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ABSTRACT. To gain greater understanding of the structural basis of human immunodeficiency virus (HIV)
protease ligand specificity, we have crystallized and determined the structures of the HIV-1 protease
(Val32lle, lle47Val, Val82lle) triple mutant and simian immunodeficiency virus (SIV) protease in complex
with SB203386, a tripeptide analogue inhibitor containing a C-terminal imidazole substituent as an amide
bond isostere. SB203386 is a potent inhibitor of HIV-1 proted&&e= 18 nM) but shows decreased
inhibition of the HIV-1 protease (Val32lle, lle47Val, Val82lle) triple mutait & 112 nM) and SIV
protease ; = 960 nM). Although SB203386 binds in the active site cavity of the triple mutant in a
similar fashion to its binding to the wild-type HIV-1 protease [Abdel-Megeidl. (1994)Biochemistry

33, 11671], it binds to SIV protease in an unexpected mode showing two inhibitor molecules each binding
to half of the active site. Comparison of these two structures and that of the wild-type HIV-1 protease
bound to SB203386 reveals that HIV protease ligand specificity is imparted by residues outside of the
catalytic pocket, which causes subtle changes in its shape. Furthermore, this work illustrates the importance
of structural studies in order to understand the struetartivity relationship (SAR) between related
enzymes.

Human immunodeficiency virus (HIV), a member of the wide variety of HIV-1 protease inhibitors. One strategy
Retroviridae family, is the causative agent of acquired (Abdel-Meguidet al., 1994) led to the design of SB203386
immunodeficiency syndrome (AIDS). Simian immunode- (Figure 2), a potent tripeptide analogue inhibitor containing
ficiency viruses (SIV) constitute a group of primate retro- a C-terminal imidazole substituent as an amide bond isostere.
viruses that are morphologically and antigenically related to The secondary alcohol was designed to engage both of the
HIVs (Hendersoret al., 1988). An essential, late step in catalytic aspartate groups with hydrogen bonds, while bulky
the life cycle of HIV, SIV, and other retroviruses is the P1 and Plbenzyl groups fill the S1 and S$ubsites. The
proteolytic maturation of two polyprotein precursors cata- N-1 and N-3 atoms act as replacements for amide nitrogen
lyzed by a virally encoded protease (Debowtlal., 1987; and carbonyl oxygen of the peptidyl backbone and resulted
Meeket al., 1990). The HIV and SIV proteases are classified in a substantial improvement in oral bioavailability and
as members of the aspartyl protease family. They differ from pharmacokinetic properties. While a highly potent inhibitor
the well-known monomeric enzymes of this class, such asof HIV-1 protease ; = 18 nM), SB203386 showed
pepsin and renin, in that their structure is achieved by the substantially less inhibition of SIK{ = 960 nM) and HIV-2
assembly of two 99 amino acid polypeptides into a functional (Ki = 1280 nM) proteases (Abdel-Meguet al., 1994).
homodimer (Meeket al, 1989; Wlodaweret al, 1989). Although some inhibitors bind to both HIV-1 and SIV or
Despite sharing roughly 50% sequence identity to HIV type HIv-2 proteases with equal affinity, others differ by as much
1 (HIV-1; the most prevalent strain in the United States and as 2 orders of magnitude (Tomassetlial, 1990). Nonethe-
Europe) protease (Figure 1), SU¢ (that isolated from |ess, the crystal structures of these three enzymes reveal
Macaca mulattq protease displays differences in ligand nearly identical tertiary structures (Zhaoal, 1993; Tong
specificity (Tomasselliet al, 1990). SV protease, et al, 1993). The HIV-1 protease active site cavity differs
however, shares 93% homology to HIV type 2 (HIV-2; the from that of SIV and HIV-2 proteases by only three highly
most common strain in West Africa) protease (Figure 1) and conserved substitutions: Val32lle, lle47Val, and Val82lle
displays similar ligand specificity. in each monomer for a total of six. Given the similarity of

