6588 Biochemistryl1997,36, 6588-6596
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ABSTRACT. A structural parametrization of the binding and folding energetics previously developed in
this laboratory accounts quantitatively for the binding of 13 HIV-1 protease inhibitors for which high-
resolution structures are available (A77003, A78791, A76928, A74704, A76889, VX478, SB203386,
SB203238, SB206343, U100313, U89360, A98881, CGP53820). The binding free energies for the
inhibitors are predicted with a standard deviationtdf.1 kcal/mol or+£10%. Furthermore, the formalism
correctly predicts the observed change in inhibition constant for the complex of A77003 and the resistant
protease mutant V82A, for which the high-resolution structure is also available. The analysis presented
here provides a structural mapping of the different contributions to the binding energetics. Comparison
of the binding map with the residue stability map indicates that the binding pocket in the protease molecule
has adual character half of the binding site is defined by the most stable region of the protein, while
the other half is unstructured prior to inhibitor or substrate binding. This characteristic of the binding site
accentuates cooperative effects that permit mutations in distal residues to have a significant effect on
binding affinity. These results permit an initial assessment of the effects of mutations on the activity of
protease inhibitors.

The development of successful strategies for structure-viral maturation. Several HIV-1 protease inhibitors are
based molecular design requires the ability to accurately already in clinical use and have shown significant promise
predict binding affinities from structural considerations. in combination therapies that include nucleoside inhibitors
Previously, we have reported a structural parametrization of or several protease inhibitors. A significant clinical outcome
the folding and binding energetics of proteins and peptides has been the emergence of viral strains that exhibit resistance
(D’Aquino et al., 1996; Gomez & Freire, 1995; Gomez et to multiple HIV-1 protease inhibitors (Condra et al., 1995;
al., 1995; Hilser et al., 1996; Luque et al., 1996). This Ho et al., 1994; Kaplan et al., 1994; Roberts, 1995; Tisdale,
parametrization has been shown to be accurate enough td996). Loss of sensitivity to protease inhibitors occurs
predict the helical propensities of amino acids with an because the resistant viral strains encode for protease
accuracy of better than 0.2 kcal/mol (Luque et al., 1996) molecules containing specific amino acid mutations that
and to correctly predict the global stability of proteins and lower the affinity for the inhibitors, yet maintain sufficient
the stability constants per residue as reflected in the patternaffinity for the substrate. The origins of the resistance are
of NMR-detected hydrogen exchange protection factors still unclear. While some of the observed mutations are
(Hilser & Freire, 1996ac). Here, we report the application located directly in the binding site, other mutations are far
of that methodology to the association of 13 different away from the binding pocket. It is also apparent that
inhibitors of the HIV-1 protease for which high-resolution different inhibitors elicit different mutational patterns and
crystallographic structures are available. Inhibition constants that the patterns of cross resistance are not the same, despite
for these inhibitors, some of which are in clinical trials or the fact that all inhibitors target the same binding site.
clinical use, are available. The 13 inhibitors are A77003, The development of a new generation of protease inhibi-
A78791, A76928, A74704, A76889, VX478, SB203386, tors that effectively addresses the issue of resistance requires
SB203238, SB206343, U100313, U89360, A98881, and a better understanding of the interactions, both between
CGP53820 (Abdel-Meguid et al., 1994; Erickson et al., 1990; protease and inhibitors and between protease and substrates.
Fassler et al., 1993; Hoog et al., 1995; Kim et al., 1995; Lin The sequencing of viral isolates from patients undergoing
et al., 1993; Madhusoodan et al., 1994; Thaisrivongs et al., therapy with protease inhibitors has allowed identification
1995; Thompson et al., 1994). Their structures are shownof the location and character of the mutations but has
in Figure 1. The analysis was also performed on the complex provided no molecular description of the origin of resistance.
of A77003 with the inhibitor resistant protease mutant V82A The analysis presented here provides a detailed structural
for which the high resolution is available (Baldwin et al., mapping of the binding energetics for 13 different protease
1995). inhibitors and a quantitative account of the effects of V82A

