REVIEW ARTICLES

23 Ferns. T, Sky Telesc , 1987, 73, 486, Nature, 1992, 3536, 657, of Mathematical Sciences for support and use of thar facih-
Science, 1992, 257, 1208, Lynden-Bell, D et al, Asirophys J, ties K R Anantharamaiah’s comments helped smprove the
1988, 326, 19, Willick, J, Astrophys J. 1990, 351, LS, presentation
DfESb'er, A an(f I'-ﬂbl:]', S, A.fff'ﬂp;f}’.ﬁ‘, ..J!, ]ggﬂ, 3541 L-'#S,

Mathewson, D S ef al., Astropfrys J, 1992, 389, LS

ACKNOWLEDGMENTS | thank N D Hart Dass and § Uma
Sankar for arranging the One-Day Meeting and Institule Received 25 May 1993; accepted 14 July 1993

X-ray crystal structure and computer
modelling studies of HIV protease and its
inhibitor complexes

Bangalore K. Sathyanarayana and Alexander Wlodawer
Macromolecular Structure Laboratory, NCI-Fredenick Cancer Research and Development Center, BRP-ABL, P O Box B, frederick, MD 21702, USA

: : . gations of binding constants and kinetics parameters
HIVY-1 prot ial for t lic of HIV . ‘
V-1 protease is essential for the replication can lead to a better understanding of the enzyme—

or the acquired immunodeficiency (AIDS) virus and e . -
L y ( ) inhibitor interactions. Currently, extensive efforts have

is considered as an attractive target for the design of been d 1 to th . IV
specific inhibitors. In order to design drugs which een e"“tﬁ to the Struﬁf.ure dete.:rmln'atmr.-i of HIV pro-
inhibit the action of HIV protease, it is essential tg tease at various lﬂbﬂrﬂIOHES, and in this article, we sum-

marize the work originating from our laboratory, as well

obtain the 3-D structures of these proteases. The :
native HIV protease and the very first inhibitor as the results from other laberatories throughout the world.

complex of the protease were studied at our labo- HIV has been classified as a member of the lentivirus
ratory and in this article we summarize the X-ray family! and from the array of processes required to
structure analysis and molecular modelling studies of sustain the viral life cycle, it may be possibie that there
the HIV-1 protease both in Its native as well as with are numerous points that could be Ehplﬂ[l‘ﬂd It
different inhibitor complexes studied both at our development of drugs for AIDS therapy?, Figure 1

laboratory as well as laboratories elsewhere. shows the HIV life cycle and the places of possible

attach by the drugs at several stages. The cycle beguns
THIS article summarizes the results of X-ray crystal- when HIV binds to the outside of the host cell and
lographic and computer modelling studies of the human injects its core, which includes two identical strands of

immunodeficiency virus protease (HIV-PR} and 1ts RNA and structural proteins and enzymes, all of which
inhibitor complexes. These studies are quite promising are needed at the later stages of the virus [ife cycle.

and may lead to the design of drugs that could be thera-  Since HIV is a retrovirus with RNA as the source of its
peutically beneficial in cases of acquired immunedefi-  genetic information, instead of DNA as 11 most other
ciency syndrome {AIDS). HIV-PR is an aspartic viruses, 1t needs the help of two specific enzyines,
protease (PR), that is encoded by the human inimuno- namely polymerase and ribonuclease. These (wo

deficiency virus (HIV). This enzyme is essential for  enzymes form reverses transcriptase whose role Is to
proper maturation of the HIV virons, and if it 1s make a second DNA copy using the first one as a
inactivated by either mutation or chemical inhibition,  template and to destroy the original RNA of the virus,
the assembled viral particles are not infectious. The RT actually causes the genes in the cell to make the
techniques of rational drug design are being employed in proteins that the virus nceds to reproduce. This 1s the
many industrial and academic laboratories all over the {irst stage wherein the function of the RV can be halted
world, i search of compounds that could accomplish by the intervention of any suitable drug. The genctic
such inactivation in the human body. However, for a information of the virus in the regular DNA form s now
rational approach to drug design to succeed, it is  cawried on to the cell nucleus, where anothet vl
important 1o characterize the structures of the target  cnzyme called integrase (IN) will then splice the HIV

