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Abstract Protein inhibitors that shift the thermodynamic
equilibrium towards a denatured state escape, in general,
the straightforward framework of competitive or allosteric
inhibitors. The equilibrium properties of peptides which
compete with the folding, or more precisely destabilize the
native state, of the human immunodeficiency virus (HIV)-1
protease monomer are studied within a structure-based
model. The effect of peptides that disrupt the hydrophobic
core of the protein can still be summarized in terms of an
inhibition constant, which depends on the thermal stability
of the protein. The state of the protein denatured by such a
peptide is more structured than its intrinsic denatured state,
but displays the same degree of compactness. Peptides that
target less buried regions of the protein are less efficient
and display a more complex thermodynamics that cannot
be captured in a simple way.
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Introduction

The biophysical understanding of functional inhibition
caused by the binding of a ligand to a semirigid protein is
in general good, lying at the basis of the classical theory of
inhibition (Segel 1993). By semirigid we mean that the
target, although displaying some conformational freedom,
can be pictured as populating one, or a few, thermody-
namic states characterized by well-defined conformations
(e.g., the native state of the protein, bound or unbound to
the ligand). In this way, one can develop a formal theory of
inhibition, including allosteric inhibition, in which the
conformational thermodynamics is summarized by one (or
a few) dissociation constants and whose main ingredients
are the binding enthalpy of the ligand and the associated
entropic loss (Finkelstein and Janin 1989).

Recently, light was shed on more radical inhibition
mechanisms, involving molecules which cause major
conformational changes in the target, and eventually the
disruption of its active site. Examples of this phenomenon
include dimerization inhibitors (Blasko et al. 2002; Zutshi
and Chmielewski 2000) and folding inhibitors (Broglia
et al. 2006, 2008; Pincus 1992). In all these cases the
ligand affects the conformational properties of the target
protein, shifting its thermodynamic equilibrium towards
states in which the active site is not formed, resulting in a
nonactive enzyme. This can, arguably, be viewed as an
extreme case of allosteric inhibition. However, while in
standard allosteric inhibition the target protein can usually
move between a few well-defined conformations (Monod
et al. 1965), in the present case the system can display a
richer and, consequently, much more complicated
thermodynamics.

A natural question that arises within this context is
whether one can use the standard armory of theoretical
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tools of protein inhibition to describe such nonstandard
inhibition phenomena. In an attempt to answer this ques-
tion, we present in what follows the results of a computa-
tional study of the aspartic protease of the HIV-1 virus.
This enzyme is an important target of standard treatment
against acquired immunodeficiency syndrome (AIDS). A
peptide with the same sequence as segment 83-92 of the
protease has been suggested (Broglia et al. 2005, 2006) to
disrupt the hydrophobic core (131, 151, 33L, 641, 841, 851),
preventing the correct folding of the monomer which
builds up the native dimer, thus making it inactive. The
target of this peptide is the complementary segment of the
protein that, in the native state, is in contact with seg-
ment 83-93, i.e., segment 24-34.

The HIV-1 protease (HIV-1-PR) is described with an
implicit-solvent atomic model interacting through a
structure-based potential (Go 1983). This approach
consistently lightens the computational cost of carrying
out thorough thermodynamic sampling of such a large
system while still giving a correct description of the
thermodynamics of the protein. In fact, structure-based
potentials have been shown to account for several
observables of proteins, such as the calorimetric prop-
erties (Shimada et al. 2001; Whitford et al. 2009), the
structure of the transition state (Clementi et al. 2000;
Lam et al. 2007; Sutto et al. 2006), the sequence of
events along folding pathways (Shimada and Shakhno-
vich 2002), and the binding of monomers into oligomers
(Levy et al. 2005). Although structure-based potentials
were originally developed to describe systems in which
only the experimental protein conformation displays
favorable interactions, they have been successfully
expanded to deal with more complex systems; For
example, aggregation of SH3 (Ding et al. 2002) and
superoxide dismutase has been described by including in
the native-oriented potential a domain-swapping (non-
native) term (Khare et al. 2005). In the present work, we
follow a similar strategy, assuming that peptides interact
with the protein exactly in the same way as the corre-
sponding segments of the protein do.