As a step toward the development of drugs to combat HIV the structures of these enzymes, it has been difficult to
infection, numerous strategies have led to the design of a€xplain the large difference observed in their ligand binding

affinities, particularly in the absence of an understanding of

This work was supported by NIH Grant 1 ROL GMB50578-01 the structur_al b_asis for their Iigan_d_ spec_ificity. Such an

* The refined coordinates for the SIV protease and the HIV-1 protéase understanding is deemed mpre critical with recent- relports
triple mutant have been deposited in the Protein Data Bank under the Of the emergence of drug resistance to HIV-1 grown in tissue

file*names 1TCW and 1TCX, respectively. culture under HIV-1 protease inhibitor selection pressure
§ET)gF‘)’gr‘tomrgr?togfeag%?gmﬁ:ci?;“gjcit"aenggsressed- (Mellors et al,, 1995). Thus, if rational design is to enable
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Ficure 1: Comparison of the amino acid sequences of the proteases from HIi:Bt(HIn), SIV (251 strain), and HIV-2dd strain).

wild type calculated in this study (18 nM) agreed with the
previously determined value reported by Abdel-Megetd
al. (1994). Determination df; was as previously described
by Grantet al. (1991).

7 A
{‘ HN ~ o Microcalorimetry. Microcalorimetric titrations were per-
T \]< formed with a Microcal, Inc. (Amherst, MA), MC-2 iso-
° ° thermal titration microcalorimeter. Protease was dialyzed
for 2 h at 4°C against 20 mM sodium acetate, pH 5.0, 150
mM sodium chloride, 2 mM EDTA, and 3% DMSO.
Inhibitor solutions were prepared by diluting a 3.0 mg/mL
Fiure 2: Chemical structure of SB203386. DMSO stock solution (5.6 mM) into buffer to a final
_ ) _ . concentration of 16@M inhibitor and 3% DMSO. The pH
be a structural understanding of the basis for ligand specific- a5 adjusted to equal that of the dialyzed protease solution
ity. With this in mind, we have determined the crystal  aqding small amounts of 0.1 M NaOH. The samples were
structures of the HIV-1 protease (yal32IIe, IIe47_VaI, Val82lle) degassed at 23C with gentle swirling under vacuum just
triple mutant and SIV protease in complex with SB203386 ior to loading into the microcalorimeter. Nonlinear least
and compared both structures to our previously reported gy ares analysis was based on the single-site fitting algorithm
structure of HIV-1 protease bound to SB203386 (Abdel- from Microcal Origin software (Microcal, Inc., 1993). Al
Meguid et al, 1994). data were well described individually by a binding mode
with a single equilibrium constant and binding enthalpy
EXPERIMENTAL PROCEDURES change as adjustable parameters. Because the ionization
Enzyme Preparation.Recombinant Val32lle, lle47val, ~ €nthalpy change of acetate is so smal0(08 kcal/mol), the
Val82lle HIV-1 protease (triple mutant) was prepared by Pinding enthalpy change reported herein need not be cor-
introduction of amino acid substitutions in the HIV-14ll = rected for proton uptake or release by the buffer and is
protease coding region by oligonucleotide site-directed regarded as an intrinsic enthalpy change (Stoll & Blanchard,
mutagenesis and verified by dideoxy sequencing. Triple 1990).
mutant and SIV proteases were both purified to apparent Crystallization. The triple mutant protease crystals were
homogeneity as previously described (Grahtal., 1991). grown out of 20% saturated ammonium sulfate in 0.2 M
The protease/inhibitor complexes were prepared by addingsodium acetate, pH 5, while SIV protease crystals were
a 2-fold (5-fold for SIV protease) molar excess of inhibitor grown out of 25-30% NaCl in 100 mM sodium acetate,
per protease dimer and concentrating to 3 mg/mL in a buffer pH 4.2, by vapor diffusion in hanging drops. Crystals of
containing 50 mM sodium acetate, pH 5.0, 2 mM EDTA, 5 both complexes grew at room temperature to full size within
mM DTT, 5% DMSO, and 180 mM NaCl (150 mM NaCl 1 week.
for SIV protease). The synthesis of the inhibitor, SB203386, Data Collection. Diffraction data were collected on a
has been previously described (Abdel-Megeidl., 1994). Siemens four-circle area detector and reduced using XEN-
Peptidolysis reactions were conducted at@7n a buffer ~ GEN (Howardet al,, 1987). The space group of the triple
composed of 50 mM 2N-morpholino)ethanesulfonic acid, mutant was determined to I82:2,2 with cell dimensions
pH 6.0, 1 mM EDTA, 1 mM DTT, 0.2 M NaCl, 0.1% Triton = 59.6 A,b = 87.5 A, andc = 47.0 A and one protease
X-100, and 10% dimethyl sulfoxide. The reaction mixtures dimer per asymmetric unit. Data extending to 2.3 A were
contained 1.2525 mM concentrations of the substrate Ac- 85% complete withRym = 0.060 Reym = ZZ|[lin) — I/
RASQNYPVV-NH, and 60-150 ng of HIV-1 or triple Zliny, wherel;y are the intensities of multiple measurements
mutant protease and were quantified by HPLC. Kinetic Of reflectionh andl, is their mean). The space group of
constants for substrates were determined by fitting the datathe SIV protease wa2; with cell dimensionsa = 56.1 A,
to the Michaelis-Menten equation using the nonlinear b=41.5A,c=53.1A, ands = 99.6 with one dimer per
regression package in Kaleidagraph (Abelbeck Softwig). asymmetric unit. Data were 93% complete to 2.4 A with
values were independently determined for both the HIV-1 Reym = 0.074.
protease and the triple mutant protease and found to be 10.2 Structure Determination and RefinemenThe HIV-1
and 8.9 mM, respectively. Thi§ for the HIV-1 protease  protease triple mutant/SB203386 complex was determined
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Ficure 3: F, — F. omit map contoured at®2showing electron density of SB203386 and water molecules in the active site of the SIV
protease/SB203386 complex. The two inhibitors were omitted from the structure factor calculation.

