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ABSTRACT
The function of critical biological materials, such as proteins, is intrinsically tied to their structure, and this structure is in turn heavily
dependent on the properties of the solvent, most commonly water or dilute aqueous solutions. As water is known to exhibit anomalous
properties, especially at supercooled temperatures, it is natural to ask how these properties might impact the thermodynamics of protein
folding. To investigate this question, we use molecular simulation to explore the behavior of a model miniprotein, Trp-cage, as low as
70 K below the freezing point of the solvent at ambient pressure. Surprisingly, we find that while the expected cold denaturation of the
protein is observed at moderate supercooling, further cooling to more than 55 K below the freezing point leads to cold refolding of the
protein. Structural and hydrogen bonding analysis suggests that this refolding is driven by the desolvation of the protein’s hydrophobic
core, likely related to the pronounced decrease in density at this temperature. Beyond their intrinsic fundamental interest, these results
have implications for cryomicroscopy and cryopreservation, where biological materials are often transiently subjected to these extreme
conditions.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5128211., s

I. INTRODUCTION

Water’s anomalous properties upon supercooling, such as
its sharply increasing heat capacity1 and compressibility,2 have
long been of interest to the scientific community, but the homo-
geneous nucleation of ice has impeded experimental observa-
tions at temperatures lower than ∼232 K.3 However, in 2014,
Sellberg et al.4 demonstrated that ultrafast x-rays could be used
to probe bulk liquid water at the millisecond time scale in evap-
oratively cooled, micrometer sized droplets at temperatures as
low as 227 K, corresponding to a supercooling of 46 K. Subse-
quent work utilizing a similar approach identified a maximum
in water’s isothermal compressibility at 229 K,5 consistent with
the hypothesis of a low temperature liquid-liquid critical point at
higher pressures.6 While these investigations of supercooled water
are important to our fundamental understanding of water physics,
the broader exploration of this substance’s behavior in noncrys-
talline low-temperature states, both liquid and glassy, is also rele-
vant to practical applications such as cryoelectron microscopy7 and
cryopreservation.8

As advances in experimental techniques allow access to
metastable states at progressively lower temperatures, it is natural
to inquire how water’s distinctive properties at deeply supercooled
conditions may affect the behavior of biomolecules, which are often
probed under cryogenic conditions.9 In this work, we are specifi-
cally interested in water’s role in protein folding at these temper-
atures. As the homogeneous nucleation of ice still poses nontrivial
experimental challenges, molecular simulation is a valuable comple-
mentary tool to investigate these questions, given that the small time
and length scales typically involved make ice formation statistically
unlikely.10

Because of the slow dynamics at low temperatures, advanced
sampling techniques are required to properly simulate protein fold-
ing in the supercooled region. Work by Yang et al. demonstrated
that Parallel Tempering (PT),11,12 also known as Replica Exchange
Molecular Dynamics (REMD), can be used to study the cold denat-
uration of a β-hairpin.13 Further work by Kim et al. used the same
technique to measure the folding thermodynamics of the model
miniprotein, Trp-cage, down to 210 K14 (note, however, that this
corresponds to a supercooling of only 40 K due to the low melting
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temperature15 of the TIP4P/2005 water model16 used in that work).
Additional studies investigating the protein dynamical transition
have explored even lower temperatures,17,18 but these studies do not
attempt to fully sample the folding behavior of proteins or other
biomolecules.

