PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 9 Physical Chemistry Chemical Physics

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE WWW. ISC.org/xxaxxx | XXXXXXXX

On the urea induced hydrophobic collapse of a water soluble polymer

Francisco Rodriguez-Ropero“ and Nico F. A. van der Vegt®*

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

Stabilization of macromolecular folded states in solution by protective osmolytes has been traditionally explained on the basis
of preferential osmolyte depletion from the macromolecule’s first solvation shell. However recent theoretical and experimental
studies suggest that protective osmolytes may directly interact with the macromolecule. An example is the stabilization of the
collapsed globular state of Poly(N-isopropylacrylamide) (PNiPAM) by urea in aqueous solution. Based on Molecular Dynamics
simulations we have characterized the mechanism through which urea stabilizes the collapsed state of PNiPAM in water. Analysis
and comparison of the different components of the excess chemical potential of folded and unfolded PNiPAM chains in aqueous
urea solutions indicates that enthalpic interactions play no role in stabilizing the collapsed state. We instead find that with
increasing urea, solvation of the unfolded state is entropically penalized over solvation of the folded state, thereby shifting the
folding equilibrium in favour of the folded state. The unfavourable entropy contribution to the excess chemical potential of
unfolded PNiPAM chains results from two urea effects: (1) an increasing cost of cavity formation with increasing urea, (2) larger
fluctuations in the energy component corresponding to PNiPAM-(co)solvent attractive interactions. These energy fluctuations are
particularly relevant at low urea concentrations (< 3 M) and result from attractive polymer-urea Van der Waals interactions that
drive the formation of "urea clouds” but bias the spatial distribution of urea and water molecules with a corresponding reduction
of the entropy. We further find indications that urea increases the entropy of the globular state.

1 Introduction

Macromolecules in aqueous solution, such as water soluble
polymers or proteins, coexist as an ensemble of folded states
(F) in equilibrium with an ensemble of unfolded states (U).
The equilibrium U 2 F can be perturbed either to the left or
to the right by altering the thermodynamic conditions (tem-
perature or pressure) of the medium or by changing the chem-
ical composition of the solution upon addition of chemical
compounds. Chemical compounds that shift the equilibrium
towards the F— state are called protective osmolytes. They
preferentially bind to the F — state, i.e. A'yr > 0, as can be
understood in terms of the relation

=Al'yr 1

introduced by Wyman and Tanford, "> in which X is the equi-
librium constant for the above equilibrium, a. is the activity
of the cosolvent in the binary solution and Al'yr =1T'r — Iy,
with I" denoting the preferential binding coefficient. Contrary,
denaturants preferentially bind to the U—state (Al'yr < 0)
and shift the equilibrium towards that state.>* The molecu-
lar mechanisms that drive preferential binding are important
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in questions related to protein stability and polymer coil-to-
globule transitions; a complete understanding is however still
lacking.>14

It is widely accepted that denaturants induce macromolecu-
lar unfolding by direct binding of the cosolvent to the surface
of the protein. Unfolding is accompanied by an increase of
solvent accessible surface area and therefore a larger number
of denaturant molecules can interact with the macromolecular
surface. =17 This mechanism is of enthalpic nature and has
been widely supported by both experimental and Molecular
Dynamics (MD) simulation studies. '8-20

Contrary to the enthalpic denaturation mechanism de-
scribed above, an entropy driven mechanism has been tradi-
tionally invoked to explain the stabilization of F'— states by
protective osmolytes. Protective osmolytes are preferentially
depleted from the macromolecular surface leading to prefer-
ential protein hydration. Thus, upon folding, the system mini-
mizes the osmolyte-macromolecule excluded volume leading
to the effective preferential binding of the osmolyte to the F—
state compared to the U — state. %223 However recent works
highlight the role of enthalpy especially for relatively small
osmolytes.?*27 Recent theoretical 3! and experimental >
studies suggest that collapse of macromolecules may be in-
duced by cross-linking or bridging-type interactions between
the cosolvent and the monomers. Theoretical studies show
that this is the case when the interaction between the polymer
and the cosolvent is highly attractive, ?®2%3! while the classi-
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cal entropically driven depletion mechanism takes place when
monomer—cosolvent interactions are weakly attractive.