Previous works on the protease were carried out with
reduced models, accounting only for the C, atom of each
amino acid (Broglia et al. 2005; Cecconi et al. 2001;
Potestio et al. 2009; Tozzini et al. 2007). Although pro-
viding an overall qualitatively correct picture of the
dynamics of the protein, these models grossly misrepresent
the quantitative aspects of its thermodynamics. The reason
for this is that, in the C, model, the degrees of freedom of
the protein are oversimplified. Consequently the calculated
value of the system’s entropy and thus of the temperature
are wrong. On the other hand, all-atom models with a
structure-based potential provide a good approximation for
the entropy of the system, resulting in sensible estimates of
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a number of thermodynamic quantities, at least in terms of
orders of magnitude.

Folding inhibition represents a novel and potentially
powerful way to inhibit deleterious proteins (see, e.g.,
Broglia et al. 2008 and references therein). Making use of a
suitable computational model, we show that one should be
careful in using the standard enzymatic theoretical frame-
work, for example, the inhibition constant, to interpret
folding inhibition data.

Results

Monte Carlo samplings of the conformational space of the
protease monomer allow calculation of the equilibrium
properties of the protease both alone and complexed with
peptides. The specific heat of the protease monomer alone
is displayed in the left panel of Fig. 1. The temperature in
the calculations was adjusted in such a way that the folding
temperature of the model coincides with the experimental
one of 49 °C (Sayer et al. 2008). The protein displays a
weakly cooperative transition between the native and a
denatured state. In fact, the ratio between calorimetric and
van’t Hoff enthalpy is o = 2.6, while it should be 1 for a
pure two-state system and its average 1.05 for small single-
domain proteins (Privalov and Khechinashvili 1974). This
lack of cooperativity in the folding transition of the
monomeric protease is not unexpected, since the protein
evolved as a dimer. The probability pp, that the protein is in
its denatured state, defined as the set of conformations
displaying root-mean-square diameter (RMSD) larger than
7 A (cf. right panel of Fig. 1), is shown in the top panel of
Fig. 2. Within the model, we interpret pp as an indicator of
the functional activity of the protein, assuming that, if the
monomer is in its denatured state, the HIV-1 protease is not
biologically active (Noel et al. 2009).

Similar simulations have been carried out for a system
built out of the monomeric protease and the peptide cor-
responding to segment 83-92 of the protease, and two
other peptides, namely that corresponding to seg-
ment 24-34, which has also been suggested as a possible
folding inhibitor of the protease (Broglia et al. 2005), and
peptide 4—13, as a negative control peptide, in a cubic box
of volume 10° nm® (see “Materials and methods”). The
length of the simulations is adjusted such that it provides a
sensible approximation to the equilibrium situation
[Fig. S1 in the Electronic Supplementary Material (ESM)].
The presence of each of the peptides does not change the
bimodal shape of the RMSD distribution (Fig. S2 in ESM),
but results in a decrease of o to 1.8, that is, in an increase of
the two-state character of the folding transition. The effect
of the peptides on the probability pp, is also displayed in the
top panel of Fig. 2. At about room temperature the
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Fig. 1 (Left panel) The specific heat of the protease monomer
obtained from Monte Carlo simulations. The temperature scale of the
model was adjusted so that the folding temperature of the model
coincides with the experimental one (7T; = 49 °C; Sayer et al. 2008),
as marked by the vertical red solid line. The high-temperature peak
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Fig. 2 (Top panel) Probability pp that the HIV-1 protease monomer
is in its denatured state as a function of temperature for the monomer
alone (blue triangles) and complexed with peptide 83-92 (red open
squares), 24-34 (green filled circles), and 4-13 (black open circles).
(Bottom panel) Probability that the peptide is bound to the protein

inhibitory effect of peptide 83-92 is very marked, followed
by that of peptide 24-34 and of peptide 4-13. Increasing
the temperature, all the curves converge to large values of
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(T =~ 100 °C) marks the coil-globule transition. (Right panel) The
probability distribution of the RMSD with respect to the native
conformation at T = 44 °C (solid red curve), T = 3.6 °C (dotted blue
curve), and T = 69 °C (green triangles), respectively

pp because the denatured state of the protein is stabilized
by its larger entropy with respect to the native state, thus
reducing the inhibitory importance of the peptides. More-
over, pp is increasing with respect to temperature in the
case of peptides 24-34 and 4-13, while it is nonmonotonic
(and slightly decreasing at biological temperature as
compared with room temperature) for peptide 83-92,
indicating that the entropy associated with the state dena-
tured by this peptide is smaller than that associated with the
other two peptides.