In this work, we aim to extend the study of Kim et al.14 to even
lower temperatures, probing supercooling exceeding 45 K, where
anomalous behavior is more pronounced. We choose to investigate
the same system, Trp-cage in TIP4P/2005 water, which is attrac-
tive for a number of reasons: (1) Trp-cage is small (20 residues)
with a fast folding time (<4 μs),19 making it computationally effi-
cient to investigate and relevant to cryomicroscopy and cryopreser-
vation applications where even rapid cooling (up to 106 K/s)20

implies liquid sample lifetimes on the way to vitrification more
than two orders of magnitude larger than the folding time. (2)
Even though Trp-cage is small, it possesses both secondary struc-
ture motifs (α-helix and 310-helix) and the tertiary structure with
a hydrophobic core, which mimic larger biologically relevant pro-
teins. (3) TIP4P/2005 is well-known to accurately reproduce many
of water’s thermodynamic properties and has been the subject of
numerous studies in the supercooled region.16,21–23 (4) When Trp-
cage is described by the Amber03w force field24 in combination with
TIP4P/2005 water, good agreement with experimental folding kinet-
ics25 and thermodynamics14 is obtained. However, as mentioned
above, the low melting temperature of TIP4P/2005 with respect
to real water means that to investigate supercooling greater than
45 K, one needs to sample temperatures lower than 205 K. To
obtain meaningful results over a significant range of low temper-
atures, we investigate Trp-cage’s folding thermodynamics down to
180 K.

When working at such significant supercooling, it is not only
important to consider slow protein dynamics, as mentioned above,
but also slow water dynamics. In the simulations of the TIP4P/2005
water model, Abascal and Vega addressed this issue by considering
whether the mean squared displacement of water reached a value of
the order of the square of the water’s molecular diameter (which they
took to be 0.08 nm2) in less than 100 ns.21 They found that, at ambi-
ent pressure, TIP4P/2005 failed to attain that threshold mobility
below 190 K. For comparison, we have performed extended molec-
ular dynamics simulations at 180 and 192 K for our protein/water
system, and found that water diffuses 0.08 nm2 in 1.4 μs and 220 ns,
respectively (see the supplementary material). We also calculate the
density autocorrelation decay times for the 180 K and 192 K systems
to be on the order of 100 ns and 20 ns, respectively (see the supple-
mentary material). While these long diffusion/decay times certainly
make molecular dynamics sampling difficult, they do not preclude
the relaxation of these systems on real time scales, which, even for
rapidly quenched samples, are at least on the order of 10−4 s prior to
vitrification (as discussed above).

As a further check, we also calculate the glass transition tem-
perature (Tg) of TIP4P/2005. Work by Jehser et al. placed Tg at
193 K,26 but this was for high pressure (3000 bars) and rapid cooling
(200 K/ns). By measuring ambient pressure Tg at several different
cooling rates, we calculate Tg at 106 K/s (0.001 K/ns) to be 159 K
by extrapolation (see the supplementary material). Our lowest tem-
perature, 180 K, is therefore well above the Tg of TIP4P/2005 that
might be observed at experimental cooling rates. This being said,
care must be taken when considering results below 200 K. We ensure

convergence by comparing results from two sets of simulations with
different initial conditions (see Sec. II for more details), but due to
the necessary use of advanced sampling techniques, which preclude
deterministic molecular motion, it is hard to estimate how long the
system would need to relax under standard molecular dynamics in
order to observe the low-temperature folding behavior reported in
this work.

In order to enable equilibrium sampling at these very low tem-
peratures, we rely on an extended version of PT, known as Paral-
lel Tempering in the Well Tempered Ensemble (PT-WTE).27 This
method is a combination of PT and metadynamics,28 where a his-
tory dependent bias is placed on the potential energy, so as to force
the system to uniformly sample its underlying energy landscape.
This broadens the potential energy distribution, enhancing sampling
and simultaneously decreasing the number of replicas required for
PT, therefore significantly increasing the computational efficiency.
Because of these benefits, PT-WTE has recently been successfully
applied to a number of biological systems.29–32 Specific details of
the implementation are given in Sec. II. The results of our calcu-
lations are presented in Sec. III, and the principal conclusions are
summarized in Sec. IV.