The HIV-1 protease has been an important target for drug mutation on the affinity for the inhibitor A77003. As such,
development against HIV-1 infection due to its key role in these studies should help in the development of a new

generation of inhibitors.
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Ficure 1: Chemical structures of the 13 HIV-1 protease inhibitors considered in this paper. The original references for each inhibitor are
given in the text.
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1996; Gomez & Freire, 1995; Gomez et al., 1995; Hilser et AH,.{60)= —8.44AASA,,+ 31.4AASA,, (3)
al., 1996; Luque et al., 1996). These calculations require

the structures of the complex as well as the structures of theAt any other temperaturedHge{T) is obtained from the
unligated protein and unligated inhibitor. In this approach, standard thermodynamic equation:

the generic portion of the Gibbs energyGgen is calculated

from a separate computation of its enthalpy and entropy Angr(T) = Angn(ﬁo)+ ACP(T —33315) (4
components. This portion of the Gibbs energy contains those
contributions typically associated with the formation of
secondary and tertiary structure (van der Waals interactions,

hydrogen bonding, hydration, and conformational entropy). e
Additional contributions to the Gibbs energy of binding are enthalpy depepds on the ionization enthalpy of the buffer
(Gomez & Freire, 1995).

not separated into enthalpic and entropic components. They (b) The Entropy Changeln the calculation of the entropy

include electrostatic and ionization effects(i,,, and the X L .
contribution of the change in translational degrees of change two primary contributions are included, one due to
changes in solvation and the other due to changes in

AHgenneeds not be equal to the experimental enthalpy. For
example, it has been shown that for binding processes in
which protons are either released or absorbed the measured

freedom,AGy: conformational degrees of freedotiyed T) = ASo(T) +
AG = AGy,+ AG,, + AG, (1) AS.on]. The entropy of solvation is temperature dependent
while the conformational entropy is essentially a constant at
Generic Contributions to Gibbs EnergyThe most sig- different temperatures. The entropy of solvation can be

nificant structural/solvation contributions to the total free written in terms of the heat capacity if the temperatures at
energy of binding are contained in the te/A®gen = AHgen which the apolar and polar hydration entropies are ZErg4,

— TAS,en Which is calculated by estimating separately its and T*s ,o) are used as reference temperatures:

enthalpy and entropy components. The important structural .

changes for these calculations are the changes in apolar and ASii(T) = ASso o T) + ASsoiy pof T) (5)
polar solvent-accessible surface ares8$Az, andAASA) _ . .

and the distribution of interatomic distances between different ASio(T) = AC, 4o IN(TT*s 5 + AC, 5 IN(T/T* )
atom types which determines the packing density. (6)

The changes in accessible surface areas were calculatee,-*Sap has been known to be equal to 385.15 K for some
by implementing the algorithm of Lee and Richards (1971). e (Baldwin, 1986; Murphy & Freire, 1992) anitts o
In all calculations a solvent radius of 1.4 A and a slice has been recently found to be close to 335.15 K (D’Aquino

width qf 0.25 A \were used. In _orpjer to bette_r dpfine et al., 1996). While the entropy of apolar solvation appears
small differences in solvent accessibility between inhibitors ;o additive, the situation for polar solvation is known to

or mutants, 64 different protein/inhibitor orientations with depend on the number and proximity of polar functional
respect to the slicing plane were considered in the accessibl roups in the molecule (Cabani et al., 1981)

surface area calculations. These orientations were generate Conformational entropies upon binding or folding are

by rotatin_g the molecule "%m“”d they, andz.a>.<i_s every evaluated by explicitly considering the following three
90°. In this way, the resulting solvent accessibility for each .o +ibutions for each amino acid: (DS -ex the entropy

atom is the numerical average of the values obtained for all .\, g6 associated with the transfer of a side chain that is
molecular orientations. When the solvent accessibilities for buried in the interior of the protein to its surface; @

unfolded conformations are needed, a set of free energyyhe entropy change gained by a surface-exposed side chain
optimized values is used (Lque et al., 199.6)' when the peptide backbone changes from a unique confor-
(a) The Enthalpy Changeln binding or folding, the bulk mation to an unfolded conformation; and (RS, the

of the enthalpy change originates from the formation of onyqny change gained by the backbone itself upon unfolding
internal interactions (van der Waals, hydrogen bonds, etc.) o m 5" unique conformation. The magnitude of these terms

and the parallel desolvation of the interacting groups. NOt ¢, aach amino acid has been estimated by computational
surprisingly, the bulk of the enthalpy change scales both in 5 \vsis of the probability of different conformers as a

terms of AA.SA chgnges and the interatomic distances g,nction of the dihedral and torsional angles (D’Aquino et
between the interacting groups. At the reference temperature;; 1996 | ee et al.. 1994: Luque et al., 1996).