enzyme and of enzyme-inhibitor complexes. Obser-  genome into the host cell’s DNA - This may well be
vations based on structural data, when used with other considered as the sccond potentral major stage of Jrug
sources of information such as the resulls of investt- intervention against the vieus, At the thal stage, Lhe
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Firure 1. §ite ovele of human ismunedeficiency virus dnd the three
maor stazes of he srus wherei i can be miervencd by drug to siep
the rephication ptibhe viroy

virs undergoes modifications with the help of the
protease (M1V PR). In this article we discuss ways 10
inhibit this protease using peptide and non-peptide
nhibitors. A full knowledec of the three-dimensional
Jdructures of all the HIV components, in particufar, the
reverse transeriptase. integrase and protease is essential
for understandwmg the mcechanism of this viral cycle.
Currcntly, the only such component of HIV with
cructures available to a hich resolution is the HIV
protease. The X-rav structwie of the reverse trans-
criptase has recently been solved at low or medium
resolution by two ditlerent gioups’-# and RNase H by
[To~tounsha ¢f of © The need to understand the structures
11V components is critical and work s
this direction at various laboratorics

of  otler
urdotvdy n
i fudme ours

Crystal growth and data collection

I he enzvme that we used for X-ray study of the native
11V-1 PR without the inhibitor was prepared by total
chicnncat synthesis®. Single crystals of the PR were

X i

grown by modifying the method described by McKeever
¢t ol 7 and were isomorphous with those obtained by
them (tetraconal space group P4,2,2, unit cell para-
meters a=56=5024 A, ¢=106356A) Cnstals of
[HIV-1 PR with various inhibitor complexes at various
laboratories were grown at almost stmilar but slightly
different conditions. For example, the HIV-1 PR with
the hydroxyethylamine inhibitor were grown by vapour
diffusion using the hanging drop technique. Conditrons
in the rescrvoir were 355-60% (vol'sol) saturated
ammonium sulphate/0.1 M sodium accetate, pil 5.4, The
protein concentration was 5 mg/ml. The inhibitor was
dissolved in dimethyl sulphoxide and diluted mio the
protein sample to give a final inhibitor concentration of
9 mg/mil [9% (vol/vol) dimethy] sulphoxide] The 6-ul
drops consisted of 50% of this mixture and 50% of the
proteip-inhibitor sample. Crystals grew at 23°C n o
days. In the case of MVT-101 ihibitor, the enzyme
(stored in phosphate buffer, pH 7, in 20% glycerol m
~-20°C) was concentrated to 6 mg/mi usmg Centricon
microconcentraters, while smmultanecusly exchanging
the buffer for 20 mM sodium acectate, pll 3.4, Five g
of MVT-101 was dissolved in 100-ul DMSO and mixed
with protein to yield 10-fold molar excess ot the
inhibitor. Crystals grew at room temperaturc 1n hanging
drops from 60% ammonium sulphate. They appeared

within a few days as thin rods with maxumum
dimenstons of 0.3 x 0,12 x 0.06 mm.
The crystals used for data collcetion normally

measured up to 0.06 x 0.1 x 0 4 mm and wore mounted
in quartz capillaries. Data were collecled al our
jaboratory using a Slemens area detecton mounted on a
three-axis camera. Table 1 shows the resolunon ol the
data collected in various experiments raneing {rom 2 {i
to 3.0 A. All the inhibitor complexcs tepoited so fal
crystallize in either the orthorboambic or the hevagonal
form. The chemical formulae of the 13 inhibitors studied
both in this Jaboratory and clsewhere are showa m Table
{. Crystatiographic information for some of the inmbnor
complexes is summarized in Table 2.

X-ray structure of HIV-1 PR

Scientists from Merck Sharp and Dohine wete the first (o
report the X-ray structure of the native HIV-1 PR, w hich
was almost immediately verified independently by othui
laboratories including ours® 3. The crystal structure was
solved at our laboratory by molecular replacement and
confirmed by the multiple isomorphous replacement
(MIR) method. The molccular replacernent mcthod nsed
the HIV-1 protease model constructed by Weber? based
on the known structure of the RSV PR which was solved
by Miller ¢/ al'® (Figure 2). The program package
MERLOT!" was used for molecular replacement and
CORELS program!? was used for ngid-body refinement.
which was then confincd (refined?)y using the slow-
cooling technique coupled with molecular dynamies ol
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Table 1.
Resol.

