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Abstract

Proteins are stable over a narrow temperature range, with either hot and cold de-
naturation occurring outside of this window, both of which adversely affect protein
function. While hot unfolding is entropically-driven, cold denaturation, on the other
hand, results from the more favorable interaction of water with apolar groups at low
temperature. Because of the key role of water in this latter process, capturing cold-
denaturation using implicit solvent models is challenging. We propose here a novel
computational approach to develop an implicit solvent model that accounts for both
hot and cold denaturation in simulations involving atomistically detailed protein repre-
sentations. By mining a large number of protein structures solved by nuclear magnetic
resonance, we derive transfer free energy contributions for the backbone and amino acids
side chains representing the transfer of these moieties between water at two different
temperatures. Using Trp-cage as a model system, we show that the implicit solvent
model constructed using these temperature-dependent free energies of transfer recov-
ers the parabolic temperature dependence of protein stability, capturing both hot and
cold denaturation. The resulting cold-unfolded conformations show limited secondary
structure content, but preserve most of their internal hydrogen-bonding network, in
contrast to the extended configurations with no hydrogen-bonding populated during

heat-induced denaturation.

Introduction

Proteins operate in an optimal manner within a given temperature range, and their stability
curves display a maximum at a protein-specific value of temperature, with both higher and
lower temperatures leading to a reduction in the fraction of folded protein. Heat denatura-
tion is driven by an entropic mechanism, with high temperatures promoting the increase in
conformational entropy observed upon unfolding. The resulting heat denatured conforma-
tions are very expanded, with a substantial (or complete) loss in secondary structure. Cold

denaturation, on the contrary, is enthalpically driven, and caused by the reduced penalty



involved in hydrating apolar groups at low temperature.!® Cold-denatured structures are
generally quite compact, often with a significant level of residual secondary structure, and a
high degree of solvent penetration.” ' The interaction between water and the protein plays
a key role in cold unfolding, and for this reason, computational studies investigating this
process have primarily relied on explicit solvent simulations, which give the most detailed
representation of the solvent.!? !4 The limitation of explicit solvent simulations, however, is
that despite the increase in computational power that we have seen over the last decade and
the emergence of efficient sampling algorithms, it is computationally prohibitive to obtain
converged trajectories at low temperatures, as the reduced mobility under these conditions
demands very long equilibration times. This obstacle to characterizing cold unfolding can
in principle be addressed by adopting an implicit description of the solvent. Conformational
transitions are indeed faster in implicit-solvent simulations as the computational cost is con-
siderably alleviated by the absence of the degrees of freedom corresponding to the water
molecules. Moreover, the absence of viscosity when the solvent is removed accelerates the
exploration of the conformational phase space, especially at low temperature.

The majority of existing implicit solvent models are not able to account for cold de-
naturation, and efforts in developing implicit models that capture cold denaturation have
focused thus far on models that interface with a coarse-grained description of the protein.

1.15 added a linear temperature-dependent perturbation term as

For example Sirovetz et a
well as a pressure-dependent perturbation to the coarse-grained AWSEM force field*® and
were able to predict cold- and pressure-denaturation of ubiquitin and A-repressor. van Dijk

1.7 added an effective potential for hydrophobe-water interactions to a protein lattice

et a
model, and they were able to reproduce cold-denaturation and heat capacity measurements
of solvated proteins. This added potential consisted of a second-order approximation to the
free energy of transfer of hydrophobic particles from an oily environment to water.

Here, we propose a computational approach in which we introduce a temperature-dependent

non-polar contribution to the free energy of hydration and combine our approach with a



fully-atomistic representation of the protein structure, allowing for greater molecular detail
and closer comparison to experiment compared to coarse-grained or cubic lattice models
used in previous studies.'®!” The introduction of a temperature dependent term is crit-
ical in order to capture cold denaturation. Importantly, the parameters involved in the
temperature-dependent contribution in our proposed model do not depend on the protein
model considered, and are hence generally applicable.