II. METHODS
All simulations were performed with GROMACS 2016.4.33–36

The reference structure for Trp-cage was obtained from the PDB
Database (www.rcsb.org), PDB ID: 1L2Y. The protein was solvated
in an octahedral box containing 2617 water molecules, giving a dis-
tance greater than 2 nm between any protein atom and any pro-
tein atom in the periodic image, so as to avoid any self-interaction.
Charge neutralization was achieved via the addition of a single chlo-
ride ion. The protein and water were modeled with the Amber03w24

and TIP4P/200516 force fields, respectively.
The time step was set to 2 fs, and a cutoff of 1 nm was used

for short range van der Waals and Coulomb electrostatics. Long
range electrostatics were accounted for with the Particle-Mesh-
Ewald (PME) method,37 with a Fourier spacing of 0.12 nm and
4th order interpolation. Protein bonds were constrained using the
linear constraint solver algorithm,38 and the rigidity of the water
molecules was maintained via SETTLE.39 Temperature coupling was
performed with the v-rescale thermostat,40 while pressure coupling
was performed with the Berendsen barostat41 during equilibration
for numerical stability and the Parrinello-Rahman barostat42 during
sampling.

Initial folded configurations were prepared by first performing
steepest decent energy minimization, followed by equilibration for
1 ns at 300 K. The system was then cooled from 300 K to 180 K at
1 K/ns to produce conformations at all desired temperatures below
300 K. The 300 K configuration was used as the initial configura-
tion for all temperatures above 300 K. Unfolded initial configura-
tions were prepared by heating the equilibrated system to 500 K at
5 K/ns to produce an unfolded state, which was then rapidly cooled
at 5 K/ns to 180 K, to produce unfolded initial configurations at each
desired temperature. Each unfolded configuration was checked to
ensure that it was truly an unfolded state according to the criterion
defined in Sec. III.

All sampling was done with PT-WTE27 using an optimized
temperature scheme ranging from 180 K to 500 K according to
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the method of Lee and Olson,43 which places additional replicas
near bottleneck regions to decrease round trip times. As a result,
exchange probabilities varied from 20% to 80%. The well tem-
pered ensemble (WTE) was sampled by performing metadynamics
with the PLUMED plugin version 2.4.1.44 By definition, the col-
lective variable being biased was the potential energy, with Gaus-
sian bias hills of height 1 placed every 500 steps (1 ps) and a bias
factor of 25. Exchanges were attempted every 1000 steps (2 ps)
between neighboring replicas, with an average round trip time of
550 ns. The system was run for 4 μs, giving a total simulation time
of 112 μs.

Because PT-WTE applies a bias to the system, all results were
first properly reweighted.45 Convergence of the folded and unfolded
results was observed after 3 μs. Sampling was performed from 3 to
4 μs, which is more than 10 times longer than the density auto-
correlation time calculated at the lowest temperature. Error esti-
mates were obtained by splitting the trajectory from 3 to 4 μs into
10 separate parts and calculating the standard deviation from that
set.

We note as a useful reference that sampling with normal PT
was also attempted for this study, where 144 replicas were used to
sample the same temperature range. However, after 10 μs (a total
simulation time of more than 1.4 ms), the system had not con-
verged at the lowest temperatures. Accordingly, those results are not
included.

While the formation of ice in molecular simulation is unlikely,
it is not impossible. Therefore, we calculated the local average Stein-
hardt order parameter, ⟨q6⟩

46 and found that it is always less than
0.5. Since ⟨q6⟩ should be greater than 0.7 for ice,47 our systems are
always liquid.

All hydrogen bonding statistics were calculated using the
GROMACS hbond utility. A hydrogen bond is defined as a donor-
acceptor distance less than 0.35 nm and a hydrogen-donor-acceptor
angle less than 30○.

III. RESULTS AND DISCUSSION
To discuss the folding properties of a protein in simulation, a

suitable order parameter must be selected to classify a given struc-
ture as folded or unfolded. Following the method of Kim et al.,14

Trp-cage was defined as folded for all C-α RMSD <0.3 nm, where
C-α RMSD is the root-mean-squared deviation between a given
structure and a reference NMR structure (PDB Code: 1L2Y) for the
coordinates of the α carbons. Using this definition, fraction folded
curves were calculated from multimicrosecond PT-WTE trajectories
initiated from both the folded and unfolded states, shown in Fig. 1.
Convergence of results from both trajectories ensures that proper
sampling was achieved and that the results are not biased by any
initial configuration.