Sagle et al.3? studied the coil-to-globule transition of
Poly(N-isopropylacrylamide) (PNiPAM) in urea and methy-
lated urea aqueous solutions. PNiPAM is a thermorespon-
sive polymer that undergoes a coil-to-globule transition at
32°C in pure water. > The authors found that while urea acts
as a protective osmolyte and favors the F— state of PNi-
PAM, methylated urea derivatives act as denaturant and sta-
bilize U— states. Based on FTIR measurements they pro-
posed a direct folding mechanism where urea forms hydro-
gen bonds with two neighboring carbonyl groups. Based on
Molecular Dynamics simulations, we have recently proposed
a mechanism by which direct attractive dispersion Van der
Waals urea-PNiPAM interactions confer entropic stability to
the F —state.>*

In the present work we want to extend our previous study
with the aim of obtaining a thermodynamic description of the
mechanism that drives the collapse of PNiPAM by urea. In our
previous study we conjectured that attractive Van der Waals
dispersion forces of the urea molecules with the hydropho-
bic isopropyl groups of PNiPAM lead to the formation of a
low entropy solvation shell. This picture emerged from previ-
ous work where it was shown that preferential urea solvation
of hydrophobes is largely energy-entropy compensating. 3 To
understand the mechanism that drives the collapse of a poly-
mer chain in the presence of a cosolvent requires comparison
of the solvation thermodynamics of, both, the U— and F—
states. We have studied the solvation of a PNiPAM chain in the
U— and F— states by quantifying the dependence of the en-
thalpic and entropic components to the PNiPAM excess chem-
ical potential on urea concentration. Our results show that the
change of the enthalpic term upon varying the urea concen-
tration is independent of the chain conformation, thus ruling
out any mechanism driven by cosolvent bridging. On the other
hand, we show that entropic terms resulting from both fluctua-
tions of the attractive interactions and excluded volume effects
penalize the U —states.

2 Theoretical background

The problem at hand requires to analyse how the urea cosol-
vent affects the free energy of the F —state relative to that of
the U—state. At any given state point (temperature 7', pres-
sure P and urea concentration c,), the equilibrium U & F is
characterized by the number densities py and pr of the two
conformers in solution whose ratio is determined by the free
energy difference AFyr between U — and F — states. The equi-
librium ratio K = pg /py is related to AFyr by equation 2

K = exp|—BAFyr] 2

where 8 = (kpT)~! with kp the Boltzmann constant. The free
energy difference between the two states vanishes at the lower
critical solution temperature (LCST), Ty r, of PNiPAM where
pr = py. Above the LCST (T > Tyr), pr > pu, while be-
low the LCST (T < Tyr), pr < pu. The cosolvent shifts the
equilibrium Kj in pure water according to3¢

K = Koexp[—B(AF, r — AF, y)] 3

where AF; p = UF — uig and AF, y = pjy — iy  are the trans-
fer free energies of respectively F and U from the pure wa-
ter solvent to the solvent/cosolvent mixture (Figure 1). The
quantities X are the molar excess chemical potentials, which
dictate the effect of solvation on processes driven by chemi-
cal potential variations.3” According to equation 3, cosolvent
shifts the equilibrium U = F to the right when AF, p < AF; .

M‘.,r]’

Water

M‘.,ll

AFyy

|

Urea solution

Fig. 1 Thermodynamic cycle used to compute the free energy
difference AFyr between U — and F — states in urea aqueous
solution

In general, osmolytes such as urea may shift the equilibrium
U & F towards the right or the left. In the former case, we deal
with a protective osmolyte while in the latter case we deal with
a denaturant. Therefore, if

(a,uig/acu) < (aﬂg/acu) 4
we deal with a protective osmolyte, while if
(aﬂé/acu) > (8#5/(%“) (%)

we deal with a denaturant.