Our approach is briefly described below, with details given in the section "Theoretical
Background". We consider the free energy of hydration of a peptide as the sum of a non-
polar (G™) and an electrostatic (G®) contributions, and consider a solvent accessible surface
area (SASA) description of the non-polar solvation term as G™ = vSASA, where 7 is
the surface tension. We note that the non-polar solvation term could also be described by
adding a volume term!® and /or decomposing it into repulsive and attractive components, 1819
however, for the sake of computational efficiency and model simplicity, we will use the most
commonly used SASA-based description of the non-polar solvation term which is based
on arguments from scaled particle theory.?%?! In most implicit solvent models, v is given
a single value, independent of temperature and atom type. As we will show, the use of
a single valued ~ does not allow for the description of cold denaturation. Some implicit
models have moved beyond this simplistic approach, for example with atom-type-specific
parameters obtained by fitting the free energies of transfer of side chain analogs from n-
octanol to water,?? or from vapor to water.?® Other approaches that move beyond a single
value for the surface tension include a simple approach in which two v values, determined
through a trial-and-error approach, are used to represent either the hydrophobic or the
hydrophilic effect.?#?> A more sophisticated approach that uses hydration free energies of
side chain analogs as starting experimental data to obtain temperature-dependent values of
726 has been proposed, however, this approach assumes the property of additivity, i.e., the
possibility to compute the hydration free energy of a molecule as a sum over the separate

values of its components, a hypothesis that has been challenged.?"* We propose to use a



different means of obtaining temperature-dependent values of v by selecting a different set of
starting experimental data. In our approach, we derive the temperature-dependent term by
mining a large number of protein structures resolved by nuclear magnetic resonance (NMR)
in the range 265-335 K, an approach that has been used to extract temperature-dependent
hydrophobicity propensities of different amino acids.?*

The newly proposed implicit description of protein hydration is tested on the a-helical
Trp-cage (NLYIQWLKDGGPSSGRPPPS, pdb 112Y3%). This 20-residue peptide has been
selected because it has been extensively characterized both computationally and experi-
mentally, has secondary and tertiary structure despite its small size, and is known to be a
fast folder.3'™4? Furthermore, its cold denaturation has also been studied computationally
in explicit solvent, offering a means of comparison.!'%!3 We show that the addition of the
proposed temperature-dependent term allows the description of cold denaturation in implicit
solvent simulations providing an efficient and accurate alternative to costly explicit solvent

simulations.

Materials and Methods

Theoretical Background

The following expression can be used to describe the free energy of a peptide dissolved in

water,

Gtot — Fvac + Gel + QP (1>

where E% is the peptide energy in vacuum, which results from both internal bonded con-
tributions (bonds, angles, dihedrals) and non-bonded van der Waals interactions. G and
G™ represent instead the polar and non-polar contributions, respectively. The non-polar

contribution G™ to the free energy of hydration is generally expressed as a SASA-based



term. We here aim at improving such term, so as to eventually recover the description of
cold unfolding in our implicit solvent simulations. For this purpose, we will compare three
different approaches. Approach 1 corresponds to the standard implementation, in which
there is a single temperature independent value for . As we will show, this standard im-
plementation in unable to capture cold denaturation, and we use this model as a reference
to evaluate how our new models improve over the standard implementation. Approach 2
preserves the standard implementation only at Ty = 298 K, and employs different values of
~v at T' # Ty. Finally, approach 3 introduces a completely new set of v values. The relative
merits of approaches 2 and 3 will be assessed in terms of their ability to successfully describe

the free energy landscape of Trp-cage.

Approach 1 - Standard implementation

In this case we will simply compute G™ as,

G™ = ~,SASA (2)

where 7y is a surface tension, independent of temperature and residue-type, while SASA is the
total solvent accessibility of the protein. This is the approach that is commonly implemented
in molecular dynamics software, like the AMBER 20 simulation suite employed in this work,

where the default o value is 5 cal mol=* A=2.41

Approach 2 - New ~ values for T # T

In this approach, we seek to reproduce the difference in the non-polar solvation term between
a specific temperature T" and a reference temperature Ty = 298 K. At Ty, the default ~, value
of 5 cal mol™! A~2, independent of residue type, will still be used. In other words, we will
keep the implicit solvent description unaltered at Tj, and search different + values only at
T #T,.