using phases from the isomorphous structure 1HTG (Jhoti Time (min)

et al, 1994) to an initialR-factor of 0.29 R = X||F,| — 0ad 10 0 30 40

|Fc||I/Z |Fo|, whereF, andF. are the observed and calculated

structure factor amplitudes, respectively). Following several

rounds of model building and X-PLOR (Brunger, 1992)

refinement using data greater tham(B,) in the resolution 019

range 8.6-2.3 A, and aided by calculation of annealed omit 00* MKL AA sy |

maps, theR-factor dropped to 0.180. The final rms devia- R AR Bl B B A0

tions from ideal values for bond lengths and bond angles

are 0.016 A and 371 respectively. The mea&-factors for

the protein and inhibitor were 19.7 and 17.9 Fespectively.
The structure of the SIV protease/inhibitor complex was

determined by molecular replacement using X-PLOR pro-

gram package (Brunger, 1992). Rotation functions were

calculated using diffraction data from 10 to 4 A with a radius

of integration of 25 A for the self-rotation function and from

6 to 3 A with a vector length of 35 A for the cross-rotation

function. Results from the latter revealed two significant

peaks @1, 6», 05 are 56.8, 63.0, 56.5 and 84.9, 45.C,

196.9) related by a 2-fold axis that are consistent with the FIGURE 4: (Top portion) Power versus time plot of the raw data

: : : : _ resulting from titration of 10.6:M SIV protease with several 12
result from the self-rotation function. The translation func 4L injections of 168:M SB203386. The amount of heat absorbed

tion using data from 10 to 3 A resolution for reflections  ‘ypon each injection of SB203386 is proportional to the area under
greater than @ gave anR-factor of 0.40. The translation each “spike”. (Bottom portion) Observed heat normalized to moles
peak corresponded to fractional coordinates of 0.441, 0.000,0f SB203386 injected versus molar ratio of SB203386 added per
and 0.121, with a height of 19 Using data from 7 to 2.4  SIV protease dimer. Nonlinear regression analysis giviég & 3