Application of Kirkwood-Buff theory shows that the co-
solvent preferentially binds to the F —state over the U —state
under conditions where equation 4 applies.® Under condi-
tions where equation 5 applies, cosolvents instead preferen-
tially bind to the U-state over the F-state.
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The preferential binding coefficient in equation 1 is an in-
tegral quantity and can therefore not easily be interpreted in
terms of structural correlations involving the macromolecules
and the cosolvent or solvent molecules. We will here analyze
the excess chemical potential, single out contributions to it that
have a clear microscopic significance, and use those to discuss
molecular driving forces for urea-induced chain collapse. To
this end, the excess chemical potential uX is written as %42

1 = (Epg) + 12 + kaTIn(exp(BSE ) an (6)

where (...) denotes averaging over system (polymer+solvent)
configurations in the canonical ensemble while (...),, denotes
an average over system configurations in which the polymer-
solvent energy E is attractive. S8E,; = Ej; — (E)) is the
polymer-solvent energy fluctuation. The second term (uX)
on the right hand side of equation 6 accounts for cavity for-
mation, while the third term quantifies the reduction of the
configuration space volume due to the attractive interactions
present in the system.3%*>* Assuming linear response, we
can write

1 = (Epy) + 1l + [B/2((Epg) — (Eps)®) +..] (D)

where <E12,S) —(Eps)? = 0'p2s is the variance of the attractive
polymer-solvent energy E;.

We thus see that the excess chemical potential may be writ-
ten in terms of three contributions. The polymer-solvent en-
thalpic contribution is determined by Van der Waals and elec-
trostatic interactions between the polymer and the solvent.
The cavity contribution Y, is of purely entropic origin and
can be related to microscopic density fluctuations in the binary
solvent that lead to the formation of empty cavities. The final
contribution [363‘? /2 accounts for the reduction of configura-
tion space in the presence of fluctuating attractive interactions.
We note that this contribution is absent in mean field solvation
models.

Application of equations 4 and 7 in molecular simulation
studies with frozen U — and F — state conformations provides
insight in the role of solvation on the PNiPAM folding equi-
librium. The role of the conformational entropy, however, is
then not considered. In this work, we will consider frozen
as well as fully flexible chain conformations. In the analyses
of the simulations with flexible conformations, the energy E
in the above equations includes the polymer internal potential
energy, in addition to the polymer-solvent energy.

3 Methods

Our system consists of a 40-mer PNiPAM chain described ac-
cording to the OPLS-AA force field* solvated in cubic sim-
ulation boxes with water and urea. The SPC/E model*® was

used to describe the water while a Kirkwood-Buff based force
field derived by Weerasinghe er al.*’ was used to represent
the urea cosolvent molecules. This force field combination
has been previously validated and reproduces 7y F in pure wa-
ter and 5.8M urea concentration in good agreement with ex-
periments. 3**® Four different urea concentrations, apart from
the system in pure water, were considered (Table 1). Systems
were simulated at their respective Ty . All simulations were
run using the GROMACS 4.5.1. simulation package.*’ A sim-
ulation time step of 2 fs was chosen to simulate all systems.
All simulations were performed in the isothermal-isobaric en-
semble (NpT). Pressure (1 atm.) was kept constant using the
he Parrinello-Rahman barostat’%3! (tp = 1.0 ps) while the
Nosé-Hoover thermostat3>33 (77= 0.5 ps) was used to keep
the temperature constant. A 12-6 Lennard-Jones potential
with a cut-off of 1.40 nm was used to calculate the Van der
Waals interactions. Electrostatic interactions have been calcu-
lated using Particle-Mesh Ewald method>* with a real space
cut-off of 1.40 nm. Bond lengths atoms were kept at their
equilibrium distances using the LINCS algorithm.>~° Con-
straints on all the PNiPAM bonds were applied by using a
harmonic potential with a force constant of 1000 kJ mol~!
nm 2 in all the simulations where the polymer chain was kept
frozen. Coordinates were saved every 0.02 ps for subsequent
analysis.

