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Insight into enthalpic and entropic contributions to the activation free energy of noncovalent bonds is crucial
for understanding various phenomena in molecular systems, from formation of different molecular conformers
to complex biophysical and biochemical processes. Standard experimental and computational methods provide
only the average strength of noncovalent bonds. In this paper, we present a simple, formal, computational
framework to determine both energy contributions for a single bond. Our approach is based on steered molecular
dynamics simulations, the dynamic force spectroscopy method, and a modified theoretical model of force-
induced bond rupture. To demonstrate the methodology, the enthalpic and entropic components for a single
intramolecular hydrogen bond of a peptide helix were determined. The sum of the contributions is in agreement
with the previously reported Gibbs energy for intramolecular hydrogen bonds. The proposed methodological

framework is universal and can be applied to other noncovalent interactions in various molecular systems.
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I. INTRODUCTION

From the point of view of thermodynamics, bond forma-
tion is driven by minimization of the Gibbs free energy, while
unbinding occurs when a sufficient amount of energy is de-
livered to the bond. However, in numerous processes, such
as solvation, complexation, phase coexistence, or binding
affinity, different mechanisms can be characterized by simi-
lar change in the Gibbs free energy, whereas their enthalpy
and entropy contributions are fundamentally different [1-4].
Therefore, insight into the energy components allows a better
understanding of the molecular processes. In particular, the
knowledge on enthalpic and entropic contributions is crucial
for understanding the mechanisms of formation and rupture of
noncovalent bonds, which govern more complex processes—
from the formation of various conformers of simple molecules
[5] to multistage biophysical and biochemical processes, such
as protein folding or ligand-receptor bindings [6-8].

The commonly used experimental methods like circular
dichroism, microcalorimetry, or NMR spectroscopy do not
provide microscopic information about the Gibbs energy (and
its components) of single noncovalent bonds [2,8]. Such infor-
mation can be provided by computational methods, although
they are usually characterized by high uncertainty. This is
due to the fact that the values of Gibbs energy are very large
compared to their changes accompanying the formation and
breaking of noncovalent bonds. Among the most commonly
used computational methods are those based on free-energy
perturbation [3] and integration thermodynamics methods [4].
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Such an approach allows obtaining information about the
average changes in the Gibbs energy and its components
accompanying molecular processes, but without analyzing
individual events, such as the rupture of a noncovalent in-
tramolecular bond.

The methodology we propose leads to the information
about the thermodynamics, and additionally the kinetics of
a single noncovalent bond rupture. The procedure includes
steered molecular dynamics (SMD) simulations [9], the appli-
cation of the dynamic force spectroscopy (DFS) [10] method,
and a modification of a theoretical model of force-induced
bond rupture. To illustrate the methodology, an «-helical
peptide stabilized by intramolecular hydrogen bonds (HBs),
with the AEAAKA (A: alanine; E: glutamic acid; K: lysine)
sequence motif commonly found in transmembrane proteins,
was used as a model molecule. In such a peptide the controlled
unfolding of the helix is accompanied by the rupture (unbind-
ing) of backbone HBs.

II. METHODS

A. Peptide model preparation and computational protocol

The AAKA(AEAAKA)s-AC model (C: cysteine) was as-
sembled in predefined «-helical conformation using VMD
software [11]. This amino acid sequence was chosen for its
high «-helical propensity leading to a stable a-helical con-
formation during simulations [12]. The NAMD 2.13 package
[13] with the implemented CHARMM36 force field [14,15]
was used to perform geometry optimization (energy min-
imization), heating, molecular dynamics (MD), and SMD
simulations (Fig. 1).
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FIG. 1. A scheme of the computational protocol. After the en-
ergy minimization and heating simulations, 2 ns MD simulation
was performed, and ten system configurations with the highest o-
helix content were selected as starting points for successive SMD
simulations for different SMD velocities (vsyp) and different SMD
temperatures (Tsyp ).

In the SMD simulations a harmonic potential
(ksmp = 16.75Kk] mol’lA’z) was applied to the sulfur
atom in the C-terminal cysteine, whereas the C, atom of the
third residue (K3) was fixed in space (Fig. 2). The pulling
vector reflected the direction of the force applied in atomic
force spectroscopy experiments [16,17]. No barostats nor
thermostats were used for SMD simulations to avoid their
possible influence on the results, in particular artifacts such
as abrupt deformations of the a-helix and hence accidental
crossing of HB activation barriers or the HB length criterion.
Details on the simulation protocol can be found in the
Supplemental Material [18].