. : . uM, AH = 6.4 kcal/mol of SB203386, and an apparent stoichi-
A resolution with IFol > 30]F,|, the R-factor was reduced ometry of 0.93 inhibitor molecule per protease dimer. Conditions

to 0.26 following a single round of simulated annealing. ere 27°C, pH 5.0, 20 mM sodium acetate, 150 mM NaCl, 2 mM
Difference electron density maps calculated using refined EDTA, and 3% DMSO.

phases showed clear interpretable density for the protease;
however, density in the active site cavity was broken and the nonsymmetric nature of the density on both sides of the
ambiguous. active site. Alternatively, SIV protease could bind one
Inspection of annealed omit mapsia®o and 3 revealed inhibitor molecule on one side of the active site with the
density for several water molecules in the center and other being occupied by a peptide of host cell origin as that
continuous density of length consistent with that of the reported by Jhotet al. (1994). To resolve these issues,
inhibitor at both sides of the binding site extending outward titration calorimetry experiments were performed in order
from the P2 and P2sites (Figure 3). At this point we to gain a stoichiometric ratio of the inhibitor to the enzyme
assumed that SIV protease binds two inhibitors per proteasefor this complex. Figure 4 shows calorimetry data for the
dimer or that it binds one, but owing to the symmetric nature titration of SIV protease with SB203386. Analysis of the
of the enzyme we see the inhibitor twice, each with one- data by nonlinear regression gav&gof 3 uM, which is in
half occupancy. The latter scenario was less likely due to good agreement with thi; value of 1uM. The apparent

ycal/sec

14 J .

01 .

kcal/mol SB203386 Injected
N
1

T T T T

T T
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Table 1: Inhibitor Binding Equilibrium Parameters of SIV and Mutant Protease Determined by Titration Microcalorimetry

AG AH —TAS apparent stoichiometry
protease Kq(nM) (kcal/mol inhbitor) (kcal/mol inhibitor) (kcal/mol inhibitor) (inhibitor/dimer)
SIvV 3000 —-75+£0.3 +6.4+£ 0.6 —14.0+ 0.7 0.93+0.10
triple mutant 150 —-9.3+0.3 +2.5+0.3 —-11.8+0.4 1.05+ 0.10

Ficure 5: Superposition of ther-carbon atoms of HIV-1 protease (yellow), SIV protease (purple), and HIV-1 protease triple mutant
(green) structures, each derived from its structure with SB203386. Despite the absence of an inhibitor in the center of the binding site of
SIV protease, the flaps are in the closed conformation.