Consider a set €2 of protein structures, comprising N total residues, of which NV; belong



to residue type i. We aim to extract from this set proper values of surface tension ()
parameters to be used in the framework of our implicit solvent description. Considering

4243 we aim to obtain

the dominant contribution of the backbone in driving protein folding,
separate values of surface tensions for the different side chains, and for the backbone. The
first step for obtaining such v parameters is to compute the probability P, (the subscript nb
is here used as the abbreviation of "not buried") for a given side chain, or for the backbone,
to be surface exposed.
The probability Pjgl of residue i to expose its side chain (superscipt sc) to the aqueous
environment can be computed as,
N; seyi
o (325)
SAS A
where SASAZC’i is the side chain solvent accessibility of the k' residue type 7 in the set

Q, and SASA:S is the maximum solvent accessibility of side chain type i. The values of

144

SASAs¢ used in this work were extracted from Creamer et al.** Creamer et al. developed

two models that bracket the surface area of the unfolded state between limiting extremes.
Here, we made use of the upper bound model, corresponding to an extended conformation.
This is more physically grounded than using the tripeptide representation, GLY-i-GLY, for
computing SASA!  as the tripeptide model was shown to overestimate the surface area
of side chains in the unfolded state.®

The probability P% of the backbone (superscipt bb) to be surface-exposed can be ex-
tracted from the set (2 as,

bb
=53 (S 2

where the summation runs over all residues N is the set €2, and the maximum solvent
] 44

accessibility of the backbone SASAY ~ was again extracted from Creamer et al.

Once the probability P, is known, the corresponding energy can be computed,



EZZ,’L or bb — _RT ln Psg,l or bb (5>

EZZZ % s the energy of side chain type i/peptide backbone when surface exposed.

In contrast, the energy of buried (subscript b) side chain type i/peptide backbone can be

calculated as,

E;C,i or bb — _RT ln(l _ Psg,’l or bb) (6)

The energetic cost for transferring side chain type i, or the peptide backbone, from the

protein core to the solvent accessible surface can hence be computed as,

i or bb
' 4 Psc,z
ESC,’L or bb - ESC,Z or bb — _RT ln nb : (7)
nb b 1 _ PSC,?, or bb
nb

The following expression can then be used to obtain 2 values (the subscript 2 here refers

to approach number 2) at T # Ty,

(Ezg,z orbb Egc,i or bb)T - <E;9Lz,z orbb Ei)sc,i or bb) _ [’7;67i or bb(T) . ’yo]SASASC’i or bb (8)

max
To

Eq. 8 states that the difference in the energetic cost for exposing side chain type 7 or the
peptide backbone between two different temperatures equals the corresponding difference in
surface tension, multiplied by the change in surface area (the solvent accessible surface area
is assumed to be zero in the buried state, and equal to SASA, .., in the unfolded state).
In summary, the non polar contribution G™ for a peptide comprising n residues can be

expressed as,



YoSASA, T="T,

YWSASA+ 31 (57T = 90) SAS Ak + 370 (V(T) — 70) SASAM*, T # T,
(9)
We can further define a fractional solvent accessibility as the ratio between the SASA of

each side chain or backbone, and the corresponding SASA in the tripeptide GLY —k—GLY,

sc,k or bb,k
SC,k or bb,k — SASA B

@ sck or bbk (10)
SASAGLY elaLy
Using the fractional solvent accessibility we can then rewrite Eq. 9 as,
’yoSASA, T = To
G" = (11)

WSASA+ 31 Mgy (T)a + Mgty (T) Yopy o™, T £T,

where Agiy % = (437" T (T) — 40) SAS AL sy -

The rationale for rewriting Eq. 9 into Eq. 11 is that Eq. 11 shares the same functional
form already used for osmolytes in past work,46#® with the only difference that the free
energies of transfer Agy, o(T") values now depend on temperature, as they do not represent any
more the transfer between water and an osmolyte solution, but between water at temperature
Ty and water at temperature T # Tj. This allows an unprecedented parallel between the

effect of osmolytes and temperature on protein stability.

