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Entropy reduction effect imposed by hydrogen bond formation on protein folding cooperativity:

Evidence from a hydrophobic minimalist model
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Conformational restrictions imposed by hydrogen bond formation during protein folding are investigated by
Monte Carlo simulations of a non-native-centric, two-dimensional, hydrophobic model in which the formation
of favorable contacts is coupled to an effective reduction in lattice coordination. This scheme is intended to
mimic the requirement that polar backbone groups of real proteins must form hydrogen bonds concomitantly
to their burial inside the apolar protein core. In addition to the square lattice, with z=3 conformations per
monomer, we use extensions in which diagonal step vectors are allowed, resulting in z=5 and z=7. Thermo-
dynamics are governed by the hydrophobic energy function, according to which hydrophobic monomers tend
to make contacts unspecifically while the reverse is true for hydrophilic monomers, with the additional restric-
tion that only contacts between monomers adopting one of z;, <z local conformations contribute to the energy,
where z;, is the number of local conformations assumed to be compatible with hydrogen bond formation. The
folding transition abruptness and van’t Hoff-to-calorimetric-enthalpy ratio are found to increase dramatically
by this simple and physically motivated mechanism. The observed increase in folding cooperativity is corre-
lated to an increase in the convexity of the underlying microcanonical conformational entropy as a function of
energy. Preliminary simulations in three dimensions, even though using a smaller relative reduction in lattice
effective coordination z,/z=4/5, display a slight increase in cooperativity for a hydrophobic model of 40
monomers and a more pronounced increase in cooperativity for a native-centric Go-model with the same native
conformation, suggesting that this purely entropic effect is not an artifact of dimensionality and is likely to be

of fundamental importance in the theoretical understanding of folding cooperativity.
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I. INTRODUCTION

One of the most remarkable experimental observations on
folding thermodynamics of small proteins is the cooperative,
two-state character of the process. Global properties that re-
flect different aspects of the three-dimensional organization
of the molecule, like amount of secondary structure, rigid
asymmetrical environment around aromatic side chains,
burial of tryptophane residues, etc., vary concomitantly
within a relatively narrow range of a given control param-
eter, such as temperature, pressure or denaturant concentra-
tion. Moreover, the van’t Hoff enthalpy AH,, obtained from
the temperature derivative of an effective equilibrium con-
stant taken directly from the value of monitored properties
under the assumption of two-state behavior, agrees reason-
ably well with the actual enthalpy of denaturation obtained
calorimetrically, AH_, [1]. The value of different monitored
properties therefore indeed reflects, to a good approximation,
the equilibrium constant between two macroscopically dis-
tinguishable thermodynamic states: the native and the dena-
tured macroscopic states. The native state is thermodynami-
cally dominant, i.e., has a lower free energy, at physiological
temperature while the denatured state dominates at high tem-
peratures. Around the transition temperature the system ab-
sorbs a significant amount of heat, implying abrupt changes
in enthalpy and entropy. Since the entropy is the temperature

*Electronic address: aaraujo@unb.br

1539-3755/2005/72(5)/051903(7)/$23.00

051903-1

PACS number(s): 87.15.Cc, 87.10.+¢

derivative of the Gibbs free energy it is natural to consider
the folding process as analogous to a first-order, or two-state,
phase transition, as defined by a discontinuity in the first
derivative of the thermodynamic potential [2,3].

Simple minimalist protein models, which take chain con-
nectivity and excluded volume into account explicitly, have
been able to reproduce protein folding two-state behavior in
the sense that the equilibrium population of microstates
shifts, as the temperature is increased, from a unimodal dis-
tribution dominated by low energy conformations, corre-
sponding to the macroscopic native state, to unimodal distri-
bution dominated by high energy conformations,
corresponding to the denatured macroscopic state, passing
through, around the transition temperature, a bimodal distri-
bution where both macroscopic states are distinguishable
(e.g., Ref. [4], reviewed in Refs. [5-7]). In other words,
around the transition temperature there are two free energy
minima separated by a free energy maximum along the en-
ergy coordinate or, equivalently, there is a convex region in
the microscopic entropy as a function of energy [3,8]. It has
become apparent, however, that the transition observed in
these models tends to be less abrupt than in real proteins and
that the ratio between model quantities intended to be analo-
gous to the van’t Hoff and calorimetric folding enthapies,
with reasonable interpretations of experimental calorimetric
data, is usually far below 1 [9-11]. Additionally, it is not
trivial to introduce physically motivated terms to normally
used energy functions in order to improve cooperativity
[11,12].
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In the present study we investigate possible entropic ef-
fects on protein folding thermodynamic cooperativity of the
well known requirement of hydrogen bond formation be-
tween backbone carbonyl and nitrogen polar groups as they
become buried inside the protein apolar core during folding
(e.g., Ref. [13]). We imagine that the number of local back-
bone conformations adopted by apolar monomers participat-
ing in favorable hydrophobic interactions must be smaller
than the total number of possible local conformations, since
they must be compatible with hydrogen bond formation of
adjacent backbone polar groups. This simple idea is imple-
mented in lattice models in which the formation of hydro-
phobic contacts is coupled to an effective reduction in lattice
coordination.

