kp as a function of the proximal cutoff distance for the
counting of molecules around the polymer. Again, as before,
the polymer was frozen in representative collapsed or extended
configurations for each osmolyte solution, and for each simulation, runs were propagated for 15 ns. In this way, Kp was determined from averages over ensembles of five trajectories.
The relative binding affinity of the cosolutes to different conformational states of a polymer should influence the conformational
equilibrium of the polymer. The concentrations of these moieties
in the hydration shell of the polymer (relative to their bulk
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concentrations) is given by the partition coefficient Kp (defined in
Eq. S3, where Kp > 1 if osmolyte molecules accumulate next to the
polymer and Kp < 1 if they are depleted. Kp is intensive, i.e., it is
insensitive to the polymer exposed surface area. Thus, Kp allows
one to compare the partitioning of osmolyte relative to water
between the solvation shell of the polymer and bulk solution for
different polymer conformations (collapsed or extended). This
coefficient is independent of the surface area of conformation.
Our simulations show that Kp responds to conformational
changes of polystyrene in much the same way as it does for the
model LJ polymer treated in our previous work and also complements our finding based on Γ discussed in the Results and Discussion. For purposes of comparison, we define three polymer
states based on the individual radius of gyration termed collapsed
(Rg = 7.5 Å), intermediate (Rg = 12 Å), and extended (Rg = 14.5 Å),
for which we have calculated both Kp and Γ. In Fig. S6, we compare
the conformation dependence of Kp as a function of distance from
PS20 in both TMAO and urea solutions. We find that both TMAO
and urea molecules preferentially partition next to all configurations of PS20 (collapsed, intermediate and extended), leading to
local-bulk partition coefficient Kp > 1 in all cases. However, Kp of
TMAO monotonically decreases on going from a collapsed configuration to a relatively extended configuration. Therefore, even
though TMAO strongly interacts with the polymer (Kp > 1) in all
configurations, there is an effective depletion of TMAO independent of polymer surface area on going from the collapsed
conformations of polymer to extended conformations. On the
other hand, in the case of urea, Kp is less sensitive to the polymer
conformation, with Kp being slightly higher near the extended
configuration of PS20 than near its collapsed configurations.
Clearly, the conformation dependence of Kp in case of TMAO is
opposite to that of urea both in PS20 and, as we previously saw, in
the model LJ polymer.
A derivation and justification of Eq. 4. Let us consider two regions of
the polymer solution, α and β. Let α be the shell region of the
polymer accessible to both water and osmolyte and let β be the
bulk region. At equilibrium of the ith component in both regions,
ðαÞ

ðβÞ

μ
~i = μ
~i ,
ðαÞ

[S4]

ðβÞ

~i are the total chemical potentials of the ith
where μ
~i and μ
species in the shell and bulk regions, respectively. The total chemical potential of component i is the sum of an internal and exterðαÞ
ðαÞ
ðαÞ
nal part, μ
~i = μi,int + μi,ext. Here the external potential is due to
the attractive or repulsive sites on the polymer. (For example, in
electrolytes, the total chemical potential μ
~ðαÞ is called the electrochemical potential μ
~i = μi + Zi eϕ, where ϕ is the electrostatic
potential, Zi e is the corresponding electronic charge, and Zi eϕ is
the electrostatic potential energy of the charge.) Here the intrinsic
ð0Þ
part is related to the activity of the ions [μi,int = μi + kT lnðai Þ].
In the polymer solution, the total chemical potential of component i in the polymer shell can be expressed as
ðαÞ

μ
~i = μi ðshÞ + ϕi ðshÞ

[S5]

where ϕi ðshÞ is the binding potential energy of component i per
site of the polymer. In the bulk solution, because component i
does not bind to polymer, it does not feel any potential energy
due to the polymer. Hence, in bulk, the total chemical potential
of the ith species is its intrinsic chemical potential,
ðβÞ

μ
~i = μi ðbulkÞ + 0.

[S6]

From this, one sees that the internal parts of the total chemical
potential need not be equal at equilibrium. They become equal
when there is no external potential.
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At equilibrium, the total chemical potential of species i in the
shell and bulk must be equal,
μi ðshÞ + ϕi ðshÞ = μi ðbulkÞ

[S7]

−ϕi ðshÞ = μi ðshÞ − μi ðbulkÞ ≡ Δμi .

[S8]

so that

Now, if the polymer is in an extended (E) state, the binding
potential energy of the ith component to a site on the extended
polymer surface can be expressed as
−ϕEi = μEi ðshÞ − μi ðbulkÞ = ΔμEi .