Approach 3 - A new set of v values developed at all temperatures

In this approach, we aim at developing a completely new set of v values, that depend on
residue-type already at Tj. For this purpose, the same procedure described in Approach 2

can be used, but Eq. 8 should be modified as,



(EZZ,’L or bb o E;C,i or bb> — ’}/;C’i or bb(T)SASAsC,l or bb (12)

mazx
T

and this equation could be used to obtain 73 values at any temperature 7.

According to approach 3, the final expression for G"” would be,

G = 3" H(T)SAS A + 3" A8 (T)SAS AW (13)
k=1

k=1

and Eq. 13 could again be transformed to introduce free energy of transfer values,

G = Agys(T)a*™* + Agpy(T) ) o™ (14)
k=1 k=1

sc,k orbb __ _sc,k or bb sc,k or bb,k
where Agtr,3 =73 (T)SASAGIy k Gry-

In summary, the following expression will be used in our implicit solvent simulations,

Gtot — Rrac 4 Gel 4 Ggp + Gtr(T) (15>
where Gy¥ and G (T') assume the following form depending on the approach considered,

e Approach 1:

GI” = 7, SASA (16)

G"(T) =0 VT (17)

e Approach 2:

10



GIP = 4,SASA (18)

0, T=T,
G"(T) = (19)

Zk 1Agf:2k( ) SCk+Agtr2( )Zzzlabb7kv T%TO

e Approach 3:

G =0 (20)

(T ZAg::éf ok £ Agl(T) S T (21)

Simulation Details

The three approaches proposed in the Theoretical Background section were tested on Trp-
cage as model protein. The initial configuration of Trp-cage was downloaded from the pdb
database (pdb 1L2Y3?). The Amber ff99SB-ILDB force field*® was used for the peptide.
Simulations were performed using the AMBER 20 simulation suite,? in combination with
Plumed 2.4.7.5! The generalized Born /surface area model of AMBER, 20 was used to simulate
the first three terms of Eq. 15, while the free energy of transfer term G (T') was added as
an external bias using Plumed. The OBC(II) model®® was used to estimate the Born radii
(IGB = 5). The effect of temperature on the dielectric constant was taken into account. For

93,54 were used. For the lowest temperature values

this purpose, the equations proposed in
considered in our simulations, the dielectric constant was extrapolated from the correlation

described in.??

11



Trp-cage was first energy minimized for 3000 steps using the steepest descent algorithm,
and then simulated for 500 ns at different temperatures spanning the range 180 - 450 K.
The first 200 ns were considered as an equilibration, and only the last 300 ns were used for
the subsequent analyses. Langevin dynamics was used to control the temperature, with a
collision frequency of 1.0 ps~t. The SHAKE algorithm® was applied to constrain all bonds
linking to hydrogen atoms, and a time step of 2.0 fs was used. Configurations were saved
every 2 ps, and the center of mass translation and rotation were removed every 500 steps (1

ps). No cut-off was used for the Coulombic and Lennard-Jones interactions.

Analysis of the Trajectories
a-helix content

The a-helix content a was defined as the number of residue sections having an a-helical

configuration, 5

o =3 glra({Ri}ica,, {R})] (22)

where the summation runs over all possible segments involved in the a-helix, {R;}icq, are
the atomic coordinates of a set €2, of 6 residues of the protein, and g(r4s) is a switching

function .
()
T0o
— 0 (23)
()
T0

A cutoff distance of 7y = 0.08 nm was used, and rg,, is the distance RMSD with respect to

g (Tdist> =

a reference a-helix configuration {R}.