stoichiometry of the reaction was determined to be 0.93 refinement together with groupdgifactor refinement were
inhibitor per protease dimer, a value which is supportive of performed, resulting in a findR-factor of 0.197 with root
a 1:1 binding stoichiometry (Table 1). However, the mean square deviation in bond length of 0.018 A and.3.7
calorimetry data do not disprove the possibility of having
two inhibitor molecules unequally bound with differd&yf's, RESULTS AND DISCUSSION
one with the measurelly and one with a much weaker )
binding constant, since the calorimetry data can only detect Structure of Val32lle, lle47Val, Val82lle Triple Mutant/
Kq's tighter than about 3@M. To explore the possibility SB203386 ComplexThe trlp'le mutant contains the binding
that a peptide of host cell origin is bound to half of the active Pocket of SIV (or HIV-2) while retaining all other structural
site, a Ser-Leu-lle-GIn peptide was fit into one side of the features of HIV-1 protease. The crys’FaI structure of_HIV-l
binding site, while the inhibitor was fit on the other side. Protease/SB203386 has been previously determined by
The Ser-Leu-lle-GIn peptide appeared to fit well in the Abdel-Meguidet al. (1994). As seen in Figure 5, the overall
electron density, satisfied several hydrogen bonds, and madd@ckbone structures of the native and mutant enzyme
several favorable contacts. However, in order to confirm complexes are basically |dent|cal,_W|th an rms deviation of
or better identify this fragment, N-terminal sequencing on 0-57 A for all 198 a-carbon pairs, where the largest
dissolved crystals of the complex was performed but resulteddeviations are in external loops in which changes in
in no sequence other than that of the protease. Thus, despitgonformanon are most likely the result of crystal contacts.
the fortuitous fit to the density, the origin of such a peptide  Figure 6a shows a superposition of the active sites of the
could not be explained. It is not part of a known substrate two enzymes. The conformation of the inhibitors in both
of SIV (or HIV) protease and is not found in its sequence. structures is essentially identical with small changes in the
Additionally, its origin as an artifact of purification is unlikely ~ positions of the P1 and Pphenyl groups. All hydrogen-
because SIV protease was purified under identical proceduresonding interactions seen in the HIV-1 structure are main-
as both the HIV-1 and triple mutant proteases, in which no tained in the mutant structure with very minor differences
similar peptide was found. in hydrogen bond length. Specifically, key interactions of
The most likely explanation of these data is that there are the imidazole allowing it to mimic the amide bond between
two inhibitors bound simultaneously to the SIV protease P3 and P2remain the same in the triple mutant structure
dimer, each occupying one-half of the active site starting at as in the HIV-1 structure (Abdel-Meguiét al, 1994).
P2 and P2 but the inhibitors bind much weaker to one side However, the triple mutant shows 6-fold reduction in binding
than the other. This is evidenced by the lack of symmetry affinity (Ki = 112 nM) for SB203386 when compared to
in the electron density on both sides of the active site and the HIV-1 enzymel{; = 18 nM). Figure 6b shows the S1/
by differences in the temperature factor of each inhibitor (the S1' subsite interactions with the P1/Rienzyl groups of the
meanB-factors for the 39 atoms of each of the two inhibitors inhibitor. In the wild-type enzyme, bothyOmethyl groups
are 22.4 and 27.0 A respectively). Cycles of positional —of Val82 make van der Waals contact with the benzyl group
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Ficure 6: (a) Stereoview of residues comprising the active site cavity of the triple mutant (green) and native HIV-1 protease (yellow)
showing the bound SB203386 inhibitor. The two catalytic aspartates (Asp25 and Aap2h red. (b) Close-up look at the van der Waals
contacts between the inhibitor and residué 82the native structure (yellow) they@ and G2 methyl groups are in van der Waals contact

with the P1 benzyl group. The mutant structure (green) shows that only jf#erethyl of 11e82 is in contact with the P1 benzyl, while

the Cy1 and @1 methyls are pointing away from the ring. (c) Close-up look at the van der Waals contacts between the inhibitor and
residue 82. Compared to the wild type (yellow), the mutant enzyme (green) maintains van der Waals contact with the inhibitor through
reorientation of the ¢ methyls of lle82 and a small movement of the P1 benzyl.

of the inhibitor. This contact is reduced to a singlg2C  the 6-fold reduction in SB203386 binding affinity must be
methyl group in the mutant structure because of the steric due to the cumulative small changes seen around positions
constraint of the lle side chain. Figure 6¢ shows interactions 82 and 82

of the P1 benzyl group with 11e82, where the P1 side chain  Structure of SIV Protease/SB203386 Compléke overall

in the mutant enzyme compensates for the presence of thehree-dimensional structure of the SIV protease/SB203386
larger lle by moving about 1 A relative to that in the wild inhibitor complex is similar to previously published structures
type to maintain a single van der Waals contact with the of inhibitor-bound SIV protease (Zhaat al., 1993; Rosest
182Cy methyl group. Compensatory changes in a HIV-1 al., 1993). Superposition af-carbon atoms of the present
protease mutant have been seen before in the Val82Ala/A-structure to that of Zhaet al. (1993) resulted in a rms
77003 complex structure (Baldwiet al, 1995), where deviation of 0.54 A.