II. METHODS

We use the two-dimensional square lattice, with z=3 local
conformations per monomer, as well as lattice extensions
with diagonal step vectors (covalent bonds) of the form
{£1, %1} resulting in z=5 (when angles between adjacent
bonds smaller than 90° are forbidden) and z=7. Favorable
hydrophobic interactions can only occur between monomers
which happen to be in one of z;, =< z local conformations com-
patible with hydrogen bond formation. The hydrophobic en-
ergy function [14], consisting of the sum over monomers of
their hydrophobicities multiplied by the number of contacts
they are making, now becomes

E(hé)== D hel=—h-¢', (1)

where ¢’ ={c{,...,c)} represents the number of viable con-
tacts made by each monomer in a given structure, where the
prime reminds the viability restriction that only contacts in-
volving monomers in one of the z;, local conformations are

counted, and h={h,,...,hy} is the sequence of hydrophobici-
ties, as usual. Note that in this simple implementation the
hydrogen bond restriction is actually imposed on all non-
neutral interactions, not necessarily hydrophobic.

Three two-dimensional conformations of 24 monomers
shown in Figs. 1(a)-1(c) are used as native structures. The
structure shown in Fig. 1(a), which will be called n24D2a,
has been used in previous studies and was originally selected
because it is structurally segregated, i.e., most of its mono-
mers are completely buried or completely exposed, a prop-
erty already shown, both in two and three dimensions, to be
crucial for appropriate native structures to the hydrophobic
function [14-16]. Hydrophobicities are either 1 (hydropho-
bic) or —1 (hydrophilic) for monomers that are respectively
buried or exposed in the native structure while the hydropho-
bicity of both neutral extremities is 0. The resulting native
energy is £ =-24. Structures shown in Figs. 1(b) and 1(c),
n24D2b and n24D2c, correspond to different contact matri-
ces (the set of all contacts), contact vectors (the number of
contacts made by each monomer) although having the same
segregation, compactness and energy, for their designed se-
quences, as n24D2a. Their use is intended to provide an in-
dication of the eventual dependence of our results on topo-
logical details of the native structure.
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Two sets of local conformations for a given monomer are
considered to be compatible with hydrogen bond formation.
In the first set, step vectors (covalent bonds) connecting the
monomer to its neighbors along the sequence must be in the
square lattice, giving z,=3. Since most adjacent step vectors
form right angles in the native structures, we also use a set of
hydrogen bond conformations where adjacent step vectors
must form an angle of 90°, giving z,=2, except for mono-
mers not satisfying this restriction in the native structure.
Effective lattice coordination reductions, as measured by
2,/ z, ranged therefore from 2/7 (the largest reduction) to 3/3
(the original model with no reduction). Standard Monte
Carlo simulations, as detailed elsewhere [4,14,17], were per-
formed but with a move set consisting of end moves and
“generalized” kink and crankshaft moves, resulting from the
exchange between adjacent and next to adjacent step vectors,
respectively. Application to shorter, completely enumerable,
chains confirmed that correct thermodynamics are repro-
duced by this move set not only for z=3 but also for z=5 and
z=7. It is important to emphasize that the resulting two-
dimensional model is not “native-centric,” or “teleological”
[9], since it has no explicit bias, either global or local, to-
wards the native structure.