Structural properties of peptide-denatured state

The degree of compactness of the denatured state stabilized
by the three peptides does not change significantly (<10 %)
with respect to that of the intrinsic denatured state of the
protease (Fig. S3 in ESM). On the other hand, the corre-
sponding denatured state results particularly structured; for
example, the state of the protein denatured by pep-
tide 83-92 at T = 24 °C (Fig. S4 in the ESM) displays the
three native f-hairpins (10-19, 43-58, and 60-77) partially
formed and several native and nonnative contacts between
segment 20—40 and 70-95. From the structural point of
view, it displays interesting similarities with the chemically
denatured state, as studied experimentally by nuclear
magnetic resonance (NMR) techniques; For example,
secondary chemical shifts of the protease in 6 M guanidine
indicate that residues 43, 44, 53, 55, 56 (corresponding to
the second hairpin in the native conformation) and 66, 69
(corresponding to the third hairpin) display large beta
propensities (Bhavesh et al. 2001). Moreover, residues 16,
18, 48, and 50 display high 5N transverse relaxation rates,
indicating constrained motion of that part of the chain
(Bhavesh et al. 2003).

The above calculations also provide the probability py,
that a peptide is bound to its target in the monomer,
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operatively defined as the probability that any atom of the
peptide displays an attractive interaction with the monomer.
The values of p, for the three peptides are displayed in the
lower panel of Fig. 2 as a function of temperature. At vari-
ance with what usually happens in conventional protein
inhibition, the binding probability p,, behaves, as a function of
temperature, very differently from the way the probability pp
that the protein is inactive behaves. In other words, binding is
not related to inhibition in a straightforward way.

Thermodynamics of peptide-denatured state

The complex impact of the peptides on the equilibrium
conformation of the HIV-1-PR monomer can be investigated
by plotting the free energy of the monomer incubated with the
corresponding peptides as a function of the overall RMSD of
the protein and of the distance between the peptide and its
target segment in the monomer (see “Materials and meth-
ods”). An example of such free energies calculated at room
temperature is shown in Fig. 3, in comparison with the free
energy of the monomer alone. The binding of peptide 83-93
to the protease results in a shift of the native state to a
denatured state, displaying RMSD ~ 10 A, that is an
ensemble of conformations which, on average, are more
structured than the metastable denatured state in absence of
the peptide. This is in keeping with the fact that the mono-
mer—(83-92) complex displays native-like structure involv-
ing the exogenous peptide 83-92 and the segment 24-34 of
the monomer. Peptide 2434 displays, on the other hand, two
free-energy minima for the bound state, indicating that the
peptide also binds when the monomer is folded.

Since the binding of segment 24-34 to segment 83-92 is
critical for the folding of the protease monomer (Broglia et al.
2005; Cecconi et al. 2001), it is of interest to map out the
dependence of the free energy on the RMSD of the whole
protein and of the structure built out of segments 24-34 and
83-92. The results, calculated at room temperature
T = 24 °C, are displayed in Fig. 4. In the case of the mono-
mer by itself, aside from the native minimum, the system
populates states where segments 24—34 and 83-92 are native-
like but the protein is overall unfolded, as well as states where
neither this substructure nor the whole protein are structured
(see also the free energy at the folding temperature in Fig. S5
of the ESM). The picture changes in presence of pep-
tide 83-92, which causes a broadening of the free-energy
minima and the population of several denatured states,
including one where the protein is only slightly denatured but
the 24-34/83-92 structure is not formed. Peptide 24-34
induces the stabilization of a native-like state where the region
24-34/83-92 is distorted, while peptide 4—13 has little effect
on the stability of the native state, although it populates states
which are slightly denatured and in which the region 24-34/
83-93 is nonnative.
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Fig. 3 Free energy (kJ/mol) of the monomer incubated with
peptide 83-93 and 24-34 as a function of the overall RMSD and of
the distance between the peptide and the monomer at room
temperature 7' = 24 °C

A thermodynamic model for folding inhibition

The computational results obtained above can be inter-
preted within a simple thermodynamic scheme. The sim-
ulations indicate that, in all cases, the presence of the
peptides does not invalidate the two-state behavior (native/
denatured) of the protein (cf. Fig. S2 of the ESM). More-
over, the short-range character of the interactions allows
the conformational space to be divided sharply into a
subspace where the peptide is bound to its complementary
segment of the protein, and one where it is not. Conse-
quently one can define four states and assign them equi-
librium probabilities such that