B. Theoretical model of force-induced unbinding

In our approach we assume that the mechanical rupture
of a HB can be treated as a thermally activated and force-
facilitated escape from a one-dimensional potential well [19].
Several theoretical models, based on this assumption, pro-
vide the formula for the dependence of the unfolding force
on the loading rate. The most common, applied widely in
the studies of intra- and intermolecular interactions, is the
Bell-Evans model [10,20]. However, this model has sev-
eral disadvantages, including the most significant one: The
whole information about the shape of the interaction poten-
tial describing a bond is reduced to a single parameter—the
position of the activation barrier with respect to the bound
state minimum. Therefore, we decided to apply in the present
framework the more advanced Dudko-Hummer-Szabo (DHS)

model [21]. The DHS model delivers the following formula
for the most probable unbinding force:

AGy\ 1Y
AG, kT = kOksT exp (F;)
- In .
AGﬁ XgIF

Fan =
UX,B

where AGg is the Gibbs free energy of activation in the
absence of external forces, kgff is the force-free unbinding
rate, xg is the distance between the bound state minimum and
the maximum of the activation barrier in the one-dimensional
(in the direction of the applied force) free-energy potential,
rp = dF/dt is the loading rate, kg is the Boltzmann constant,
T is the absolute temperature, and the parameter v is related
to the shape of the free-energy potential. Dudko et al. [21]
have suggested to use v = 2/3 as a universal value in their
model, for the Lennard-Jones type potentials as well. The
DHS model, besides its higher accuracy, has another advan-
tage over the Bell-Evans model; it enables extraction of AGg
in addition to kgff and xg.

III. RESULTS AND DISCUSSION

A. Force curves and unbinding force

As a result of the SMD simulations, force-versus-
elongation curves were obtained (Fig. 3). Peaks observed in
the force curve indicate HB rupture events. In our previous
paper [19] we have shown that the most probable number
of HBs broken in the first rupture event (first peak) is 1, for
all applied loading rates. Here, we show that only a single
HB which breaks is significantly elongated before the rupture
point (Fig. S5 in the Supplemental Material [18]). Therefore,
the unbinding force of a single HB (Fy,) was extracted from
the first peak for each force-elongation curve (Fig. 3). The
procedure for determining the first peak as a local maximum
is described in detail in the Supplemental Material [18].

B. Dynamic force spectra and their interpretation

We performed two sets of SMD simulations: (i) at a
constant temperature 7 = 300 K for eight different SMD
velocities (vsmp) : 0.3, 0.5, 0.75, 1, 1.5, 2, 4, and SAps";
and (ii) at a constant vsyp = 1 f\ps‘l for nine different tem-
peratures (Tsmp) from 270 to 310 K, in 5 K steps. For each
value of vsvp and Tsvp, ten SMD simulations were per-
formed. Ten extracted values of F,, were collected into a
histogram and the most probable value of F, was determined
from the lognormal distribution function fitted to the his-
togram. The lognormal function was found to more accurately
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FIG. 2. A schematic representation of the SMD simulation. The peptide model is in the initial conformation; solvent molecules are not
presented; ksyp is the SMD spring constant and vsyp is the virtual atom velocity (SMD velocity).
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FIG. 3. An example of the force-elongation dependence (gray
squares). The data were analyzed with the FFT smooth filter (dashed
black line). The unbinding force (F,,) of a HB rupture in the a-
helix was determined from the first peak (a local maximum) of
the smoothed force-elongation plot. The data were recorded at the
pulling velocity of 0.75Aps™' at the simulation temperature of
300 K.

describe such asymmetrical data distributions than the widely
used Gaussian function. The F, distribution is asymmetrical
as arule; the left tail of the distribution is limited by zero, since
the unbinding force cannot be negative, whereas the right tail
is, at least in principle, unlimited (Fig. S6 in the Supplemental
Material [18]).

The most probable values of Fy, are presented as a function
of the loading rate, i.e., the increment of the applied force in
time (N/s), which gives the so-called dynamic force spectrum
in Fig. 4.