From the mean fraction folded data (f ), the free energy (FE) of
unfolding was calculated using the following relationship:14

ΔGU = GU −GF = −RT ln(
1 − f
f
). (1)

Shown in Fig. 1, ΔGU displays the previously observed
parabolic behavior from 200 K to 500 K,14,48–50 with cold and
hot unfolding occurring at 224 K and 342 K, respectively. These
transitions correspond to the condition f = 0.5 or, equivalently,

FIG. 1. (top) Fraction folded for the Trp-cage miniprotein as a function of
temperature. (bottom) Temperature dependence of the free energy of unfold-
ing as calculated from the fraction folded. The solid line is a piecewise ana-
lytic fit. Vertical dashed lines are the cold refolding, cold unfolding, and hot
unfolding temperatures at 194 K, 224 K, and 342 K, respectively. Error bars
show one standard deviation as calculated from block averaging. The inset
in the lower figure highlights the region where replicas were spaced closer
together.

ΔGU = 0. Remarkably, we observe a minimum in the fraction folded
curve near 200 K (50 K of supercooling) with the refolding of the
protein at 194 K and f = 1 at 180 K. This result is quite surpris-
ing, and while recent work by Menon and Sengupta noted increased
structural persistence in an amyloid oligomer at low temperature,51

the present study is the first work of which we are aware that demon-
strates a sign change in ΔGU from negative to positive for a protein
under supercooled conditions.

In order to visualize the unfolding transitions, structures corre-
sponding to selected C-α RMSD values are shown in Fig. 2. Clearly,
heat denaturation results in a totally unstructured loop for the whole
chain. On the other hand, cold denaturation is more subtle and
mainly characterized by the destabilization of the small 310-helix
at residue 12–14, which is replaced by a less structured and more
open loop. However, much of the secondary structure, including the
α-helix, is retained.

A more quantitative investigation is performed by studying the
distributions for the C-α RMSD and an additional order parame-
ter, W6-S14, defined as the minimum distance between residues 6
and 14. W6-S14 is small for a compact, hydrophobic core and large
for a more open, hydrated core.14,53 The results in Fig. 3 show that
cold unfolding at 200 K corresponds to a C-α RMSD between 0.3
and 0.4 nm, with a large W6-S14 distance >0.4 nm. In contrast, cold
refolding at 180 K is more similar to the behavior of Trp-cage at
300 K, with a C-α RMSD <0.3 nm, and a W6-S14 distance <0.4 nm.
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FIG. 2. 2D free energy (FE) maps of C-α RMSD and W6-S14 distance at 180, 203, 300, and 500 K with secondary structure representations of the Trp-cage miniprotein.
α-helices are colored in purple, 310-helix in dark blue, and unstructured segments in gray. The hydrophobic core residue, tryptophan, is also shown (without hydrogens) in red.
The schematic shows that upon heating, Trp-cage completely unfolds, while under cooling Trp-cage adopts a moderately expanded structure with the loss of the 310-helix.
Then, upon further cooling from the cold unfolded state to below 194 K, Trp-cage refolds to its original room temperature structure. Visualization done with PyMOL.52

This indicates that the cold refolding transition corresponds to a
collapse of the core from an open, more solvated state to a com-
pact, less solvated state. Although we stress the similarity between
the cold folded state and the ambient temperature folded state, it

FIG. 3. [(a) and (b)] Mean C-α RMSD and W6-S14 distance as a function of
temperature. Vertical dashed lines are the cold refolding, cold unfolding, and hot
unfolding temperatures at 194 K, 224 K, and 342 K, respectively. [(c) and (d)]
Distribution for C-α RMSD and W6-S14 distance for three selected temperatures:
180 K, 201 K, and 300 K. Error bars show one standard deviation as calculated
from block averaging.

is clear from Fig. 3 that there are some differences. One example
is the presence of two distinct peaks in the C-α RMSD distribu-
tion under 0.2 nm for the cold folded system, whereas the ambi-
ent temperature folded system possesses only one peak at 0.2 nm
and a broad peak at 0.35 nm. Some of the difference is undoubt-
edly due to higher thermal fluctuations at the warmer temperatures,
but further structural characterization will be the subject of future
studies.