of 60 °C it can be written as (Hilser et al., 1996) Since the HIV-1 protease inhibitors considered here are
6 not peptides, a special parametrization was implemented in
Angr(Go): (OlarﬂL ﬁapuap )AASAap+ order to account for the change in conformational degrees
(o1 + BooUpo )AASA L + BriUrni AASA, (2)  of freedom between the bound and free forms of the
inhibitors. As shown in Figure 1, the total number of atoms
where the empirical coefficientsand have been estimated as well as the number of rotatable bonds varies between
from an analysis of the protein thermodynamic database andinhibitors. In general, the conformational entropy of the
are equal taay = —12.96,54p = 25.34,0p0 = 24.38, B0l inhibitor free in solution will be proportional to the number
= 16.57 andfmix = 16.42. The termdJ; represent the  of rotatable bonds. However, for a given number of rotatable
packing density of apolar, polar, and mixed atoms and are bonds, excluded volume effects will increase with the total
equal to the energy-weighted average of the ratio betweennumber of atoms in the molecule. Therefore, as a first
the separation distance at the minimum in the potential well approximation, the conformational entropy change of the
and the actual separation between atom types. For thenonpeptide inhibitors upon bindinghS,,, was considered
average packing density in proteins, eq 2 is well ap- to be alinear function of the number of rotatable borids)(
proximated by and total number of atom$Nfiomg:
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ASnp = KiNip + KoNygoms (7)
The coefficient,; andk, were estimated from a larger set
of nonpeptide inhibitors that includes also renin inhibitors.
The coefficientk; was found to be equal te-1.76 cal/
(K-mol), which is close to the conformational entropy value
observed for C-C bonds in long chain paraffins (Schellman,
1955a,b). The coefficield, was found to be equal to 0.414
cal/(K-mol) and essentially accounts for the conformational
entropy restrictions in the free inhibitor due to excluded
volume.

(c) The Heat Capacity Changél'he heat capacity change

is a weak function of temperature and has been parametrized
in terms of changes in solvent-accessible surface areas

(AASA) since it originates mainly from changes in hydration
(Gomez & Freire, 1995; Gomez et al., 1995; Murphy et al.,
1992):

AC,=AC, ,,t AC (8)

p.pol

p =
ac(TIAASA,, + bo(TIAASA; + c(T)AASA,, (9)

AC

where the coefficientac(T) = (0.45+ 2.63 x 10°4)(T —
25) — (4.2 x 1075)(T — 25 andbc(T) = (—0.26+ 2.85 x
104)(T — 25) + 4.31 x 10°5)(T —25%. The hydration of
the hydroxyl group in aliphatic hydroxyl side chains (Ser
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complex (K, < 2.5 and K, > 6.5, respectively) but similar
pKy's in the free form (i, ~ 4) (Smith et al., 1996; Wang

et al., 1996). The standard experimental assay for HIV-1
protease activity is at pH 4-75.5 (Abdel-Meguid et al.,
1994; Erickson et al., 1990; Fassler et al., 1993; Hoog et
al., 1995; Kim et al., 1995; Lin et al., 1993; Madhusoodan
et al., 1994; Thaisrivongs et al., 1995; Thompson et al.,
1994), which corresponds to the experimental range in which
the pH dependence of the activity is minimal (Hyland et al.,
1991; Smith et al., 1996; Wang et al., 1996). Under those
experimental conditions, the coupling to protonation/depro-
tonation is expected to be small.

Translational Entropy Contribution to Gibbs Energyhe
association of two or more molecules reduces the transla-
tional degrees of freedom available to those molecules.
There has been considerable discussion regarding the exact
magnitude of this term since no precise calculations are
available [see, for example, Janin (1995), Kauzmann (1959),
and Murphy et al. (1994)]. In our work (Gomez & Freire,
1995; Murphy et al., 1994), we have found that the value
that best accounts for experimental results is the cratic
entropy proposed by Kauzmann (1959). For the formation
of a bimolecular complex the cratic entropy is equaH®
cal/(K-mol), which amounts to approximately 2.4 kcal/mol
at 25°C.