PNb + Pob + PNu + Pou = 1, (1)

where the subscripts “N” and “D” indicate the native and
the denatured states of the monomer, while the subscripts
“b” and “u” indicate the bound and unbound states of the
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model is reported in Fig. 5. Each of the probabilities
satisfies, at equilibrium, Boltzmann statistics, that is,
p = exp(—AF/RT)/Z, where AF is the free energy of the
state in question defined with respect to a given reference
state. Choosing for this, at each temperature, the state Nu,
that is, the state in which the peptide is unbound (thus
AFn, = 0), the free energies of the other states can be
written as

AFpy, = AFungord + Epp + TS, + TSk(0), (2a)
AFny = E,, + TS, + TSx(0), (2b)
AFpy = AF o, (2¢)

where AFO .\, = Fp — Fy is the denaturing free energy of
the monomer by itself, while AF 9 = Fry — Fx is the
unfolding free energy associated with the denatured state
D’ (conformation inside dashed curve in Fig. 5a) in which
the peptide is complexed, as a rule in terms of locally
native-like binding, with the denatured monomer.

The quantity Ep,(E;,) is the interaction energy between
peptide and the denatured (native) protein. In keeping with
the fact that the exogenous peptide inhibits folding by
substituting one of the two complementary segments of the
protein in their native state, Ey;, is likely to be close to the

Sp(S,) represents the entropic loss associated with the
internal degrees of freedom of the peptide binding the
denatured (native) state, while S, is the entropic loss
associated with the roto-translational motion of the pep-
tide upon binding. This is the only quantity entering the
expressions introduced in (2a-2c) which depends on the
concentration p of the peptide (Finkelstein and Janin
1989).

Denaturation by peptide 83-92

In the case of peptide 83-93, the probability that the
monomer—peptide system is in the state Nb in which the
peptide is bound and the protein is in the native state is
quite negligible (Fig. 3; pno & 107%). In keeping with this
(expected) result of the simulations, one can thus calculate
AFpy, from the ratio between the Boltzmann probabilities

1

PNu = )

exp[—462] + exp| - L] 41

(3)
e
- 0 )

exp[— 2] + exp|— g + 1

obtaining
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Fig. 5 A sketch of the thermodynamic model. Green circles indicate
the folded protein, red broken circles indicate the denatured protein,
and the blue symbol indicates the peptide. a Db: the state in which the
protease monomer is denatured due to its binding to the peptide;
b Nb: the state in which the protease monomer is folded, the peptide
being bound to its surface; ¢ Du: the state in which the protease
monomer is in its intrinsic denatured state, the peptide being unbound
[noting that this state is different from that appearing in a, which is
surrounded by a dashed curve for easy reference, see also text after
Eq. (2a—2c) as well as the caption to Fig. 6]; d Nu: the state in which
the protein is in the native state and the peptide is unbound (this being
the reference state; the native conformation of the monomer is
encircled by a dashed curve for easy reference). In a and b the
peptide—protein interaction is also indicated

AFpy = —RT10g?® = _RT10g 2. (4)
PNu PN

In the above equation use was made of the fact that, if the
state Nb can be neglected, the probability associated with
the state Db is equal to the overall probability p,, that the
peptide is bound. Similarly, the probability of the system
being in the state Nu becomes equal to the overall proba-
bility py that the protein is folded. This general result is
rather useful because the quantities p, and py can usually
be obtained experimentally. The calculated values of AFpy,
are displayed in Fig. 6. Deeper understanding of the cor-
responding results can be obtained by further splitting
the free energy AFp, into its components, following
Eq. (2a-2c).

The value of S, is obtained by the analytical treatment
described in Finkelstein and Janin (1989) as

1 R X
St :Rlogm—glog&x , (5)

where the first term accounts for the translational entropy,
p=10"° A73 is the peptide concentration used in the
simulation, while 6x°> = 8 A is the volume defined by the
square-well interaction used in the model. The second
term in Eq. (5) accounts for the rotational entropy,
oo’ = 86x°/d> corresponding to the angular freedom of
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Fig. 6 The variety of free energies associated with the inhibition of
the HIV-1 protease monomer by peptide 83-92. Filled circles
indicate the free energy AFp, of the denatured state bound to the
peptide, with respect to the native, unbound state [see Fig. 5a, d, and
Eq. (2a)]. Empty circles indicate a component of this free energy
(AF 4nf01a), namely the unfolding free energy associated with the
denatured state D’ (in which the peptide is complexed with the
monomer) without taking into account either the interaction with
the peptide or the contributions associated with the peptide entropy
(see Fig. 5a, d, conformations inside dashed curves), while empty
squares indicate the unfolding free energy (AF2,to1a) of the isolated
free protein

the bound peptide, where d° = 7.7 x 10° A3 is the vol-
ume enclosed by the contact interface between the peptide
and the protein. With the above parameters one obtains
S = 7.5R.