Table 1 Number of water (n’vﬁ’ ) and urea (n’é” ) molecules, average
volume (V') and temperature (7') of the systems under study

cy mol/)) wY  AY V(um’) T (K)

0.0 8548 - 264.75  306.0

0.6 8131 100 259.39  305.0

2.7 6836 400 24224  301.0

3.8 7135 600 26545  296.5

5.4 6156 800 250.00  295.0
4 Results

4.1 Preferential urea binding

In a first series of simulations we considered four different
urea concentrations in both U — and F — states. We froze three
unfolded chains and three folded chains (see Figure 2) and sol-
vated them with the right number of urea and water molecules
to reach the target concentrations (see Table 1). These config-
urations were taken from our previous work.3* Each resulting
system was simulated for 50 ns in the NpT ensemble. Analy-
ses were performed considering the last 40 ns of each simula-
tion.

In our previous work, 34 we showed that the lower fold-
ing temperature (LCST) of PNiPAM decreases with increas-
ing urea, hence urea preferentially binds to the folded state
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Rg=1.04 nm

Rg=1.98 nm

Fig. 2 Snapshots of the investigated folded (left) and unfolded
(right) PNiPAM chains.

of PNiPAM in agreement with experimental data.3? Since the
experimental LCST decreases linearly with increasing urea in
the urea concentration window considered here (see Table 1),
we can approximate Ay from the experimental data using '3

®)

and use the experimental preferential binding coefficients as
further validation of our simulations performed at different
urea concentrations. In equation 8, AS? is the folding entropy
in pure water, AT is the measured shift of the LCST and Tj is
the LCST in pure water. Using AS® =40 x 17 J mol~! K~!,13
To =305 K, and experimental AT -values in the range of urea
concentrations between 0.6 M and 5.4 M, we find that Al'yg
varies between 0.3 and 2.9. These values are small because
urea is a weak binder. We calculated AI'yyr from the simula-
tions with frozen conformations but found that the conforma-
tion dependency is quite large, hence it is extremely difficult
to obtain converged estimates of Al'yr.

To characterize the urea distribution around the frozen PNi-
PAM chain conformations, we calculated the local/bulk parti-
tition coefficient (K,) as defined as

({ny) / (nw)) o
CHEO

where (ny) and (nw) are the average number of respectively

urea and water molecules bound to the polymer. n}?' and nfy

are respectively the total number of urea and water molecules.

K, = ©)

Distances are defined as the shortest distance between the cen-
ter of mass of the urea or water molecule and any atom of the
PNiPAM chain. We calculated K, in equation 9 considering
the same set of frozen U— and F— states (Figure 2). Fig-
ure 3 shows K, for the folded and unfolded chains at different
urea concentrations. As expected, urea molecules accumulate
in the first solvation shell of both U— and F — states, i.e. K,
is always greater than 1 in the vicinity of the polymer chain.
Furthermore, at all concentrations F —states display a slightly
higher peak value than the U —states, as expected based on the
preferential urea binding to the F—states. The observed dif-
ferences between the K,,s corresponding to U — and F — con-
formations are however quite small. Bigger differences in the
K, between the U~ and F— states might be indicative of a
conformation dependence on the groups exposed to the urea
aqueous solution. However, as we showed in our previous
work, the binding interaction of water and urea molecules in
the first solvation shell is conformation independent.?* The
magnitude of the peaks decreases with the urea concentration
which indicates a more prominent urea accumulation at lower
concentrations.

T T T T T T T
2.50F .
2.00F .

= 150 &

M -

1.00}F
0.50F .
'Y n L L L i L n
0:005 10 20 30 40
r(A)

Fig. 3 Average local/bulk partitition coefficient (K},) as a function
of the distance to the frozen polymer in the U —state (dotted line)
and F — state (continuous line) at 0.6 M (green), 2.7 M (black), 3.8
M (red) and 5.4 M (blue) aqueous urea concentrations. The inset
shows the same quantity for the system with 2.7 M urea where
attractive Lennard-Jones and electrostatic polymer-solvent
interactions have been removed.