Cluster analysis

The conformations assumed by the peptides during the last 300 ns of the simulation time

were grouped together by means of a cluster analysis, according to the Daura algorithm.®”

12



The structures were grouped together if the root mean square deviations of the N-C,-C
atoms were less than 0.2 nm compared to each other. The most probable conformations

were subsequently visualized using VMD (Visual Molecular Dynamics). *®

Hydrogen bond analysis

The number of intra-peptide hydrogen bonds was also measured. To determine the presence
of a hydrogen bond, a geometric criterion was used, requiring that the distance between
donor and acceptor was less than 0.30 nm, and that the angle formed between the acceptor,

hydrogen and donor atoms was greater than 135°.

Results and Discussion

Determination of Free Energies of Transfer: Characterization of the

Dataset

We aimed to use a dataset of resolved protein structures to extract suitable values of surface
tension, and hence free energies of transfer, to be used in our implicit solvent simulations
(approaches 2 and 3). For this purpose, we explored the PDB database, and downloaded a
set of structures with more than 20 amino acids, obtained by NMR, and with a 30% level
of redundancy. Only NMR structures were considered, as already done in previous work, %
because they were experimentally resolved at the temperature range of interest for our next
investigation (265-335 K). ccPDB 2.0%? was used to generate the dataset (available as a
Supporting Information file), which included 4120 protein structures. Of these structures,
40 were resolved at T' < 265 K and 1 at T' > 335 K, and were therefore discarded. Moreover,
156 structures had no temperature value indicated, while 338 listed multiple values and had
therefore to be excluded from our analysis.

3585 structures remained after these preliminary considerations, and we divided them

into bins based on their temperature, similarly to what was done already in previous work. 2
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The bins considered, and the number of structures in each of them, are shown in Table 1.
Figure 1 shows the distribution of the structures over the selected temperature range of 265

K-335 K.

Table 1: Number of structures in each temperature bin considered in this work,
and average temperature 7' of the bin.

Bin # of structures 7T, K

266 K < T <290 K 237 283.5

20 K < T'<297T K 469 294.0

29T K < T <299 K 1853 298.0

299 K < T <305 K 582 302.2

300 K <T <335 K 444 311.6
2000 T T T T T T T T T T T T T

# of structures
= o
() (=)
() S
T T
L 1

W
-
S
T
I

0 I A.1|.I|||||‘|“l..1 M
270 280 290 300 310 320 33
Temperature, K

Figure 1: Distribution of protein structures over the considered temperature range (265

K-335 K).

After the subdivision into bins, we had therefore 5 sets {2 containing NN, protein structures,

and whose average temperature (listed in the last column of Table 1) was computed as,

N,

. ) Tk

T === 24
~ (24)
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Extraction of Free Energies of Transfer Values

The SASA of each residue within the sets () was computed using the algorithm by Lee
and Richards, %% with a probe size equal to 1.4 A. These values were then inserted into
Equations 3 and 4 to obtain the probabilities P,; of each residue type to be surface exposed.
These probabilities, as computed for each temperature bin, are shown in Figures S1-S5,
together with the total number of residues in each dataset.

Once the probabilities P,;, are known, it is then possible to compute the free energies of
transfer Ag, kor b ysing Equations 5-14. These free energies of transfer depend on temper-
ature, as shown in Figures 2 and 3, where the values of Ag,, for the different side chains,
and for the backbone (BB), are shown for the different temperature bins considered.

For all side chains, with the only exception of serine, water at ambient temperature
represents the 'poorest’ solvent, and both lowering or increasing the temperature facilitates
their exposure to the solvent. This is particularly true for hydrophobic (Figures 2A and 3A)
and aromatic (Figures 2B and 3B) side chains, while the effect of temperature is marginal
for charged (Figures 2C and 3C) and polar (Figures 2D and 3D) ones. The parabolic trend
observed in these figures is in line with the well known temperature dependence of protein
stability, that displays a maximum (generally) around ambient temperature, with both hot
and cold unfolding occurring.