Inhibitor P5 P4 pP3 P2 Pl Linkage ry P2 P3* rs Ps R

MVT-101 Ac-Thr lle Nle CH,NH Nie Gin Arg 2.0 0154
IG-365 Ac-Ser Leu Asn Phe CH(OH) CH,NH Pro lle Val-OMc¢ 24 0146
U-85548¢ Val Ser Gin Asn Leu CH(OH) CH, Val Tle Val 25 0138
AcPepstatin Ac-Val Vsl Sta CH(OH)CH, (CO-NH)  Ala Sta 25 0.67
0-75875 Noa His Cha  CH(OH)CH(OH) Val He Amp 20 0.169
A-74704 Cbz Val Phe CH(OH) Phe! Val' Cbr 238 0182
L-700,417 Ahe’ Phe* CH(OH) Phe Ahi 21 0180
A-77003 Pyr Val Phe  CH(OH) CH(OH) Phe' Var Pyr 18 0167
PS-1 Pro Pro Gin Val Psta CH(OH)CH, (CO-NH}  Ala Gln Pro Pro 20 0162
Ro-31-B558 Boc Cha CH(OH) CH;, Val Tle Epy 23 0.173
L-689.502 Boc Phe CH(OH)CH, Emt Al 225 0173
Pepstatin Iva Val Sta CH(OH) CH, (CO-NH)  Ala Sta 28 0.147
AG-2 Ser Phe Asn Sta CH(OH) CH, (CO-NH) Gin He 25 0158
AG-4 Ser Gin Asn Sta CH(OH) CH, (CO-NH) lle Val Gin 25 0148
Lilty-765 Chz Val Phe  CH(OH)CH (OH) Phe Val Cbz 26 0145

Abbreviations used: Nle, norleucine: Ac, acetyl; OMe, methoxy. Boc, 1-butoxy
carbobenzyloxy: lva, isovaleryl: Sta, statine, Psta, phenyl statine: Noa, 1

P

y

Cha, cyclohexylalanine; Epy. ethylpyridine: Cbez.
etyl: Amp, 2-pyr i

: hyl: . Pyr. 2-pyridil-N-
methylurea; Ahi. 1-amino-2-hydroxyindan: Emt, O-ethylmorpholinyltyrosine. Prime indicates reversal of amino acid linkage

Table 2. Reported crystal forms of HIV-1 PR, both as ap and as 1 p The first refe to each
crystal form is listed.
Space a b ¢ Crystal First
Inhibitor group o B ¥ morphology reference
P4,2,2 50.3 503 106.8 monomer McKeever et al ®
90.0 90.0 90.0
MVT-101 P2,2,2, 51.7 59.2 62.45 dimer Miller et af 10
90.0 90.0 900
Acetyl-Pepstatin P2,2,2 58.39 86.70 4627 dimer Fitzgerald et al **
90.0 90.0 90.0
A-74704 P6, 63.3 633 836 dimer Erickson ef al. %
90.0 90.0 1200
JG-365 P6,22 63.4 634 836 monomer Dreyer et al >’
90.0 90.0 120.0
a

Figure 2. 3D structure from X-ray studies of RSV PR is shown on the left along with and HIV PR on the nght The monomer of RSV has 120
3mine acids compared to 99 jn HIV and the flaps on RSV PR do not exist in the X-ray structuse, but huve been udded here merely for

cpmpanson
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XPLOR progiam'? follonwed by restramned lcast squares,
asing PROLSQ program', and manual rebuilding into
2Fo-Tc Fourier maps using the program FRODO'?
While these studies initially disagreed aboul certain
details of the structure, they all confirmed that the
molecule (s @ homodimer, and that us active site closely
resembles the active sites of other aspartic protcases
such as pepsin, chymosin, and rhizopuspepsin, among
others. The general topology of the HIV-1 PR molecule
is similar to that of a single domain in pepsin-fike
aspartic protease, with the main difference being that the
dimer interface in the H!V-1 PR 1s made up of four
much shorter strands, rather than six longer strands
present in pepsin. The overall structure is characterized
by beta sheet with an extended four-siranded sheet
forming the dimer interface (Figure 3 o). The active site
triad (Asp25. Thr26, Gly27) located in a loop parti-
cipates in a network of hydrogen bonds similar to that
found in the other enzymes of the family (Figure 4)
The carboxylic groups of Asp23 from both chains are
nearly coplanar and show close contacts involving ODI
atoms. The petwork is quite rigid due to the interaction
called ‘fireman’s grip’, in which each Thr26 accepts a
hydrogen bond from the Thr anude group n the other
loop and donates a hydrogen bond to the carbony.
oxygen atom in the residue preceding the catalytic triac
on the other stand. A difference between these related
enzymes is that only one flap is present in pepsins, while
two flaps are present in HIV-1 PR. The flap is a
1airpin that covers the active site and participates in the