Il. Calculation of Residue Stability Constants of the

and Thr) appears to contribute positively and not negatively Protease Molecule.An important set of parameters for

to AC, as previously assumed (0.17 ¢@t-mol~* A2 at 25
°C) (Gomez & Freire, 1995). In the equation abok&SA
changes are in Aand the heat capacity is in cal/#ol). In
general, for low-temperature calculations € 80 °C) the

mapping the structural stability of different regions of a
protein is given by the apparent residue stability constants.
For any given residue, the apparent stability constant per
residuei;, is defined as the ratio of the probabilities of all

temperature-independent coefficients are sufficient (Gomezstates in which that residue is folde®);, to the probabilities

& Freire, 1995; Gomez et al., 1995). Specific effects like of the states in which that same residue is not folded:
heat capacity changes associated to changes in protonation,

differential binding of ligands or denaturants, etc. need to
be considered individually (Gomez & Freire, 1995; Gomez
et al., 1995).

lonic and Electrostatic Contributions to Gibbs Energy.
Two types of electrostatic effects need to be considered in
this situation: Coulombic contributions due to the interac-

tions between charged sites and the self-energy arising fromThe apparent stability constant per residie.is the quantity
charging a single site or alternatively the self-energy arising that one will measure if it were possible to experimentally
from transferring a charge between environments with getermine the stability of the protein by monitoring each
different dielectric constants. These electrostatic contribu- ingjvidual residue. Therefore, variations in stability constants
tions were computed as described by Gafidioreno (1995)  per residue permit an evaluation of structural stability
using the standard equation: differences between regions of the protein. In many cases,
hydrogen-exchange protection factors measured by NMR
permit an experimental determination of the apparent stability
constants per residue (Hilser & Freire, 19963

The set of residue stability constants for the HIV-1 protease

whereZ is the chargey; is the radius of the charged particle, Molecule was _calculat_ed from the_ structure acco_rding to the
rj is the separation between two charges, ArmhdAare ~ COREX algorithm (Hilser & Freire, 1996ec) using the
the attenuation parameters in the complex and referencestructure of the free protein (1hhp) or protein structures
These parameters incorporate dielectric and screening effect®btained from the complex coordinates by removing the
as discussed in GdezMoreno (1995) and GaaMoreno inhibitor. A total of 126 496 states with degrees of folding
et al. (1997). ranging from the native to the completely unfolded states
Protonation effects are treated as described before (Gomeavere used in these calculations. The states were generated
& Freire, 1995) from a knowledge of th&kpof the groups by using a sliding block of windows of 16 amino acids each.
that change ionization state upon binding. For the proteaseThe Gibbs energy, partition function, and relative probability
molecule, the active site residues Asp 25 in each chain haveof the 126 496 states were calculated using the structural
been observed to have distinct protonation states in theparametrization of the energetics described above.

Pi
Pf)J
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Ki
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5000 by the positive enthalpy of desolvating hydrophobic groups.
B AGexp AGca'ﬂ The breakdown of the energetics is summarized in Table 1.

The heat capacity values listed in Table 1 are of the same
magnitude as those measured for other protease inhibitors
(Gomez & Freire, 1995). The magnitude of the heat capacity
changes is dominated by changes in solvation of polar and
nonpolar groups and is not expected to be significantly
affected by other interactions (Gomez et al., 1995). The
enthalpy values listed in Table 1 include only generic
contributions and cannot be compared directly to experi-
mental values since protonation and buffer effects are not
included. This generic enthalpy is composed primarily of
two opposite effects, a favorable component due to the
formation of van der Waals, hydrogen bonds, and other