Each curve shown in Figures 2 and 3 was fitted to a parabola, and the resulting equa-
tions and coefficients of determination (R?) are shown in Tables S1-S2. Using these fitting
parabolic equations, it is now possible to compute Agfﬁ’k o bb(T) at any possible value of

T, and the G (T) term (Eq. 15) can hence be calculated and implemented in an implicit

solvent simulation. Plumed 2.4.7 was used for this purpose, and the fast algorithm by Hasel

1 62 SC,k or bb

et al.®® was employed to compute the fractional solvent accessibilities «

15
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Figure 2: Values of Agff,’f % for the different side chains, and for the backbone (BB), for
the case of approach 2. The average temperature 7' for the different bins considered in this
work (Table 1) is shown on the x-axis.
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Figure 3: Values of Agff,’:f % for the different side chains, and for the backbone (BB), for
the case of approach 3. The average temperature 7" for the different bins considered in this
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The Cold Denaturation of Trp-cage can be Recovered in Implicit

Solvent Simulations

After having extracted the free energy of transfer values, the three approaches described in
the Theoretical Background section were tested on Trp-cage as model protein.

The protein was simulated at different temperature values, and the evolution of the
radius of gyration R,, end-to-end distance R.., a-helix content, solvent accessible surface
area SASA, number of internal hydrogen-bonds and folded fraction over temperature are
shown in Figure 4. The end-to-end distance R.. was computed between the centers of mass
of the first and last residues of Trp-cage. The distributions of the a-helix content and end-to-
end distance as function of the radius of gyration at different temperature values are shown
in Figures S6-S8 for approaches 1, 2 and 3. Figures S6-S8 also display the most sampled
protein conformations in each condition, as obtained using the Daura algorithm. 57

In the case of approach 1 (black line in Figure 4), in which no temperature-dependence
was introduced, no cold unfolding was observed. Trp-cage was very stable at low tem-
peratures, displaying a high a-helix content (« = 5.94 4+ 0.14 at 190 K), and a compact
conformation (R, = 0.726 +0.004 nm, SASA = 18.86 £ 0.16 nm? at 190 K). The most sam-
pled protein structure at 190 K (Figure S6) was completely folded, and was used as reference
to compute the folded fraction in Figure 4F. More specifically, Trp-cage was considered to
be folded when the N-C,-C atoms RMSD compared to the reference structure was < 0.35
nm. Although hot unfolding is predicted by approach 1, the protein conformations obtained
in this condition are not very expanded. The maximum radius of gyration and end-to-end
distance observed at 400 K are only 0.915 + 0.007 nm and 2.09 £ 0.04 nm, respectively.
As evident from the cartoon structures shown in Figure S6, Trp-cage mostly conserves its
compact structure even at 400 K when approach 1 is used.

The situation changes remarkably when moving to approach 2 (red line in Figure 4).
While substantial overlap with approach 1 is observed between 270 K and 320 K, the behavior

changes both at high and low temperature values. Approach 2 predicts considerably more
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expanded hot-unfolded structures (R, = 1.122 £ 0.001 nm, R, = 3.01 & 0.01 nm and
SASA = 27.18 £ 0.01 nm? at 360 K). This is also evident from the extremely extended
structures sampled at 360 K and shown in Figure S7. What is, nevertheless, most remarkable
is the ability of approach 2 to predict also cold unfolding. Trp-cage is completely unfolded
at 210 K according to approach 2, in line with previous studies that located cold unfolding
of this protein at 224 K or 231 K.13

At this extreme temperature (210 K), the cold unfolded structures are quite extended
(R, = 1.082 £ 0.006 nm and SASA = 27.25 4+ 0.06 nm? at 210 K), and characterized by a
dramatically reduced a-helix content (0.472+0.005). Approach 2 predicts cold denaturation
to occur in the range 250-230 K, as can be observed looking at Figure 4. Indeed, most
properties show a sudden change in this temperature range, and then tend to level out at
lower temperatures. Hot denaturation occurs in a wider range of temperatures compared
to cold unfolding, according to approach 2. In this case, the radius of gyration, end-to-end
distance, SASA and internal hydrogen-bonding network show an important variation in the
range 320-360 K, and then the computed properties level out between 360 and 450 K (Figure
4). A comparison of Trp-cage structures during cold (250-230 K) and hot (320-360 K) denat-
uration is given in Figure 5. The protein representations indicate that hot unfolding results
in a sudden and complete loss of secondary structure. The a-helix content of Trp-cage is
almost completely lost already at 320 K. In contrast, the most stable protein conformation
at 250 K (37.1 % probability) preserves most of the native secondary structure content, and
the helix formed by residues Y3-D9 is still partially present at 230 K.