yinding of inhi
cnow ledge of
proteases  that

hitots and/or substrates. All in all, the
he structures of many cellular aspartic

1as accumulated 1n the [ast [5 years

ereatly assisted in achieving rapid progress of the inve-
strgations of the structure and function of HIV-1 PR.

—_—

HIV-1 PR-iulkibuior complexes

Since the structures of retioviral and cellular aspartic
proteases share many featwes, inhiubitors of cellular
aspartic protease were tested carly on for their abtinty 1o
bt HIV-1 R Subseguently, a farge number of com-
plexes of V-1 PR with new substrate-based mhibitors
have been preparcd, and many crystal structures of these
complexes have been solved. At feast ten diffcrent
structures of FIIV-1 PR-inhibitors have already been
published and other structures have been discussed at
scientific meetimgs, with atomic coordinates becomng
avarlable ¢ither thtough the Piotein Data Bank or by
direct distribution trom the investigators

HIV-1 PR has two 99 residue peptide chains whose
sequence is shown in Tigure S and the monomer one is
numbered 1 t0 99 and monomer two 15 numbered 101 o
199. A typical Ramachandran plot (shown n Figure 6
for the native 11IV-1 PR) for any HIV-[ PR indicates
that the main chain torsien angles are all well within the
normally atlowed region Pigure 7 shows the temp-
erature factors for all the restducs of the PR and a PR-
inhibitor complex. The B's for most of the main chains
are well within 30 A% which 15 normal for a well-refined
structure at 3 0 A or higher resolution The flaps which
are supposed to be avolved in a sort of hinge motion,
particularly when they have to accommodate the
inhibitor, did not swprisingly have higher B lactors.
Residues 15-18. 37-40 and 68-70, i particular. wihich
make up loops on the protease swface, are known to be
involved in intermolecular interacuions n the ¢y st
structures! ¢ !7 These residues also have the laigest B3
factors. The mean B-factor of mamn cham atoms.
averaged over protem domains. can give a quaptitative
estimate of chamn flexibility!.
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Pwure 4. Hyvdioren handumg scheme ol V.1 PR
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Fuzure 3. Comparrsen al the soquiences of FIIV-T PR wth HIV-2 PR Resdues conserved i proteases from both sources are shaded blac:
thuse connersed in cacly of the proteases are shaded 2res . and residucs which e not conserved are grey on white background  Those resedns

which appear to v mlale conservanion aee black on wiile

Ficure 8 shows the ¢lectron density map for MVT-101
inhibitor. Coordinate sets for ten PR-inhibitor complex
structures availihle both from our laboratory as well as
those solved in other laboatortes are used as the basis
of most of the comparisons described here. The
seguence of inhibitors whose compleses were studied in
our laboratony . as well as relevant crystallogiraphic data,

Is given in Table . alonz2 with information on those
structures reccenved hrom  other laboratoties  These
inlubiors e peptide analogues  with  difterent

sequences and lenaths, except for the UCSEE Some of
the ibibitors arc nonspeaific and able Lo meract with
almost  all  aspartic  proteases  (pepstatm. acetyl-
pepstatin). while others were designed on the basis of
the sequences of Anown substrates of HIV-1 PR. They
aif bind to the protcase m the same general con-
lmmation mahing simitlar contacts with the enzyme.
[nflerent nonscisstle groups replace a central peptide
band  These groups mclude an unusual ammo acid,
statine. oy well as hinkages invohving reduced peptide
bond,  hyvdiovyethvlamine,  and  hydroxyethyvlene
maoiclies