Ficure 2: Predicted and experimental binding affinities for the 13 jhteractions between inhibitor and protease and an unfavor-
HIV-1 protease inhibitors considered here. The calculations were : .
performed as described using the corresponding PDB files for eachable component due to desolvation. Due to the highly

complex (A77003, 1hvi; A78791, 1hvj; A76928, 1hvk; A74704, hydrophobic character of the inhibitors the dominant term
9hvp; A76889, 1hvl; VX478, lhpv; SB203386, 1shg; SB203238, is the desolvation term. This is, however, not a general
1hbv; SB206343, 1hps; U100313, 2upj; U89360, 1gno; A98881, phenomenon as demonstrated for the binding of some peptide
1pro; CGP53820, 1hih). inhibitors which exhibits a favorable enthalpy under certain
conditions (Gomez & Freire, 1995)As shown in Table 1,

the structure/solvation terms included AGgen make the

I. Structure-Based Prediction of Inhibitor Affinities. Iarg'est.cpntribution to the total Gibbs energy of binding. Al

Figure 2 shows the predicted and experimental binding € inhibitors are highly hydrophobic and lack polar groups.
affinities for the 13 HIV-1 protease inhibitors considered For this reason, electrostatic interactions are predicted to

here. For those protease/inhibitor complexes for which the COntribute very little to the binding Gibbs energy. The only
structure of the free enzyme is available, the calculations significant electrostatic contribution described by eq 10 arises

were performed by using both the structure of the free 1O the change in the environment of Asp 25, Asp 29, and

enzyme (Spinelli et al., 1991) and the structure of the enzymeASp 3O.Whic.h may gontribu'te up to 0.'7 kcal/mol depending
in the complex but without the inhibitor as the unligated ©N the inhibitor. This contribution arises fr.om the tran§fer-
protein. The results were equivalent in both cases, the'iNd Of the charge from water to an environment with a
differences in Gibbs energies being smaller than 0.5 kcal/ SCmewhat lower dielectric constant. According to the
mol on the average. For those cases in which deviations€XPerimental results of GaeeMoreno et al. (1997) the

were larger (pdb files 2upj, 1hvi, 1hvj, 1hvk, Shvp) the dielectric constant in the interior of a protein is no lower
deviations were traced to the side-chain conformations of tNan~15. According to these authors, the dielectric constant
Phe 53B, Lys 55B, Arg 41A, and Arg 41B. These side of dlﬁerent protein regions ranges .between 15 and 78.5
chains are solvent exposed and far away from the binding 9éPending on the solvent accessibility.

site, indicating that the conformational differences are not Il. Structural Mapping of Protease Residues Contributing
related to the inhibitor. The statistical analysis of the data to Binding Affinity. For the entire set of inhibitors, essentially
reveals that the free energies of binding are predicted with the same set of protease residues, albeit with different
a standard deviation af1.1 kcal/mol and a standard error strength, was observed to contribute to the binding energetics,
of 0.3 kcal/mol. The standard deviation amounts to a relative reflecting the fact that they have been targeted to the same
uncertainty 0f10%. The correlation analysis between the site on the molecule. Table 2 summarizes those amino acids
experimental and predicteiiG values yields a slope of 0.982 in the protease molecule that contribute more than 0.1 kcal/
with a correlation coefficient of 0.85. The structural predic- mol to the total free energy of binding for at least one of the
tions show no systematic deviations and are accurate enougtnhibitors. The values listed in the table do not include the
to permit an examination of the different contributions to contribution corresponding to the inhibiter$5% of the total

the binding energetics. Gibbs energy of binding) or the translational entropy that

According to the analysis, the binding of the 13 inhibitors €annot be ascribed to a particular amino acid. Figure 3
to the enzyme is dominated by the hydrophobic effect. Upon shows the location of those amino acids in the protease
binding, not only the inhibitor itself but also protease residues Structure.
located in the binding pocket bury a significant nonpolar ~ From an energetic standpoint, the binding pocket is defined
surface from the solvent. In fact, the average fraction of by amino acids belonging to four noncontiguous regions in
nonpolar area buried from the solvent upon binding is 0.737 the sequence: amino acids in the region containing the
#+ 0.02, which is much higher than the fraction buried by a catalytic Asp group (Asp 25, Gly 27, Ala 28, Asp 29, Asp
typical globular protein upon folding (between 0.55 and 30), the so-called flap region (Met 46, lle 47, Gly 48, Gly
0.60). Not surprisingly, the major contribution to the Gibbs 49, lle 50), the strand between residues-86 (Pro 81, Val
energy of binding is given by the favorable entropy resulting 82, lle 84), and Arg 8, which contributes significantly to
from the release of water molecules associated with thethe binding energetics. Due to the chemical structure of the
desolvation of those surfaces. On the other hand, theinhibitors, both chains in the protease molecule contribute
enthalpic contributions due to those generic effects arein a more or less symmetrical fashion to the total Gibbs
unfavorable at room temperature since they are dominatedenergy of binding. In all cases the region containing the