From the data in Figure 3 we can conclude that urea ac-
cumulates in the first solvation shell of PNiPAM. In propor-
tion to the bulk solvent composition, this observation is most
pronounced at low urea concentration. Our previous study 3
showed that urea “clouding” around the PNiPAM chain is
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Fig. 4 Solute-solvent energies (E ;) (left column) and

B G[%S /2)-values (right column) versus urea concentration for the
frozen U —state PNiPAM conformations with radius of gyration
equal to 1.98 nm (M), 1.87 nm (4) and 1.67 nm (A). Lines represent
linear fits through the data.

driven by favorable Van der Waals interactions with the poly-
mer surface. It remains however quite counterintuitive that
despite these favorable direct interactions urea preferentially
binds the folded state, i.e. the state with the smaller solvent
accessible surface area. The molecular mechanism driving the
preferential urea binding to the folded state is examined in the
next section.

4.2 Statistical thermodynamics analysis

To understand the stabilization of the F— state over the U—
state with increasing cosolvent concentration it is necessary to
understand not only the solvation of the F — state but also the
solvation of the U — state. Urea acts as a protective osmolyte
for PNiPAM, so equation 4 must be necessarily satisfied. The
chemical potential contains an enthalpic polymer-solvent con-
tribution ((E,)) in equations 6 and 7 and an entropic polymer-
solvent contribution stemming from cavity formation (uX)
and from fluctuations of the polymer-solvent energy E, (last
term in equation 7).

The sign of the derivative of the cavity chemical potential,

(QuX,/dc,), indicates how urea affects the molecular scale
flexibility of the binary solvent in terms of its ability to open
empty molecular-sized cavities by spontaneous thermal fluc-
tuations. A positive sign indicates that urea suppresses forma-
tion of transient cavities, while a negative sign indicates that
urea promotes cavity formation. The sign of this quantity can
readily be analyzed in the simulations by removing the attrac-
tive Lennard-Jones and electrostatic polymer-solvent interac-
tions, while maintaining the repulsive parts of the Lennard-
Jones polymer-solvent potential. Application of Kirkwood-
Buff theory shows that (duX,,/dc,) > 0 provided that the cav-
ity preferentially binds water over urea (cavity is preferentially
”wetted”), while the opposite sign is obtained if the cavity in-
stead preferentially binds urea over water.”’ The inset in Fig-
ure 3 shows that the PNiPAM cavity is preferentially wetted
and therefore the former scenario applies. Indeed, this has also
previously been observed in simulations in which the solvation
of hydrocarbon cavities in urea-water mixtures has been ex-
amined, and where it was moreover found that larger cavities
are stronger preferentially wetted in comparison with smaller
cavities.*® Stronger preferential wetting leads to a larger pos-
itive derivative, (duX,/dc,) > 0, opposing solvation.>” The
macroscopic counterpart of this observation is that urea in-
creases the surface tension of water. We thus conclude that
the entropy penalizes solvation of the U — state stronger than
solvation of the F — state with increasing urea, i.e. the entropic
cost of cavity formation provides driving force that stabilizes
the F— state, which occupies a smaller cavity.

The role of the polymer-solvent energy in stabilizing the
F— state can be examined by computing the derivatives
(9(EY)/dc,) and (9(EL)/dc,). Only when the inequality
(9(EL,)/9cu) < (9(EL,)/dcy) is satisfied, enthalpic interac-
tions play a role in stabilizing the folded state. If on the
other hand the folding mechanism is entirely entropy-driven
the inequality (9[(Bop/2) + Healr/dcu) < (I[(Boyy/2) +
Ueav]u /9 c,) must be met. Since we know that urea promotes
the folding of PNiPAM chains, to answer our question we need
to discern which of these two inequalities is true. Firstly, to
cancel out any possible contribution coming from the confor-
mational fluctuations of the polymer chain on the enthalpic
and/or entropic terms, we have determined the variation of
(Eps) and (B Ggs) /2 versus urea concentration for selected
frozen U— and F — states shown in Figure 2. Figures 4 and 5
show the data for the three different coils and three different
globules, respectively.