The density of states for each model, g(E), representing
the number of model conformations as a function of energy
E, was estimated from long Monte Carlo trajectories by stan-
dard histogram techniques [18,19]. Heat capacity curves ob-
tained from g(E) were then used to compute two folding
quality parameters: the cooperativity index proposed by
Klimov and Thirumalai, ), [20], which measures the transi-
tion sharpness, or abruptness, and Chan’s k, [9], which is
intended to be analogous to the ratio between experimental
van’t Hoff and calorimetric enthalpies and is a measure
therefore of the so called calorimetric cooperativity. In our
notation [16], with the energy itself taken as order parameter,

_ TieUT) 2
T (—ENAT

where AT is the width of the heat capacity peak at its half
maximal height, and

_ AHVH _ 2Tf\”CV(Tf)

- ok ’ 3
AH, -E ®)

K
where the calorimetric enthalpy is AH,,;=—E" =24 in all two-
dimensional models since they have the same native energy,
—24, and the same average energy, 0, at high temperature.

We have also performed simulations with a chain of 40
monomers in three dimensions whose native structure, called
n40D3a and shown in Fig. 1(d), was already used in previous
studies [15,21]. The lattice has not been extended in this
case, however, and only standard moves have been used.
Lattice coordination reduction is therefore less pronounced,
with z;,/z=4/5, where local conformations corresponding to
an angle of 90° between adjacent covalent bonds are as-
sumed to be compatible with hydrogen bond formation. As
already described for the two-dimensional model, this re-
striction is not applied to monomers between covalent bonds
forming an angle of 180° in the native structure. In addition

051903-2



ENTROPY REDUCTION EFFECT IMPOSED BY ...

PHYSICAL REVIEW E 72, 051903 (2005)

FIG. 1. Two-dimensional conformations of 24 monomers used as native structures in the simulations: n24D2a (a), n24d2b (b), and
n24D2c (c). Buried monomers (dark gray) are hydrophobic, exposed monomers (white) are hydrophilic and both extremities (light gray) are
neutral. Hydrophobicity values of 1, —1, and 0, for hydrophobic, hydrophilic, and neutral monomers, respectively, result in the same native
energy E”"=-24. The conformation of 40 monomers shown in (d) was used in all simulations in three dimensions. Monomer hydrophobici-
ties, represented by different tones of gray, were obtained from the deviation in the number of native contacts from their average value in the
native structure, resulting in E*=—105. For the Go potential all 33 native contacts have energy —1 while non-native contacts are neutral and

E"=-33.

to the hydrophobic energy function, which was previously
described to result in a collapse transition above the folding
temperature and, as a consequence, in poor calorimetric co-
operativity, we have also used a native-centric Go-type en-
ergy function for which cooperativity is more pronounced
[21].

III. RESULTS AND DISCUSSION

Figure 2 shows heat capacity curves for all six combina-
tions of z and gz, for n24D2a (a), n24D2b (b), and n24D2c
(c). Folding transition temperatures 7T}, defined by the posi-
tion of absorption peaks, and corresponding heat capacity
maxima Cy(T,) are shown in Table I for all plots shown in

Fig. 2. Corresponding cooperativity parameters (), and ,
are shown in the same table. The general behavior is similar
for the three two-dimensional native conformations. For
fixed zj,, C\(T) becomes larger but T, becomes smaller as z
increases. For fixed z, both 7, only slightly for z=5 and z
=7, and C\(T)) increase when z, decreases. The quantity

E*ZK%
Cy(Ty) i 4)
obtained directly from Eq. (3), is also plotted in Fig. 2, with
E*=-24, for Kk,=0.6, k,=0.8, and «,=1.0. These curves per-
mit direct visualization of «, values for different heat capac-
ity peaks and emphasize opposite effects on calorimetric co-
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FIG. 2. Heat capacity curves for n24D2a (a), n24D2b (b), and
n24D2c (c), obtained by the simple histogram technique from long
Monte Carlo trajectories of 108 or 10° time steps (1 time step equals
N=24 move attempts), recorded at 10* time steps intervals, at tem-
peratures close to Ty Appropriate conformational sampling was
checked by small control simulations at different temperatures. Heat
capacity curves are plotted with two types of lines, depending on z,.
For each z;,, z increases from 3 to 5 and then to 7 as the heat
capacity maximum shifts to lower temperatures. Monotonically de-
creasing curves represent the expression of Eq. (4) for k, values of
0.6, 0.8 by 1.0, as labeled in (a), and indicate the height of absorp-
tion peaks that would correspond to the given k, value.
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TABLE 1. For each combination of z and z;,, the table shows Ty
and Cy/(T}) obtained directly from the heat capacity curves shown in
Fig. 2 and cooperativity parameters k, and (). for the three two-
dimensional native conformations under consideration.