-5000

-10000

AG cal/mol

-15000 |-

20000 ——

AT7003
AT78791
A76928
AT4704
AT6839 |
VX478
203386
SB203238
SB206343
U100313
U89360
A98881
CGP53820

SB

RESULTS AND DISCUSSION



Energetics of HIV-1 Protease Inhibitors Biochemistry, Vol. 36, No. 22, 1996593

Table 1: Structure-Based Thermodynamics of Inhibitor Binding to HIV-1 Protease

inhibitor AC, AHgen ASo AScont AGgen AGgther AGyotal AAG
A77003 —397 11733 115.2 —23.7 —15552 2385 —13 167 532
A78791 —400 12183 115.8 —24.2 —15127 2385 —12742 1557
A76928 —392 11853 113.4 —23.6 —14 932 2385 —12547 1249
A74704 —379 11254 110.1 —20.8 —15378 2953 —12 425 —1037
A76889 —387 11 303 112.7 —23.7 —15229 2680 —12 549 —271
VX478 —320 8641 93.9 —-11.1 —16 046 2903 —13143 —563
SB203386 —343 10410 96.2 —16.8 —13 263 2555 —10 688 —123
SB203238 —320 8641 94.0 —18.1 —13 959 2918 —11041 —2356
SB206343 —332 8109 98.9 —19.8 —15481 2724 —12 757 —177
uU100313 —317 8471 93.4 —16.6 —14 416 2807 —11 608 —1531
U89360 —236 1255 76.5 —28.0 —13211 2877 —10334 —893
A98881 —293 7512 86.6 —-1.0 —18018 2615 —15403 14
CGP53820 —294 6294 88.7 —22.3 —13 504 2643 —10 861 115

a Calculated thermodynamic parameters for inhibitor binding to HIV-1 protedss, is in cal/(K-mol); ASvalues are in cal/(Knol); AH and
AG values are in cal/mol.AHge, and AGgen include only the structure/solvation contributionsA®. Under AGoner the electrostatic and cratic
contributions have been combined.

Table 2: Mapping of HIV-1 Residue Contributions to Gibbs Energy of Inhibitor Birtling
residue A77003 A78791 A76928 A74704 A76889 VX478 SB203386 SB203238 SB206343 U100313 U89360 A98881 CGP53820