(Eps) decreases linearly with urea concentration for the
three considered U— and F— configurations. (8<E[l,}s) /dcy)
is slightly lower than (9 (E5)/dc,). In the system with R, =
1.00 nm, (E,) has not been converged and presents a greater
slope. The value of the slopes obtained from fitting the points
in a linear regression are presented in Table 2. These results
suggest that the enthalpic term slightly penalizes the F — state
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Fig. 5 Solute-solvent energies (E ;) (left column) and

B G[%S /2)-values (right column) versus urea concentration for the
frozen F —state PNiPAM conformations with radius of gyration
equal to 1.04 nm (M), 1.00 nm (¢) and 1.01 nm (A). Lines represent
linear fits through the data.

in favor of the U — state. The dependence of the entropy con-
tribution (3 G,%s /2) on urea concentration in the right panels of
figures 4 and 5 clearly shows that the U — state is increasingly
penalized with urea concentration at lower urea concentration
(cy = 0.6 M) where the urea clouds are more prominent, i.e.
the concentration where K, shows the largest maximum (Fig-
ure 3). This is especially remarkable for the more stretched
configurations (R = 1.98 nm and 1.87 nm). Since the slope
of the cavity contribution U, is expected also to be larger
for the U — state than for the F— state we conclude that urea
shifts the equilibrium U <= F in favour of F by entropically
penalizing U.

The data we have discussed up to now provides quantita-
tive support for the entropic folding mechanism we postulated
in our previous work.3* However in reality the conformation
of the polymer chain is expected to fluctuate. The effect of
chain flexibility is quantified here by the contribution of the
polymer-polymer potential energy and the corresponding en-
ergy fluctuations in chain excess chemical potential. To this
end, we have run a set of 45 ns long MD simulations start-
ing from the frozen configurations but allowing the chain to

Table 2 Slopes of the linear fits of (E,) versus urea concentration
for all the systems under study. For the flexible systems R is the
radius of gyration of the initial configuration.

Rg(nm)  d(Ep)/dc, frozen  d(Eys)/dc, flexible
1.98 -54 -71
1.87 -50 -70
1.67 -43 -61
1.04 -42 -45
1.00 -28 -66
1.01 -47 -67

Table 3 Slopes of the linear fits of (8 GI%S /2) versus urea

concentration for all the systems under study. For the flexible
systems R is the radius of gyration of the initial configuration.

Page 6 of 9

Rg(nm)  9(Boy,/2)/dc, frozen  9(Baj,/2)/dc, flexible
1.98 47 67

1.87 49 -20

1.67 41 103

1.04 10 -93

1.00 21 -60

1.01 36 -103

fluctuate, i.e. turning off the constraints used to keep the poly-
mer chain frozen. We have used the last 40 ns for analysis.
It is worth mentioning that only those configurations with a
R > 1.50 nm have been considered as U — states while only
those configurations with a Rg < 1.10 nm have been consid-
ered as F'— states. Figures 6 and 7 show respectively the re-
sults for the flexible U and F conformations. For the flexible
polymers (9(E)/dc,) = (9(EY)/dc,) (Table 2). Hence, we
again find that enthalpic interactions play no role in shifting
the PNiPAM folding equilibrium. The only observed excep-
tion is the system starting at Rg = 1.04 nm, which seems not
to converge. In this system, the compact F — state starts un-
folding reaching values of Rg ~ 1.10 nm.

Removing the chain flexibility constraints affects the en-
tropic contribution (J(f 0'35 /2)/dcy) to the chemical poten-
tial variation, especially for the collapsed F— states where
(8([30@/2)/8@,) now has a negative sign (Table 3). This
indicates that folded globules in urea solution have larger en-
tropy than folded globules in pure water (assuming that their
excluded volumes are the same). Because the energy fluctu-
ations Gﬁx are smaller in urea solution than in water, the po-
tential energy surface of the globule is flattened out by urea.
This may have several implications and we plan to investigate
this aspect in greater detail in a future publication. Note that
for the U — states, the corresponding effect of removing the
chain flexibility constraints is smaller (except for the system
starting at Rg = 1.87 nm). Consequently, combined effects of
chain flexibility and solvation in urea solution entropically pe-
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nalize the U —state and provide driving force for shifting the
PNiPAM folding equilibrium towards the folded state.
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Fig. 6 Solute-solvent energies (E)q) (left column) and
(B G[%S /2)-values (right column) versus urea concentration for
flexible PNiPAM conformations with initial radius of gyration equal
to 1.98 nm (M), 1.87 nm () and 1.67 nm (A). Lines represent linear
fits through the data.