The hypothesis of core desolvation driving cold refolding is
supported by an investigation of protein-protein (P-P) and protein-
water (P-W) hydrogen bonds. Figure 4 shows that the number of
P-P hydrogen bonds is minimized in the cold unfolded region, and
it increases as the temperature is either raised or lowered. Con-
versely, the number of P-W hydrogen bonds is maximized in the
cold unfolded state, and it decreases with increasing or decreas-
ing temperature. This increase in P-P hydrogen bonding with a
simultaneous decrease in P-W hydrogen bonding at temperatures
below 200 K corresponds with a more tightly packed, hydrophobic
core.

What, then, is driving this cold desolvation? Is a global change
in the structure of the solvent (water) responsible? To answer these
questions, enthalpic (ΔHU) and entropic (TΔSU) contributions to
ΔGU were calculated, along with the heat capacity of unfolding,
ΔCP ,U . To do so, we fit ΔGU with an analytic function, which, due to
the limited resolution of data at low temperatures, takes a piecewise
form. We note that at the intersection of the two piecewise compo-
nents (at 197 K), the derivative of ΔGU is undefined, and as such,
we refrain from reporting the relevant quantities at this particular
temperature. ΔHU , ΔSU , and ΔCp ,U were then calculated using the
following relations:

ΔHU =

⎡
⎢
⎢
⎢
⎢
⎣

∂(ΔGU/T)
∂(1/T)

⎤
⎥
⎥
⎥
⎥
⎦P

, (2)
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FIG. 4. [(a) and (b)] Mean number of protein-protein (P-P) and protein-water (P-
W) hydrogen bonds. Vertical dashed lines are the cold refolding, cold unfolding,
and hot unfolding temperatures at 194 K, 224 K, and 342 K, respectively. [(c) and
(d)] Distribution of P-P and P-W hydrogen bonds for four selected temperatures:
180 K, 201 K, 300 K, and 500 K. Error bars show one standard deviation as
calculated from block averaging.

ΔSU = −
⎡
⎢
⎢
⎢
⎢
⎣

∂ΔGU

∂T

⎤
⎥
⎥
⎥
⎥
⎦P

, (3)

ΔCP,U =

⎡
⎢
⎢
⎢
⎢
⎣

∂ΔHU

∂T

⎤
⎥
⎥
⎥
⎥
⎦P

. (4)

The resulting fit of ΔGU is shown in Fig. 1, and the R2 coef-
ficient between the measured ΔGU and the fit ΔGU was >0.99.
Figure 5 shows the results for ΔHU , TΔSU , and ΔCP ,U obtained from
Eqs. (2)–(4), respectively.

From this analysis, we observe that ΔHU and TΔSU become
large at the cold refolding temperature, and ΔCP ,U decreases sharply.
These results are fully consistent with trends observed for the solva-
tion of a small hydrophobic solute in water as the solvent evolves
from higher density at moderately cold temperatures to lower den-
sity at low temperatures.54,55

The underlying hypothesis, as articulated by Paschek,55 is that
at moderately cold temperatures, the introduction of a hydropho-
bic solute (such as the solvation of a hydrophobic core) effectively
increases the tetrahedral order in the surrounding water, resulting in
a negative change in entropy, but also a favorable (negative) change
in enthalpy. However, under further supercooled conditions (below
194 K in this work), the water samples are more ordered, low-density
configurations where almost all water molecules are tetrahedrally
coordinated, even though there is no icelike long-range order. In this