z/z, 3/3 5/3 7/3 3/2 5/2 712

Ty n24D2a 092 0.69 0.61 105 072 0.62
n24D2b  0.87 068 0.60 1.02 070 0.61
n24D2c 086 0.67 0.60 097 0.69 0.61

Ky n24D2a 047 0.63 0.66 065 084 0.86
n24D2b 044 063 0.62 0.63 083 0.83
n24D2c 046 0.64 0.63 059 077 0.78

n24D2a 33 163 252 8.5 440 64.6
n24D2b 3.1 169  20.1 80 429 570
n24D2c 35 184 21.0 6.7 347  45.0

operativity of the smaller 7 and larger C\(T) resulting from
an increase of z.

Small differences are observed in the exact numerical val-
ues, however. ()., which ranges from 10 to 100 in real two-
state proteins [20], increases in the case of n24D2a from
0(3/3)=3.3, for the original model with z=z,=3, to
0.(7/2)=64.6, for z=7 and z,=2 while x, becomes as high
as k»(7/2)=0.86 for this most cooperative model, signifi-
cantly closer to unity than the original value of k,(3/3)
=0.47. Folding transition temperatures and cooperativity pa-
rameters are consistently lower for n24D2b when compared
to n24D2a with the same z/z, ratio. Maybe more signifi-
cantly, calorimetric cooperativity does not always increase
with z/z;, as could be suggested by the results for n24D2a.
For n24D2b ,(7/2)=k,(5/2)=0.83 and k,(5/3)=0.63
> Kk,(7/3)=0.62. It appears therefore that there is an optimal
z/z;, combination which happens to be slightly dependent on
native topology. Since the conformational entropy of real
unfolded proteins has been estimated from calorimetric data
to correspond to around eight conformations per monomer
[1] while backbone hydrogen bonds can be formed in
a-helical or B-strand local conformations, it is interesting to
note the z/z;, values in the present study do not seem unre-
alistic. Folding temperatures for n24D2c tend to be very
similar to the corresponding temperatures for n24D2b but its
cooperativity parameters for z,=3 tend to be higher, in some
cases being actually even higher than corresponding values
for n24D2a [k,(5/3)=0.64, Q.(3/3)=3.5, and Q.(5/3)
=18.4]. For z,=2, however, cooperativity parameters have
consistently the lowest values among the three conforma-
tions for n24D2c. This observation certainly results from the
fact that three monomers are connected by covalent bonds
with an angle of 180° in n24D2c¢ [Fig. 1(c)] and are therefore
restricted as in z,=3 instead of z,=2, while for the other two
conformations this is the case for only one monomer [Figs.
1(a) and 1(b)].

The hydrogen bond effect can be seen more clearly in the
entropy function obtained directly from the density of states
of the models, S(E)=In(g(E)), as shown in Fig. 3 for
n24D2a. The most obvious effect of increasing z is the ex-
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FIG. 3. Microscopic entropies, S(E)=In(g(E)), for n24D2a ob-
tained by the simple histogram technique and used to generate the
heat capacity curves shown in Fig. 2(a). Each panel contains two
curves corresponding to z,=3 and z;,=2 and a single value of z=3
(a), z=5 (b), and z=7 (c). Straight lines connecting points (E"
=-24,0) and (E=0,5(0)), for z;=2, which actually would be es-
sentially identical for z;,=3, facilitate the visualization of the in-
crease in concavity as z;, decreases. Repetition of three straight lines
in all diagrams facilitates the comparison between different values
of z.

pected increase in the maximal entropy, which happens to
correspond to unfolded conformations with E=0 in these
models, and a directly related decrease in Ty, which in itself
contributes to a decrease in cooperativity. Since the entropy
of low energy conformations is not affected as much, how-
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FIG. 4. Heat capacity curves for the three-dimensional model
with native conformation n40D3a and hydrophobic (a) and Go (b)
potentials. These curves were obtained from long trajectories of up
to 4 X 10° time steps (1 time step=N=40 move attempts) at differ-
ent temperatures by standard histogram techniques. Each panel con-
tains two curves corresponding to the presence or absence of effec-
tive lattice coordination reduction. Note the difference in scale
between the two panels.