The values of Ep, and S, cannot be obtained from the
present simulation, but are extracted from a sampling of
peptide 83-93 incubated with a peptide with the same
sequence as its target, i.e., segment 24-34 of the protein.
In this case, peptide 83-92 is expected to display, upon
docking with the target, the same binding energy E,, and
entropic loss S, as the corresponding event in which the
peptide binds to the protease monomer. The main differ-
ence between this event and the peptide—peptide case
under discussion is that the binding of 83-92 does not
have to pay the free-energy cost associated with monomer
unfolding, except for the part associated with structuring
of region 24-34. Thus, to determine the binding energy
E,, and the entropic loss S, associated with only the
structuring of peptide 83-92, we carried out two simula-
tions: (A) binding at equilibrium of peptides 83-92 and
24-34, and (B) binding of peptide 83-93 to a peptide with
the same sequence as peptide 24-34, but artificially
forced to rigidly occupy its native conformation (i.e., the
conformation that the corresponding segment of the pro-
tein monomer displays in the experimental native state).
Both binding probabilities (Fig. S6 in the ESM) are
expected to satisfy
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exp {_ E,,p+Tsp+Ts,[}
ppeptide _ RT (6)
b B Epp+TSy+TSx |’
_ Epp P it
1+ exp[ RT ]

where S, is the entropy loss associated with the internal
degrees of freedom of both peptides (simulation A) and of
only peptide 83-92 (simulation B). A least-squares fit to
the binding probability gives Ep, = —46.4 kJ/mol and
S, = 3.9R for simulation A and E,, = —53.1 kJ/mol and
S, = 1.9R for simulation B. The numerical values needed
in Eq. (2a—2c) are those resulting from simulation B. To
use this strategy making use of experimental data, one
faces the problem that only the binding probability corre-
sponding to simulation A can be measured. However, the
comparison of the two simulations suggests that the
entropy loss per monomer is approximately constant (3.9/
21 = 0.185 if both peptides are free to move, 1.9/10 = 0.190
if only peptide 83-92 can move). Consequently, one can
measure the binding probability of two peptides that are free to
move, and extract the entropy associated with one of the two,
from the ratio of their lengths.

Substituting into Eq. (2a-2c) the numerical values
obtained above, one obtains

AFnfold = AFpy — Epp — TSy — TSy,

whose behavior as a function of temperature is displayed in
Fig. 6 together with that of AFY, calculated in absence of
the peptide, that is, the monomer by itself. The value of
AF n501q 18 positive at all temperatures, being larger than
that of AF° o1 indicating that the denatured state of the
protein bound to the peptide is energetically different from
the denatured state of the isolated protein. In particular, it is
more unfavorable than that of the protein in isolation. Its
weak dependence on temperature suggests that, at variance
with typical denatured states, it is mainly stabilized
energetically.

Summing up, unlike what happens in conventional
inhibition, peptide 83-92 causes a consistent conforma-
tional change in the monomer, likely disfavoring the for-
mation of the active native state, and for that it has to pay a
consistent additional free-energy cost, which is, at tem-
perature T = 2040 °C, larger (by 5-10 kJ/mol) than the
denaturing free energy of the protein.

Denaturation by peptides 24-34 and 4-13

In the case of peptide 24-34 the situation is more com-
plicated, because the state Nb is no longer negligible, and
the thermodynamics is controlled by all of the four states
introduced above. Inverting the Boltzmann distributions
and inserting the calculated probability of states Db and
Nb, one can obtain the associated free energies, which are
displayed in Fig. 7. The native state Nb of the protein with
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Fig. 7 Free energies associated with the inhibition of the HIV-1
protease monomer by peptides 24-34 (red) and 4-13 (green). Filled
circles indicate the free energy AFpy, of the denatured state bound to
the peptide, and filled triangles that (AFyy) of the native state bound
to the peptide, both calculated with respect to the native, unbound
state. Empty circles indicate the unfolding free energy AF 014, NEt Of
the interaction with the peptide (see also the caption to Fig. 6)

the peptide attached from outside displays a free energy
that is slightly larger than, but anyway comparable to, the
state Db denatured by the peptide. The component of the
peptide-induced denaturing free energy AF,,r1q associated
with the protein is very similar to the denaturing free
energy AFS toa of the protein alone, suggesting that the
state Db is thermodynamically similar to that in absence of
any peptide.