5 Conclusions

The effect of urea on the coil-globule folding equilibrium of
PNiPAM in aqueous solution, studied in earlier work, 34 has
been further explored in this paper with molecular dynam-
ics simulations at different urea concentrations. The simula-
tion trajectories obtained at different urea concentrations have
been used to perform a detailed thermodynamic analysis of
the molecular driving forces for urea induced collapse. The
results obtained in this work support and complement the en-
tropic mechanism postulated earlier. 3+

Urea shifts the equilibrium between coil and globular states
in favour of the globular state (i.e. urea “salts out” the poly-
mer) despite attractive urea-polymer Van der Waals interac-
tions in the first solvation shell of the macromolecule.>* This
observation is counter-intuitive. Based on a simple solvent ac-
cessible surface argument the opposite effect ("salting in”) is
expected. Hence, the naturally emerging question is whether
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Fig. 7 Solute-solvent energies (Ep;) (left column) and

(B GI%S /2)-values (right column) versus urea concentration for
flexible PNiPAM conformations with initial radius of gyration equal
to 1.04 nm (M), 1.00 nm (4) and 1.01 nm (A). Lines represent linear
fits through the data.

urea binds stronger to globular state as compared to the coil
state though, e.g. bridging interactions, or some other mecha-
nism?

The results presented in this paper are based on a statistical
mechanics analysis of the PNiPAM chemical potentials in the
coil and globular states. We find that urea-induced hydropho-
bic collapse is caused by two reinforcing entropic mecha-
nisms: (1) cavity formation penalizes the coil state stronger
than the globular state with increasing urea, (2) accumula-
tion of urea around frozen chain conformations entropically
penalizes the coil state stronger than the globular state with in-
creasing urea at concentrations below approximately 3 M. The
polymer-solvent energy instead decreases favourably with in-
creasing urea concentration, however this decrease in energy
occurs with approximately similar rates for both the coil and
globular states. Hence, enthalpic effects play no role in stabi-
lizing the globular state. Although specific interactions (such
as bridging) may occur in the globular state, these interactions
are unlikely to contribute in stabilizing the globule.

Mean field polymer physics models fail to describe poly-
mer collapse induced by attractive cosolvent. The present
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results indicate that this may be caused by solvent composi-
tional dependencies of the excluded volume (cavity) entropy
as well as by energy fluctuations, both not acounted for in
such models. Importantly, extension of these models with en-
thalpic terms (that, for example, account for bridging inter-
actions3!) needed to overcome the loss of conformational en-
tropy upon collapse, may lead to an ambiguous physical pic-
ture of cosolvent-induced polymer collapse, in particular for
weakly interacting cosolvents, such as urea but also methanol.

We finally point out that the herein observed entropic driv-
ing force for collapse may vanish in non-ideal cosolvent-water
mixtures. Previous simulation studies of the solvation of non-
polar molecules in cosolvent-water mixtures have shown that
the entropic cavity formation penalty is larger in urea-water
mixtures than in pure water.® This effect is however re-
versed in nonideal cosolvent-water mixtures with cosolvents
that typically are slightly amphiphilic and contain hydropho-
bic groups. In these systems, cavity formation occurs pre-
dominantly in microscopic regions with locally higher cosol-
vent concentrations (cosolvent “clusters”).>® In the present
context of polymer folding equilibria, this may lead to a situ-
ation in which increasing cosolvent causes a smaller opposing
entropy contribution and a larger favouring energy contribu-
tion that eventually causes the folding equilibrium to shift in
favour of the unfolded polymer. This scenario would explain
why methylated urea has exactly the opposite effect than urea
and unfolds PNiPAM chains. 3?
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