ever, the net result is a significant increase in the convexity
of the curve, a sufficiently sharper heat capacity peak and an
overall increase in calorimetric cooperativity. This distinctive
entropic effect on low energy conformations, when com-
pared to their high energy counterparts, is similar to the en-
tropic reduction of low energy conformations previously ob-
served in a homopolymer model with a more explicit,
spinlike consideration of hydrogen bonds [22]. The stronger
temperature dependence of (), on z when compared to «,, as
seen in Table I, is consistent with the major dependence of
the transition sharpness on the entropy of the unfolded state
[10]. The behavior of the calorimetric cooperativity, on the
other hand, appears to be more significantly affected by the
convexity itself. Straight lines connecting the points (E*
=-24, S(-24)=0) and (E=0,5(0)) are shown in order to
facilitate visualization of convexities. Their inclinations
would correspond to the inverse transition temperatures of
perfectly two-state transitions between two macroscopic
states with E=-24 and E=0. We note that the most impor-
tant feature of the density of states for the cooperative mod-
els is not the number of conformations in itself but the con-
vexity of the microscopic entropy curve, S(E)=In(g(E)). In
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particular, the number of conformations does not have to be
0 for essentially all intermediate energy values between E
=E" and E=0, as could be suggested by a parabolic (con-
cave) microscopic entropy derived from a hypothetical
Gaussian density of states [10], but can actually increase
continuously as it is almost unavoidable in any polymeric
system.

Figure 4 shows heat capacity curves for the three-
dimensional model with the hydrophobic (a) and Go (b) en-
ergy functions. As previously described [15,21], the shoulder
on the heat capacity curve for the hydrophobic energy func-
tion (a) corresponds to a compaction (or expansion) transi-
tion at a higher temperature than the folding transition. Calo-
rimetric cooperativity is correspondingly small, with «,
=~().27, because a significant amount of heat is absorbed by
the unfolded state while the chain expands [21]. As seen by
the second curve in the same panel, lattice coordination re-
duction does not significantly affect the folding transition
peak, and there is only a slight increase in the cooperativity
parameter «,=~0.28. The compaction transition shoulder,
however, is more significantly affected and becomes more
pronounced. This result is very informative since it indicates
that the implemented lattice coordination reduction mainly
affects compaction, as could actually be expected, and not
the folding transition in itself. When both transitions occur
concomitantly, however, as for the two-dimensional models
described above, an increase in the cooperativity of the com-
paction transition would automatically result in a corre-
sponding increase in the folding transition. This hypothesis is
also consistent with a more significant increase in calorimet-
ric cooperativity upon lattice coordination reduction for the
Go potential with the same three-dimensional native struc-
ture, as shown in Fig. 4(b). In this case folding and compac-
tion occur concomitantly [21] and cooperativity increases
from x,~=0.79 to «x,~=0.85.

IV. CONCLUSION

We have investigated the effect of lattice coordination re-
duction upon chain compaction on the folding cooperativity
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of minimalist hydrophobic protein models. Coordination re-
duction is intended to mimic a purely entropic effect result-
ing from the requirement that polar groups in the protein
backbone must form hydrogen bonds concomitantly to their
burial inside the apolar internal region of the globular struc-
ture. The effective dependence of monomer hydrophobicity
on local conformation can be considered to take into some
account many-body interactions, being similar in this general
sense to the environment-dependent hydrogen bond enthalp-
ies investigated by Chan and co-workers [12]. The explicit
modification of conformational entropy additionally suggests
that the observed effect might be related to so called “capil-
larity models,” also studied by Chan [10] after ideas previ-
ously developed by Freire and co-workers [23], according to
which the polymer chain consists of a priori cooperative
segments. A more extensive investigation, possibly involving
sequence optimization [24], different structures, chain
lengths, and z;,/z combinations, would be useful to determine
the limits of coordination reduction on thermodynamic fold-
ing cooperativity and to clarify possible relations with these
previously proposed schemes. The corresponding effect on
folding kinetics [25] must also be investigated. Additionally,
since lattice coordination reduction appears to increase fold-
ing cooperativity mainly through its effect on chain compac-
tion, as could actually be expected, studies using even sim-
pler, homopolymeric models are likely to provide interesting
insight. Our present results, however, already show that this
very simple and physically motivated mechanism can dra-
matically affect the behavior of minimalist models, suggest-
ing that an analogous entropic effect caused by hydrogen
bond formation is likely to be of fundamental importance in
any theoretical attempt to understand protein folding cooper-
ativity.
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