Control peptide 4—13 destabilizes the native state of the
protein by few kJ/mol (Fig. 7), displaying a AF,ro1q larger
than AF° o1 indicating an unfavorable (more native-like)
denatured state.

Equilibrium constants

From the above calculations it is simple to generalize the
simulations carried out at fixed concentration of peptides
(107% A=) to other concentrations. In fact, peptide con-
centration enters the free energies described by Eq. (2a—2c)
only via the roto-translational entropy S, whose depen-
dence on concentration is given in Eq. (5). A consequence
of this fact is that the probabilities associated with all
states, including their sums p, = pp, + pnp and
Pp = Ppb + Ppu, display a sigmoidal shape (cf. Eq. S1 in
the ESM) as in standard bimolecular binding, except for
the fact that pp converges to a nonzero value (i.e., pp
converges to a value obtained from the simulations of the
protease in the absence of any peptide) as the density
decreases to zero (cf. Fig. S7 in ESM).

An interesting issue concerning the concentration
dependence of the above probabilities is whether it is
possible to define some equilibrium constants to easily
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estimate the range of concentrations for which inhibition
takes place. The first difference from conventional inhibi-
tion is that, in general, binding and inhibition curves (i.e.,
the probabilities associated with the unbound and with the
denatured state, respectively) are quite different from each
other, so one does not expect to capture all the thermo-
dynamics by a single equilibrium constant (see Fig. 2). The
definition of a dissociation constant is straightforward,
that is,

(7)

ko — l—pb_ |: AFu—AFb:|
D=p =pexp|———o——|-

Pob RT

If one substitutes here Eq. (5) and the expressions of the
free energy of the unbound state AF, = —RT log[exp
(—AFNJ/RT) + exp(—AFp/RT)] and of the bound state
AF, = —RT loglexp(—AFnu/RT) + exp(—AFpy/RT)], one
obtains an expression which is independent of the con-
centration p. The temperature dependence of this constant
is shown in the top panel of Fig. 8.

Similarly, one could define an inhibition constant ki
based on the probability that the protein is in the inactive
denatured state D, that is,

l—pD_ ex _AFN—AFD
0P RT |

ki=p (8)
The problem here is that, in general, k; is not independent
of p due to the nontrivial mix of concentration-dependent
and concentration-independent terms in the free energies of
Eq. (8) (cf. Eq.S3 in the Supplementary Material).
Consequently, k; is not appropriate for the purpose of
estimating the inhibitory concentration of a peptide, except
in the limit of large AF ta or the absence of a
populated Nb state, as in the case of peptide 83-93 at
low temperature (cf. above). On the other hand, if the Nb
state is populated, no meaningful definition of an
equilibrium constant in terms of concentration is
possible. If this is not the case, but still there is a
populated Du state, one can define the constant

1 — poo exp [—%} +1

=p

Pov " exp[-Sa(p)] exp| — et

ki=p

©)

which provides a measure of the net effect of the peptide on
the folding of the protein, which is concentration inde-
pendent. Experimentally, Eq. (9) can be determined as
Ppb = Pp — po, where pd is the probability associated
with the denatured state of the protein in absence of any
peptide. Of course, in the limit in which p is negligible,
one obtains the simple behavior shown by peptide 83-92.
The temperature dependence of & as defined in Eq. (9) for
peptide 83-93 is displayed in the bottom panel of Fig. 8.
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Fig. 8 (Top panel) The dissociation constant for the protein
complexed with peptide 83-92 (red open squares), 24-34 (green
filled circles), and 4-13 (black open circles). (Bottom panel) The
inhibition constant for the protein complexed with peptide 83-92
(red open squares) and 413 (black open circles)

An important feature of the inhibition constant (9) is
that, unlike those involved in conventional inhibition, it
depends strongly on the stability AF® o1 of the protein (cf.
Eq. 9). This means that mutations in the protein that do not
affect the binding site of the peptide but anyhow change the
overall stability of the protein are able to modify the
inhibition constant (9). The behavior of k; for pep-
tide 83-92 as a function of the stability of the protein in
isolation is displayed in Fig. 9 (similarly, an estimate of the
change in k; upon modification of the peptide, causing a
change Ae¢ in the interaction energy E,,, is shown in
Fig. S8).