ARG—8—-A —351 —358 —397 —602 —385 —132 —311 —468 —228 —106 —140 —363 —425
ASP-25-A  —-344 351 —342 —146 —337 -—283 —320 —283 —248 —313 —346 —290 —312
GLY—-27-A —778 —747 —579 —629 —596 —538 —810 —436 =775 —437 —703 —542 —789
ALA—-28-A —189 —-178 —207 —192 —-209 -—146 —165 —207 —159 —181 —135 -—195 —-177
ASP—29-A  —435 —447 —407 —702 —413 312 —197 —455 —422 —308 —570 —331 —336
ASP—30-A —198 —-248 —192 —-184 —232 -—110 —158 —137 —220 —382 —437 —187 —202
MET—46—A 0 0 0 —290 0 0 0 0 0 0 -17 0 0
ILE—-47—-A —43 -39 —38 —146 —30 —84 —46 —78 —87 —107 —97 =77 —55
GLY—-48-A —965 —962 —906 —935 —-933 719 —592 —616 —1081 —1021 —1186 -—821 —904
GLY—-49-A —351 378 —265 —-173 —241 125 —155 —128 —140 —192 —282 —107 —253
ILE-50—-A —271 —294  —253 —-185 —272 239 —260 —167 —271 —210 —151 —-235 —231
PHE-53—-A 0 0 0 -91 0 0 0 0 —65 —69 —161 0 0
PRO-81-A —121 —-129 —152 —166 —160 —78 —131 —181 —123 —42 —-97 —98 —148
VAL—-82-A —351 357 —347 —-191 —-359 —119 —200 —179 —165 —95 —211 —159 —120
ILE—84—A —86 —64 —82 —67 —83 —99 —60 —102 -90 -71 —95 —73 —51
ARG—-8—-B —505 513 —376 —230 —462 245 —214 —283 —764 —624 —418 —352 —486
ASP-25-B  —323 —345 —369 —315 —366 —273 —225 —275 —334 —384 —372 —337 —367
GLY—-27-B —648 —652 —590 —501 —-561 —594 —722 —444 —832 —353 —755 —451 —729
ALA—-28-B —184 —-189 —196 —237 —195 —146 —203 —243 —183 —198 —167 —180 —183
ASP-29-B  —473 —478 377 —432 404 275 —360 —523 —589 —420 —24 218 —294
ASP-30-B —-167 —164 —156 —88 —149 273 —326 —427 —313 —267 0 -—270 —188
ILE—-47-B —56 —53 —60 —75 —59 —73 —68 —110 —60 —-91 —32 —58 —66
GLY—-48-B —968 —954 —-906 —1413 —-931 507 —966 —1089 —846 —701 —433 —591 —958
GLY—-49-B —-156 —189 —191 —201 -—185 —150 —166 —216 —192 —170 —174 144 —150
ILE-50-B —319 —256 —263 —125 —-261 215 —193 —204 —362 —215 —216 —212 —305
PRO-81-B —247 —233 -—154 —-133 -179 -—-153 —126 —76 —219 —362 —348 -—122 —160
VAL—-82-B —398 —388 —352 —151 —393 -—142 —179 —134 —156 —215 —121 -—135 —94

a Gibbs energies are in cal/mol.

catalytic Asp group is the major contributor to the binding are predicted to contribute significantly to the dimerization
energetics. interface. This region of the protein is predicted to be folded

Ill. Structural Stability of Protease Residues Contributing and well structured in the vast majority of conformational
to Inhibitor Binding. Figure 4 displays the calculated residue states that are accessible to the protease under native
stability constants for the HIV-1 protease molecule. These conditions. The active site triad (Asp 25, Thr 26, Gly 27)
constants map the protein molecule in terms of the structuralis located in the most stable part of the molecule as shown
stability of different regions (Hilser & Freire, 1996a&). in Figure 4. This conclusion agrees with the results of the
Protein residues with a high probability of being in the native crystallographic analysis which identify this area of the
conformation are characterized by high stability constants molecule as quite rigid due to a dense network of hydrogen
while residues that are most likely to be unstructured have bonds (Wlodawer & Erickson, 1993). Residues—82
low stability constants. comprise most of the well-defined and highly stabléadlix.

Two regions of the HIV-1 protease molecule are predicted Conversely, the region between residues-80, which
to have the highest stability: the region including residues corresponds to the flap, is characterized by very low stability
13—32 and the region including residues-82. Thesetwo  constants per residue and is predicted to be unstructured even
regions are distant in sequence but close in three-dimensionatinder native conditions. In the complexes, the flap is
space and define, to a significant extent, the hydrophobic stabilized by its interactions with the inhibitors. Similar
core of the molecule. Portions of these two regions (residuesresults were obtained with the structure of the free protein
23—29 in the amino terminus and 8®9 in the carboxy (pdb file 1hhp) or with protein structures obtained from
terminus) as well as the first nine residues in the sequencecomplexes by removing the inhibitor coordinates. This
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is clear that the binding site is made up of residues belonging
to both the most and the least stable regions of the protease
molecule. Thigdual characterof the binding pocket defines
one of the most fundamental features of inhibitor binding to
the protease molecule. Essentially, half of the binding site
is preformed while the other half is formed during binding.
The most stable region (containing binding site components
Asp 25, Gly 27, Ala 28, Asp 29, Asp 30, Pro 81, Val 82, lle
84) is essentially locked in a binding-competent conformation
before binding occurs. The flap region, on the other hand
(containing binding site components Met 46, lle 47, Gly 48,
Gly 49, lle 50), is largely unstructured before binding and
is forced into a unique conformation by its interaction with
the inhibitor. For this reason, protease residues not in direct
contact with the inhibitor but capable of affecting, structurally
or energetically, the facility with which the flap adopts its
bound conformation will influence the overall binding
energetics.