[S9]

Likewise, when the polymer is in the collapsed state (C), the
binding potential energy of the ith component to a site on the
the collapsed polymer surface can be expressed as
−ϕCi = μCi ðshÞ − μi ðbulkÞ = ΔμCi ðshÞ.

[S10]

Let us now consider the polymer’s chemical potential. At equilibrium, the total chemical potential of polymer (~
μP) in the E or C
configuration solvated in solution of water (w) and cosolute (X) will
be equal to the chemical potential in the respective configuration of
the polymer in the gas phase. Hence, in the extended configuration,
at equilibrium,
μ
~EP = μEP ðsolÞ + NX,E ϕEX−site + Nw,E ϕEw−site = μEP ðgÞ

[S11]

where the sum of the terms involving ϕ represents the total potential energy of binding of water and osmolyte to the sites on the
polymer, the external contribution to the polymers chemical potential. Here, μEP ðsolÞ is the intrinsic chemical potential of the
extended polymer in solution, NX,E is the number of X molecules
bound in the first solvation shell of extended polymer, and ϕEX−site
is the average potential energy of binding of cosolute X to a site in
the polymer’s first solvation shell (and similar notation goes for
the water molecules present in the first solvation shell of the
extended polymer). Likewise, in the collapsed polymer configuration, at equilibrium,
μ
~CP = μCP ðsolÞ + NX,C ϕCX−site + Nw,C ϕCw−site = μCP ðgÞ.

[S12]

Subtracting Eq. S12 from Eq. S11, we find


μEP ðgÞ − μCP ðgÞ = μEP ðsolÞ − μCP ðsolÞ + NX,E ϕEX−site − NX,C ϕCX−site


+ Nw,E ϕEw−site − Nw,C ϕCw−site .
[S13]
Rewriting the Eq. S13, we find


μEP ðsolÞ − μCP ðsolÞ = μEP ðgÞ − μCP ðgÞ − NX,E ϕEX−site − NX,C ϕCX−site


− Nw,E ϕEw−site − Nw,C ϕCw−site .
[S14]
Substitution of Eqs. S9 and S10 and rearranging Eq. S16, we
obtain


C→E
Δμsol
= ΔμC→E
+ NX,E ΔμEX − NX,C ΔμCX

gas
+ Nw,E ΔμEw − Nw,C ΔμCw .

[S15]

This is the same expression provided in Eq. 4.
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Fig. S1. PMF along the radius of gyration for PS20 for Charmm/TIP3P and OPLS/SPC/E force field. The PMFs WðRg Þ are normalized so that
kB T Þdr = 1.

R∞
0

exp ð−WðrÞ=

Fig. S2. Comparison of joint probability distribution of PS20 along radius of gyration and end-to-end distance in water, in 1 M TMAO and in 7 M urea,
obtained from umbrella sampling simulations.
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Fig. S3. Free-energy landscape in different osmolyte solution as obtained from computer simulations for polystyrene of chain length (A) 20 and (B) 40.

Fig. S4. Force vs. end-to-end distance profile of 128-bead LJ polymer in gas phase using steered MD simulation at a pulling rate of 30 ×10−4 nm/ps. Also shown
are the representative snapshots of coexisting collapsed and extended configurations over the force-extension profile, particularly in the plateau region. We
average over the force at the plateau region to compute the unfolding force.

Fig. S5. Vapor–liquid interfacial tension plotted as a function of osmolyte concentration.
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Fig. S6. Comparison of progression of local-bulk partition coefficient (Kp) as a function of polymer–osmolyte radial distance for different PS20 conformation in
1 M aqueous TMAO solution (Left) and 7 M aqueous urea solution (Right).

Fig. S7. (Left) Radial distribution functions of TMAO with different components of PS20. (Right) The pictorial overview of first solvation shells of PS20 in
collapsed configurations. The backbones are shown in blue, and side chains are shown in red.

Fig. S8. Free-energy profile of PS20 along radius of gyration in gas phase.
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Table S1. Total free-energy cost Δμbulk (with respect to the bulk
solution reference) for inserting single water molecules in the
first solvation shell of the PS20 in pure water, 1 M TMAO, and
7 M urea (in kilocalories per mole), and average number of
water molecules in the polymer first hydration shell Nk
Δμbulk

hNk i

−0.16(0.01)
−0.14(0.01)

167.57
230.6

−0.09(0.01)
−0.08(0.04)

144.0
217.0

−0.14(0.04)
−0.10(0.03)

106.2
150.0

System
Pure Water
Collapsed
Extended
TMAO
Collapsed
Extended
Urea
Collapsed
Extended

SDs are given within parentheses.
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