Inhibition of HIV-1-PR dimer

The above discussion on the inhibition constant ky for the
monomeric HIV-1 protease can be easily extended to
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include the dimeric phase of the enzyme. Defining p, as the
probability that the protein is in dimeric form and p; as the
probability that is in the monomeric form, then
p> + p1 = 1. Thus, Eq. (1) can be extended to include the
folded dimeric protein,

P2+ pi X (Pnu + Pou + pov) = 1, (10)

where we neglect the term pyy,, considering only the case of
the protein complexed with peptide 83-92. The
dissociation constant between dimer and its monomer
(kpp; of notice that in this case D stands for dimer and P for
protein monomer) is, by definition,

AF, — AFZ]

; (11)

kpp = pg exp [— RT

where pg is the concentration of the enzyme and AF, =
—RT loglexp(—AFp/RT) + exp(—AFpy/RT) + 1]. The
partition function of the system is

Z—1+ AF, AF; — AF,
= X _—_— X —_—
P\ TR | P RT
AF k
—exp|———=| ([ 1+22), (12)

RT PE

and the probability of the monomeric form is then

p= Rl ke (13)

z PE + kpp

Modifying Eq. (9), the inhibition constant associated with
the peptide can then be rewritten as

1 — p1ppy
P1PDb
tE _|_ exp{ lml'()ld:| + 1

n(p )/R}exp[ W} )

ki=p

~lexp[—S
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Fig. 9 Inhibition constant of peptide 83-92 as a function of the
thermal stability of the protein

which is independent of the concentration p of peptide
because it cancels out in the denominator of the above
equation. On the other hand, k; depends on the protein
concentration, a quantity which can shift the monomer—
dimer equilibrium value. Such a dependence is shown in
Fig. 10 as a function of the dissociation constant kpp.

Materials and methods

The protein is described in terms of all its heavy atoms,
which interact through a potential of the form

=——Z@<105r —r )—|r, rj|) <035nm ‘rN—rJND

520 =)
Dol -os} )] " Sofossm |2 -7

+Z[9(|r,~7rj|70.2nm)} +0-SZ (1 4 cos[p; — oni])

+025) (1 +cos3(p; —

r -1 ‘—|r,—r,|> (0.35nm—

(pNi)D7

where r; is the coordinate of the i-th atom, > is its coor-
dinate in the native conformation, the function 6 is a step
function which takes the value 1 if its argument is positive
and zero otherwise, ¢, is the dihedral associated with the
ith Ramachandran dihedral, and ¢y; is its value in the
native conformation. Thus, the two-body term defined by
the first two sums introduces a double square well which
roughly approximates a Lennard—Jones potential and
whose minimum lies close to the native distance of each
pair. The third sum defines a hard-core repulsion for native

1015 T T T T T T 1

100

K (M)

107 3

102 |

1 0—3 [ T R T R
10% 10° 10* 102 10° 107
Pe’kpp
Fig. 10 Inhibition constant for the HIV-1-PR dimer incubated with
peptide 83-92 at T = 24 °C as a function of the ratio pg/kpp between

the concentration of protein and the monomer—dimer dissociation
constant kpp
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pairs at a distance slightly shorter than the native distance,
and the fourth term defines a global hard-core repulsion
between any pair of atoms at 0.2 nm (which can overrule
the previous one). The system is constrained in a cubic box
of side 10 nm.

The atoms belonging to the peptide corresponding to
segment i—j of the protein interact in a way that is identical
to that of the corresponding atoms in the protein.

The sidechains can move rigidly among the rotamers
defined in Lovell et al. (2000).

The native conformation of the protease is taken from
structure 1BVG of the Protein Data Bank. Native contacts
are defined for those pairs of heavy atoms which are closer
than 0.35 nm in such a native conformation.

The equilibrium sampling is carried out through a Monte
Carlo scheme at fixed temperature, including pivot moves,
multiple pivot moves (Shimada et al. 2001), movement of
the sidechains among their rotamers, and displacement of
the center of mass.

Simulations with the peptide are carried out by inserting
the peptide into the box at a random position, detached
from the protein, and moving it according to the same
Monte Carlo scheme as used for the protein.