IV. The Molecular Basis of Protease Resistandehe
binding energetics described above provide some insight into
the nature of the changes in HIV-1 protease mutants that
have been observed to elidit vivo resistance to multiple
inhibitors. Several mutations have been identified in viral
isolates from patients treated with protease inhibitors. For
example, treatment with Ro31-8959 (saquinavir) has been
shown to consistently induce the double mutant G48V
L90M (Roberts, 1995). In vitro selection of mutants by
A77003 include V82I, M46L, M46F, V32I, V32t V82I,
and R8Q (Kaplan et al., 1994). Resistant variants to VX478

. . . : ) . . that have been identified are M461 and I50V(Schinazi et al.,
Ficure 3: Two different views of the amino acid residues in the 1996 Tisdale. 1996). A dv h h hat f
binding pocket of the HIV-1 protease molecule that contribute more , l1sdale, )- recent study has s own that four
than 0.1 kcal/mol to the Gibbs energy of binding. The residues mutations (M46H- L63P + V82T + 184V) are sufficient to
depicted in red contribute betweerD.7 and—0.9 kcal/mol, the elicit cross resistance to the inhibitors MK639, XM323,
residues depicted in orange betweed.5 and—0.7 kcal/mol, the A80987, R031-8959, VX478, and SC52151 (Condra et al.,

residues depicted in yellow betweet®.3 and—0.5 kcal/mol, and ; P
the residues depicted in greei®.1 and—0.3 kcal/mol. As a guide 1995). Some of these mutations are located on the binding

to the eye, the inhibitor A77003 is shown using a stick representa- POCket and are thought to affect the binding affinity by a
tion. direct alteration of protease/inhibitor interactions. Other

mutations are at distant locations and are expected to affect
affinity by cooperative interactions.
I In general, mutations in HIV-1 protease may affect the
s binding energetics by a direct interaction with the inhibitor,
I by a cooperative effect in which the mutated amino acid does
g not interact directly with the inhibitor but affects interactions
E 10 - 8 between protease residues that elicit an altered protease/
inhibitor interaction, or by some combination of both. For
example, some mutations are located either in the flap or
the hinge region, and some of them are distal from the
I binding site (e.g., L63P, A71V). As discussed above, the
ol i R ] flap is essentially disordered in the free enzyme. Therefore,
0 20 40 60 80 100 if a mutation induces a substantial energy barrier for the flap
Residue to adopt its bound conformation, it will affect the binding
FIGLtJRE 4 C?Icu:ateghresidue sttabtility constalmtsla {0:1 the Hl(}/-l taffinity even if the mutation is distal from the binding pocket.
protéase molecule. 1hese constants were caiculaled according W ytations like L63P or A71V will decrease the conforma-
ihe COREX agorttm (iser & Free, 1996%) and map lhe | tonal degrees of freedom of that region and make some
regions. The circles indicate the location of the residues that conformations unaccessible or energetically unfavorable
contribute more than 0.1 kcal/mol to the Gibbs energy of inhibitor (D’Aquino et al., 1996).
binding (Table 2). The inhibition constants for A77003 to some mutants have
been measured (Kaplan et al., 1994), and there is one case
observation suggests that in the protease/inhibitor complexXfor which the crystallographic structure of the complex is
the flap is stabilized by interactions with the inhibitor and g|so available: the complex of A77003 with the V82A
not with the protein. mutant HIV-1 protease (Baldwin et al., 1995). Structure-
Figure 4 also indicates the location of the residues that based thermodynamic calculations were performed on the
contribute significantly to the Gibbs energy of binding. It mutant complex resulting in a binding free energy-df2 394

20 —
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The high accuracy with which the binding affinities of a
number of HIV-1 protease inhibitors can be predicted from
structure suggests that the approach presented here can be
used to help in the design of new protease inhibitors. In
addition, given that the structural parametrization of the
binding energetics accounts well for the observed change in
inhibition constant between the wild type and a resistant
mutant of the HIV-1 protease for which the high-resolution
structure is available, this approach has the potential for
addressing the issue of resistance in molecular design.
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