Even at the extreme temperature values simulated in this work, we still observe marked
differences between hot and cold-unfolded conformations. For instance, the internal hydrogen
bonding network (Figure 4E), mostly disrupted at high temperature, is instead preserved
during cold unfolding (the number of internal hydrogen bonds is 5.83 + 0.06 at 180 K, but
only 1.43 + 0.01 at 450 K). This represents a substantial difference between hot and cold-

unfolded structures in our simulations, as further evidenced by Figures 6A,B. This substantial
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Figure 5: Comparison between the simulation results for approach 2 at the onset of cold
(250 K - 230 K) and hot (320 K - 360 K) unfolding. The distribution of a-helix content as
function of the radius of gyration R,, and the most probable protein conformations, with
corresponding probabilities, are shown.
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preservation of the internal hydrogen-bonding network during cold unfolding observed in our
simulations is also in line with previous results obtained for Trp-cage in explicit solvent. '3

While Trp-cage extends almost completely at both low and high temperatures, a turn
structure is nevertheless formed between residues G10-G15. This structure is stabilized by
a significant (=~ 5) number of hydrogen bonds at 180 K, while only one bond is observed at
450 K (Figure 6A). This remarkable difference between hot and cold-unfolded configurations
is also clearly illustrated by the time evolution of internal hydrogen bonds in Figure 6B.

We also computed the distance between the centers of masses of residues W6 and S14
(Figure 6C), which are located in Trp-cage’s hydrophobic core or on the C-terminus, respec-
tively. These two residues are close in the folded structure, because of Trp-cage’s shape. An
increase in the W6-S14 distance means that the hydrophobic core of Trp-cage becomes ex-
posed to the solvent. In approach 1, this occurs only during hot unfolding (T > 320 K), while
according to approaches 2 and 3 the W6-S14 distance increases also at low temperature. In
particular, the largest increase is again observed between 250 and 230 K (cold-unfolding)
or between 320 and 360 K (hot-unfolding) according to approach 2. The increase in the
W6-S14 distance during cold unfolding is in line with previous explicit solvent simulations
of Trp-cage. 013

The parabolic profile of protein stability is also predicted by approach 3 (green line in
Figure 4). It is interesting and important to note that the completely new set of surface
tension values 3 used in approach 3 can fairly well predict the folding behavior of Trp-cage,
although the protein is slightly less stable in these conditions compared to approaches 1 and
2.

The values of %’;’C’i P at Ty = 298 K are shown in Table S3. The values are positive
(i.e., unfavorable exposure to the solvent) for apolar and aromatic side chains and for the
backbone, and negative for charged and polar side chains. The value for the backbone (5.4

cal mol~" A~2), in particular, is also very close to the default value of 7y = 5 cal mol~! A2

used in AMBER. This explains the substantial overlap between approach 3 and approach 1
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Figure 6: (A) Comparison of cold (180 K) and hot (450 K) unfolded structures, as obtained
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hydrogen bonds that stabilize this turn are evidenced in black. The images were obtained
using Visual Molecular Dynamics (VMD).?® Polar uncharged residues are in green, nonpolar
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the number of internal hydrogen bonds over time (last 300 ns) as predicted by approaches
(app.) 2 or 3, at 180 and 450 K. (C) Distance between residues W6 and S14. Black line:
approach 1, red line: approach 2, green line: approach 3.
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around ambient temperature (black and green lines in Figure 4).