unexpected shifts at Ala82, combined with a slight reorienta-  As discussed under Experimental Procedures, the binding
tion of the P3 substituent, resulted in interaction surfaces mode of SB203386 seen here was unexpected despite the
that were similar in appearance to those observed in the wild-relatively poor binding of this inhibitor to SIV proteask; (
type enzyme. The remaining mutations (Val32lle, lle47Val, 960 nM). The conformation of the inhibitor on either side
Val3Z2lle, lle47Val) in the triple mutant resulted in little  of the enzyme is not completely identical. An overlap of
change in the binding of the valinyl @&tBoc groups of the  the two conformations reveals the greatest deviation at the
inhibitor. The loss of a single methyl group in the Val82Ala/ C-terminal end beyond the second phenyl group, where for
A-77003 structure has been postulated to be the basis of aone side the electron density is largely disordered. On both
4-fold reduction in inhibitor affinity with the Val82Ala  sides, the inhibitor appears to be held in the active site by
mutant binding to A-77003 (Baldwiet al., 1995). Likewise, the same three hydrogen bonds; two are to the amide nitrogen
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Ficure 7: View of the binding cleft of the SIV protease/SB203386 complex containing the two inhibitors. The residues surrounding the
active site are shown in purple, except for Asp25 and A5p&Bich are shown in red. Solvent molecules are red spheres.

and carbonyl oxygen of Gly48 (and Gly3&nd the third is Comparison with HIV-1 Protease/SB203386 Complex.
to the amide nitrogen of Asp29 (and AspR9Thet-Boc Pairwise structural comparison of complexes of HIV-1 and
group on both sides extends outside the binding site into theSIV proteases (Zhaet al., 1993) and HIV-1 and HIV-2
solvent and does not form any interactions. There are noproteases (Mulichakt al., 1993; Tonget al., 1993; Priestle
interactions between the inhibitor and the catalytic aspartateet al., 1995) containing the same inhibitor has been previ-
residues (25 and 2por the central water between Ille50 and ously reported. However, in most of these reports the
lle50. inhibitor binds with affinities that differ by less than an order
The calorimetry data show that the binding enthalpy ©f magnitude to both members of the pair, whereas SB203386

change ist+6.4 kcal/mol inhibitor, a value which is consider- Shows a 54-fold difference in binding between HIV-1 and
ably unfavorable (Table 1). Thus the binding reaction must SIV proteases (Abdel-Meguiet al, 1994), with little

be driven by a favorable Change in entropy_ A|th0ugh this conformational difference in the enzyme structures (Figure
may seem counterintuitive, entropy-driven binding reactions 5). The rms deviation between aitcarbon atoms of the

of small hydrophobic compounds with proteins have been two enzymes is 1.10 A. Aside from the kinetic data, there
seen before (Webeet al, 1994). Table 1 shows a less is little in the overall tertiary structure to allow prediction
positive AH and a more favorable reaction overali®) for of the present binding mode. The largest differences between
the triple mutant as compared to SIV protease. This is athese two structures are in residues—33 and 6%75.
likely indication of the larger number of hydrogen bonds in These residues are part of loops on the surface of the protease
the mutant/SB203386 complex as compared to the SIV and are distant from the active site cavities. Itis difficult to
protease inhibitor complex. conclude that these structural differences are responsible for