We fitted the DHS model to two ranges of the simulated
dynamic force spectrum of the model peptide: the whole
range of loading rates (21-626 N's~!, blue curve in Fig. 4)
and the limited range, i.e., without the lowest value of the
loading rate (57-626 Ns~!, red curve in Fig. 4). The fitting
for the limited range is much better than for the whole range:
Ry = 0.92 versus R, = 0.75 (Table I). We associate this
fact with the process of HB re-formation (rebinding), which
is more probable at lower loading rates. Since the DHS model
does not take into account the rebinding, it is more effective
for higher loading rates, where the probability of rebinding is
low. Therefore, cutting from the fitting range the low loading
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FIG. 4. The most probable unbinding force as a function of
the loading rate. The data are fitted with the DHS model for two
loading rate ranges: whole (21-626 N's~!, blue line), and limited
(57-626 N s~ !, red line). The error bars show standard errors.

the fitting range, above 57 N's~!, does not change the fitting
results significantly; therefore, in further analysis we used the
fitting parameters obtained for the range of 57-626 Ns~!.

The determined value of AGg = (8.5 £0.9)kJ mol~! is
lower than that obtained earlier [19], which we attribute
mainly to a wider range of loading rates in the previous sim-
ulations and, thus, to a higher contribution of the rebinding,
which is eliminated in our present study. The present value,
however, is in good agreement with experimental values [22]
as well as the energy reported by Sheu at al. [23] for a HB in
a helical peptide in water (8.1kJmol™!).

C. Enthalpic and entropic contributions

The Gibbs free energy has enthalpic and entropic compo-
nents:

AGg = AH —TAS. )

Substitution of the above formula into Eq. (1) leads to the
following formula for the temperature-dependent unbinding
force:

AH — TAS kgT kgT v
Fan(T) = ————11— In :
Vg AH — TAS XgTpIF

rates improves the quality of fitting. Further limitation of 3)
TABLE 1. Fitting parameters obtained with the DHS model for the most probable unbinding force versus the loading rate Fy,(rg).
Loading rate range (Ns~!) x5 (A) AG4® (kI mol™") Ko (1010571 R,
21-626 0.33 +£0.06 109 + 4.6 6.1+1.6 0.75
57-626 0.22 +0.04 8.54 + 0.88 109+ 1.5 0.92

xg is the distance between the HB bound state minimum and the position of the activation barrier.
®AGy is the Gibbs free energy of activation in the absence of the external force.

kY is the force-free unbinding rate.

9RZ,; is the adjusted coefficient of determination.
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FIG. 5. The most probable unbinding force as a function of the
simulation temperature (Tsvp ). The data are fitted with the modified
DHS model (red line). The error bars show standard errors.

where tp is the characteristic diffusion time of motion in the
system calculated as

1 AGg )
Ip=—exp|— . 4)
D=0 P < kT

By calculating x5, AGg, and kgff from the F,(vsmp) de-
pendence [Eq. (1)] and then fitting the modified DHS model
[Eq. (3)] to the Fy,(Tsmp) dependence determined from the
second SMD simulation set (Fig. 5), the enthalpic AH and
entropic TAS components of the Gibbs free energy of activa-
tion can be extracted (Table II).

The sum of the enthalpic and entropic components,
AH-TAS = 8.6kImol~!, is in agreement with the AGg ob-
tained by fitting Eq. (1) to the F,,(vsmp) dependence. The
atoms involved in the HB (as well as the part of the backbone
between them) gain some freedom after a rupture event and
therefore the entropic component lowers the HB activation
energy barrier. This is consistent with the total conformational

TABLE II. Enthalpic (AH) and entropic (TAS) contributions to
the Gibbs free energy of activation obtained by fitting Eq. (3) to the
Fu(Tsmp) dependence.

AH (k] mol™!) TAS(kJ mol~!) for 300 K Rﬁdj“
154+15 69+1.6 0.91
“Ridj is the adjusted coefficient of determination.

entropic energy per residue at 300 K (5.9 kJ mol~!) calculated
for ubiquitin (protein) folding [24].

IV. CONCLUSIONS

A combination of two simulation sets, Fu,(vsmp) and
Fun(Tsmp ), and the proposed modification of the DHS model
provide a framework for obtaining quantitative information
about enthalpic and entropic contributions to the activation
free energy of a single noncovalent bond. The knowledge of
these contributions is necessary to understand the behavior
of molecular systems, including conformational changes of
molecules and the folding and unfolding of proteins and nu-
cleic acids, as well as specific ligand-receptor affinity. The
proposed computational methodology is universal and can
be applied to various types of intra- or intermolecular in-
teractions, enriching and accelerating studies of numerous
molecular processes. Similar methodology can also be used
to analyze experimental data obtained using an atomic force
microscope (AFM) or other device operating in the so-called
force spectroscopy mode. However, controlling the process
of unbinding in AFM (or similar) force spectroscopy exper-
iments is much more difficult than in molecular simulations.
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