FIG. 5. (left) The enthalpic (ΔHU) and entropic (TΔSU) contributions to the free
energy of unfolding (ΔGU) obtained from Eqs. (2) and (3). (right) Heat capacity of
unfolding (ΔCP ,U) from Eq. (4). Vertical dashed lines are the cold refolding, cold
unfolding, and hot unfolding temperatures at 194 K, 224 K, and 342 K, respec-
tively. Dashed portions of the ΔHU and TΔSU curves indicate that the value is
undefined at this point due to a discontinuity derived from the piecewise fitting
of ΔGU .

environment, the solvation of a hydrophobic solute actually disrupts
the existing local order, breaking hydrogen bonds. Accordingly,
the change in entropy and enthalpy are both positive, as seen in
Fig. 5.

In order to determine whether the system indeed preferen-
tially samples low-density liquid configurations, the density (ρ) and
enthalpy (H) were calculated for the total system, as shown in Fig. 6.
A density maximum of 1014 kg/m3 is observed at 282 K, with the
density decreasing sharply upon further cooling to 955 kg/m3 at
180 K. From the perspective of the information theory approach
to hydrophobic hydration,56 a decrease in solvent density facili-
tates cavity formation and hence should (by itself) favor hydration
of small hydrophobic moieties. However, given that TIP4P/2005
water exhibits a maximum in the isothermal compressibility at
230 K at ambient pressure,23 the decrease in density upon cool-
ing is accompanied by a corresponding decrease in density fluc-
tuations at temperatures below 230 K, which disfavors hydropho-
bic hydration. Given the fact that Trp-cage’s hydrophobic core
contains larger aromatic groups that cannot be properly consid-
ered as a “small” hydrophobic solute, it is nontrivial to assess
quantitatively how this competition between lower density and
decreased density fluctuations contributes to the observed refolding
behavior.

We also calculate the coefficient of thermal expansion,
αP, and the isobaric heat capacity, CP, which are defined as
follows:

αP =
1
V
[
∂V
∂T
]

N,P
, CP = [

∂H
∂T
]

N,P
. (5)

αP and CP show peaks near 224 K, consistent with the cor-
responding volumetric and thermal trends (Fig. 6). Below 194 K,
where cold refolding is observed, the decrease in density slows down
appreciably, with αP ≈ 0. This indicates that we have indeed crossed
into the low-density region. Consequently, it is likely that the accom-
panying transformation in solvent structure plays a significant role
in the cold refolding that we observe.
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FIG. 6. Thermodynamic properties for the full system. (a) Density, ρ, (b) enthalpy,
H, (c) thermal expansion coefficient, αP , and (d) isobaric heat capacity, CP .
Enthalpy values are in units of energy per mol of the system. Vertical dashed
lines are the cold refolding, cold unfolding, and hot unfolding temperatures at
194 K, 224 K, and 342 K, respectively.

IV. CONCLUSION
In this work, we demonstrated that by using a combination

of parallel tempering and well-tempered metadynamics, metastable
equilibrium folding thermodynamics for a well-solvated model pro-
tein, Trp-cage, can be obtained at temperatures as low as 180 K
(equivalent to 70 K below bulk freezing for TIP4P/2005 water). Our
results show that below 194 K (56 K below freezing), the protein
returns to the folded state. Analysis shows that this refolding cor-
responds to the desolvation of the hydrophobic core, as it becomes
more compact and the number of protein-water hydrogen bonds
decreases at the lowest sampled temperatures. Additionally, the heat
capacity of unfolding, ΔCP ,U , decreases sharply at this refolding
transition. This decrease in ΔCP ,U occurs at the same temperature at
which the surrounding aqueous system finishes evolving from high-
to low-density water, leading us to suggest that this striking property
of water is the main driver for the protein’s low-temperature refold-
ing. Further work is underway to test whether these observations
hold for other models of water and other proteins.

SUPPLEMENTARY MATERIAL

See the supplementary material for details regarding the dif-
fusion, density autocorrelation, and glass transition temperature
calculations discussed in Sec. I.
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