The specific heat is calculated by means of the multiple
histogram method (Ferrenberg and Swendsen 1989). First,
the average energy and the associated standard deviation
are obtained as a function of temperature, and then the
standard deviation is used to calculate the specific heat by
making use of the fluctuation—dissipation theorem.

The free-energy landscapes are calculated by simply
inverting the Boltzmann distribution.

Discussion

The inactivation of an enzyme obtained by blocking its
folding to the native state is qualitatively different from
conventional competitive or allosteric inhibition. The
inactive form is an entropy-rich state composed of dena-
tured conformations. The binding of peptide 83-92, to
which we refer in what follows, is incompatible with the
formation of the hydrophobic core of the native monomer.
The result is a monomeric denatured state which is how-
ever more structured than the intrinsic denatured state of
the unbound monomer. In fact, the denatured state induced
by the peptide displays a free energy which is larger by
several RT than that of the intrinsic denatured state.

At both low temperature, where inhibition involves only
two states, and higher temperature, where also the intrin-
sically denatured state is populated, it is possible to define
an inhibition constant k; which indicates the inhibitory
concentration of the peptide. At variance with conventional
inhibition, in the case of folding inhibitors the value of k; is

@ Springer

in general different from the binding constant kg. However,
the most peculiar feature of this kind of strongly allosteric
folding inhibitors is that the value of k; depends on the
intrinsic stability of the protein, that is, on AF° ol
Although we do not expect that the simple structure-based
model employed in the present simulations can provide a
quantitatively accurate inhibition constant, it contains the
physical ingredients needed to reveal the qualitative
behavior of k; as a function of AFﬁnfold shown in Fig. 9.
The resulting picture suggests that the ability of the peptide
to inhibit the protein can be environment dependent, as
different cellular environments can modify the intrinsic
stability of the protein. Moreover, a strategy that the virus
could follow to develop pharmacological resistance against
the peptide is to stabilize its native state, mutating sites
which can be far away the target region. These are all
problems which should be dealt with when attempting to
turn the peptide into an antiviral drug.

The model shows that, as the peptide binds to the inte-
rior of the denatured protein, it has to pay an additional
energy cost compared with if it had to bind to the protein
surface, namely the cost of denaturing the protein. This
cost is somewhat larger than the full intrinsic denaturing
free energy of the protein, because it refers to a different
denatured state. At room temperature, the full denaturing
free energy of monomer denaturation is 10 kJ/mol
according to the model, which is comparable to the typical
experimental values of monomeric variants of the protease
[i.e., 5.1 kJ/mol for the A96-99 mutant at pH 6 in sodium
phosphate buffer (Noel et al. 2009), but of course variable
with mutation and with environmental conditions]. On the
other hand, the free energy cost that the peptide pays to
denature the protein is 16.4 kJ/mol, according to the model
calculations. The reason is that the peptide stabilizes a
denatured state that is more unlikely than the intrinsic
denatured state of the protein because of its lower entropic
content.

The monomeric HIV-1 protease reflects the state of the
protein when embedded in the precursor (Chatterjee et al.
2005; Tang et al. 2008). After cleavage from the precursor,
the protease dimerizes, something which further stabilizes
the native state of the monomer. Thus, the inhibition con-
stant of peptide 83-92 increases following the behavior
described in Fig. 10. The dimerization constant of the
protease varies consistently according to the specific
sequence and the environmental conditions, ranging from
picomolar (Todd et al. 1998) to micromolar (Xie et al.
1999). Consequently, also the effect of dimerization on the
inhibition constant of the peptide varies accordingly.

The thermodynamics associated with binding of the
other two peptides is more complex, and cannot be sum-
marized into an inhibition constant. Peptide 24-34 can
bind both the interior of the protein, preventing folding,
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and the outside, which could also be of interest to prevent
dimerization. The overall binding tendency to the protease
is much larger than that of peptide 83-92, but with a
smaller monomeric inhibitory effect.

Conclusions

The use of a simplified structure-based model allows
exploration of the thermodynamics of HIV-1 protease
complexed with folding inhibitor peptides, something that
explicit-solvent computational models cannot do. The
effect of peptides which compete with the formation of the
hydrophobic core of the protein can be described effec-
tively in terms of an inhibition constant which depends on
the thermal stability of the protein, including its dimerized
state. Peptides targeting other regions of the protease have
a smaller inhibitory effect and a more complicated ther-
modynamics. Anyway, the denatured state stabilized by
such peptides is different, and more structured, than the
intrinsic denatured state of the protein.
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