The present structure shows the flaps closed over the activeN® different binding modes of the inhibitor.
site despite an absence of an inhibitor in the center of the Implications HIV-1and SIV (or HIV-2) proteases differ
binding site. There are, however, three central water in their substrate specificity (Tomassadtial., 1990). It has
molecules. Figure 7 shows W507 bridging the flaps closed been proposed that HIV-2 (or SIV) protease may have a
down over the active site, maintaining hydrogen bonds of preference for ligands containing smaller hydrophobic resi-
2.8 and 2.7 A to lle50and Ile50, respectively. W515 is dues at P1 and Plpositions, as a consequence of the
positioned between the catalytic aspartates as if in an apopresence of isoleucine in HIV-2 and SIV proteases versus
structure, maintaining hydrogen bonds to the four carboxylate valine at residue 82 in the HIV-1 enzyme (Tomasssiial.,
oxygens (3.1 and 3.3 A to Asp25, 3.3 and 3.7 Ato Asp25 1990). This preference was postulated to be the reason for
Nucleophilic attack on the carbonyl carbon of the scissile the 6-fold reduction in binding of CGP53820 to HIV-2
bond of a bound substrate by this water molecule leads toprotease (Priestlet al., 1995). Our triple mutant structure
the tetrahedral transition state intermediate mimicked by the further supports this conclusion. As we have shown above,
hydroxyl of many tight binding hydroxyethylene isostere the 6-fold loss of SB203386 binding affinity between the
inhibitors. A water molecule between the catalytic aspartates wild-type and triple mutant is a consequence of conforma-
in a closed apo structure has been previously seen bytional changes around positions 82 and.87Zhe above
Wilderspin and Sugrue (1994; PDB code 1SIP). In addition, reasoning, however, cannot adequately explain the mode of
there is a third water molecule, W535, in the binding site binding of SB203386 to SIV protease. We, as well as Zhao
that hydrogen bonds to W515, the carbonyl oxygen of'G27 et al. (1993), observed that the S1 and $bckets do not
and an imidazole nitrogen of the inhibitor. necessarily preclude the accommodation of large side chains
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Ficure 8: View of aligned residues 7834 and 33-36 in the S1 subsite in all three structures. The inhibitor of the HIV-1 complex
structure is shown to illustrate the smaller binding cavity in the SIV structure around Ile82. Color code: HIV-1 complex, yellow; mutant
complex, green; SIV complex, purple.

at P1 and P1since thed-carbon atom of lle82 assumes a carboxyl of Glu34 and the backbone carbonyl of Thr80 (2.9
conformation that minimizes its protrusion in the active site. A), which is not possible in SIV where residue 34 is a
Thus, an explanation for the observed mode of binding lies threonine and is therefore unable to maintain that bond. A
elsewhere. similar hydrogen bond exists in the mutant structure between
The structures presented herein suggest that differenceghe carboxylate of Glu34 and the backbone carbonyl of Pro81
in ligand binding specificity between HIV-1 and SIV (3.1 A), as can be seen in Figure 8.
proteases are conferred by residues outside of the binding Our data clearly show that ligand specificity is not only
site. As seen from the structure of the triple mutant, the imparted by residues comprising the active site cavity but
changes in the active site cavity account for only 6-fold also influenced by global perturbations of the overall
reduction in affinity of SB203386. Thus, the additional structure that causes subtle changes in the shape (and
9-fold reduction seen between the triple mutant and SIV probably the size) of the active site cavity. These perturba-
protease must be due to changes resulting from amino acidtions are a consequence of structural changes caused by
residues distal to the active site cavity that preclude properamino acids distal to the catalytic pocket. Furthermore, this
positioning of the inhibitor in the binding site. Given that work illustrates the importance of structural studies in order
there is a total of 49 amino acids that are different betweento understand the structuractivity relationship (SAR)
SIV and HIV-1 protease, any one or a combination of these between related enzymes. Inspection of SAR values alone
residues could be responsible for the additional loss of cannot possibly predict differences in modes of binding,
binding affinity. particularly when differences in binding affinities are sig-
Main chain flexibility of residues 80684 has been  nificant.
implicated as responsible for differences in ligand binding
between HIV-1 and HIV-2 proteases (Priestieal., 1995; ACKNOWLEDGMENT
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