The unfolded structures obtained at 210 K (R, = 1.10 £0.01 nm, R, = 3.14£0.05 nm)
in the case of approach 3 are slightly less extended than the hot-unfolded ones at 360 K
(Ry = 1.24940.003 nm, R, = 3.37+0.02 nm), but in both cases the secondary structure is
almost completely lost (Figure S8). The substantial preservation of internal hydrogen bonds
in cold-unfolded structures in confirmed in the case of approach 3 (the number of internal
hydrogen bonds is 5.55 + 0.06 at 180 K, compared to 1.21 4+ 0.002 at 450 K, see Figure 6).

The well-known parabolic profile of protein stability can hence be recovered also in im-
plicit solvent simulations, and the reduced protein stability at low temperatures can be
predicted. In the modelling approach here proposed, this decrease in stability is driven by
the increased compatibility of water with the peptide backbone and most sidechains, espe-
cially apolar and aromatic ones, at low temperature. We emphasize that the advantages of
an implicit solvent model over an explicit solvent model are not only associated with the
reduced computational cost and faster equilibration at low temperatures. Rather, the use of
implicit solvation models makes it possible to better understand the energetic contributions

and essential physical requirements for cold denaturation.

Conclusions

In this work we have developed a new approach to deal with the process of cold unfolding
in implicit solvent simulations. Compared to previous studies that added temperature-

1517 Gur

dependent potentials and recovered cold-denaturation in absence of explicit water,
approach has the advantage of being fully compatible with an atomistic representation of
the protein, and does not make use of protein-dependent parameters. On the contrary, the
free energy of transfer values involved in the temperature-dependent term are obtained by

mining a large set of PDB files resolved by NMR. These free energy contributions represent

the transfer between water at two different temperature values. The two transfer free energy
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sets (approaches 2 and 3) obtained tell us that water at ambient temperature is the 'poorest’
solvent for the peptide backbone and most side chains, and that an increase or decrease
in temperature results in improved solvation, especially for apolar groups. When deriving
the first set (approach 2), we did not alter the description of protein hydration at 298 K
compared to previously implemented algorithms. The second set (approach 3) represents,
instead, a completely new description of non-polar hydration, even at ambient temperature.

We have tested the two sets using Trp-cage as model protein. While the previously im-
plemented algorithm (approach 1) without temperature-dependent term fails in predicting
cold-unfolding, both the proposed sets of transfer free energies can describe the parabolic
profile of protein stability, with denaturation being observed both at high and low tem-
peratures. Overall, approach 2 has the advantage of predicting cold unfolding, without
affecting protein stability around ambient temperature, and is therefore recommended for
future applications. Approach 3 results in a slightly reduced stability of Trp-cage, although
the substantial overlap with approaches 1 and 2 remains remarkable, especially considering
that approach 3 was developed in a completely independent manner.

In our implicit solvent simulations, cold unfolding results from the improved solvation
of protein moieties, especially apolar and aromatic ones, at low temperature. Hot denat-
uration, mostly driven by the increased entropy of unfolded states, can also be predicted
by previous implementations of implicit solvation, but the transfer free energies proposed in
this work promote the sampling of significantly more extended hot-unfolded conformations.
This indicates, once again, the need for a temperature-dependent term in implicit solvent
simulations. Such term, as shown in the present work, not only allows for the description of
cold unfolding, but also improves the modelling of hot denatured structures.

Through the addition of a temperature-dependent term, we find that hot denaturation
results in a sudden and complete loss of secondary structure, while cold unfolding is more
gradual, and a large fraction of the internal hydrogen-bonding network is retained even at

very low temperatures. This represents a substantial difference with hot-unfolded conforma-
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tions of Trp-cage, where the native hydrogen bonds are mostly disrupted.

Supporting Information

Probability of residues to be surface exposed and total number of residues considered in
different temperature ranges, fitting equations of the temperature-dependent term for ap-
proaches 2 and 3, distribution of a-helix content and end-to-end distance as function of the
radius of gyration and most probable Trp-cage conformations for approaches 1, 2 and 3,

values of 73 at 298 K, dataset of PDB structures obtained by NMR.
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