Fhe mcthods used in our laboratory to solve the
structure of the nauve HIV-1 PR as of the inhibitor
complernes, have been pubhshed!-17 W 22 A detailed
descripuion of the methods used to design a guasi-
s\ mmctnic inhibitor, A-74704, and 1o solve its structure
was publnhed by Erichson ¢f of 2 The unofficial count
on the number of HIV PR-inhibitor complexes studied

X0

so far at various laboratories within thesc cauple ol
ycars., amounts to over [160. but many of them ftor
various reasons have not been published In Tablc |, the
three scis of coordinates (AG-2, AG-4. and Lilh-763)
were provided by Krzysztof Appelt from Acowmon
Pharmaceuticals, La Jolla, California. Whilc the stiu-
cture of a complex of HIV-1 PR with acctyl-pepstatin
was published by Fitzgerald et af *Y. the coordimates
used hcre were from an analogous shuctute. solved
subsequently in our laboratory.

The resolution of the structures sobhved so far vanies
from 2.0 to 2 8 A. Many of these structures were solved
by molecular replacement, and therefore some leatures
of the protease structure itsclf have been carried through
by these technigues, rather than uniquely observed In
our experience, in almost all the cases of native as well
as hibitor complexes of HIV PR, the fit of 1he
structute to the electron density map was  ahways
excellent for the final rcfined structure There was also
one common feature of all the HIV PR-mhibitor
compleves so far studied, which 1s a strong peak ol
electron density, localed benwecen flaps and the inlitbitor
which has been designated as a water molecule. Thes
unique water molecule 1s tetrahedrally coordmated by
the two carbonyl oxygen atoms adjacent to the scssile
bond analogue of the nhibitor and by twg amide
nitrogen atoms in the flaps This water molecule
mediates contacts between the tips of the flaps and the
inhibitor.

CURRIUNT SCICNCE, VOL 65 NO 11, 10 DECH MBI'R 1993
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Figure 6. The Ramachandran plot for HIV-1 PR. The red region is the fully disallowed region. the yellow and blue parually allowed region and
the green the fully allowed region and the dotted squares represent the position of the amino acids an the @Y map

The complex of synthetic HIV-1 PR with a hexa-
peptide inhibitor with sequence N-acetyl-Thr—Ile~Nie—
Y{CH;-NH}-Nle-GIn-Arg—amide (referred to as MVT-
101) was the very first HIV-1 PR inhibitor structure that
was solved®. This asymmetric inhibitor lies in a single
orientation and makes extensive interactions at the
interface between the two subunits of the homodimeric
protein. Later two more HIV PR-inhibitor complexes
were studied at our laboratory's-17. These three inhi-
bitors were hexa, hepta and octapeptide respectively and
are designated as MVT-101, JG-365 and UB5548¢c. The
hexapeptide MVT-101 has a reduced bond in place of
the normal scissile bond. The heptapeptide, JG-365, has
a hydroxyethylene linkage and the octapeptide, U-

CURRENT SCIENCE, VOL. 65, NO. 11, 10 DECEMBLER 1993

85548¢, has a hydroxymethylene linkage. Originalh
was thought that MVT-101 has only one orientation but
a new refinement with 2.0 A resolution indicated con-
formational disorder, whereas such a disorder has not
been observed for the JG-365 and U-85548¢ inhibitors.
Similar disorder has been reported for the 2 A structure
of acetyl-pepstatin which was crystallized with HIV PR
in a different crystal form™*.

Another HIV-1 PR complex studied recenty in this
laboratory is with the ishibitor CHa WICH(OHCH-
(OH)]-Val 1le -Amp or designated®” as U-75R75. T'hus
has a dihydroxyethylene insert which mimics the transit-
ion state of substrate for the enzyme Also a molecuiar
modelting study was already done on this comples and

s41
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Figure 7. Plog of the »wotropie tumperature factor v the restdoes tor LIV -1 PR (e natinve and (8) complenaed with the inbubitos

the crystal structure analysis was the perfect way (o test
the correctiness of that study, This inhibitor which 15 a
diestercomer has the R configunation at  both the
 diosyt chaval carbon atoms. One of the diol hydrony |
aroups 18 posittoned such that it forms hydrogen bonds
with the actinve site aspartate, while (he other mnteracts
with only one of them Like the other PR inhibitor
compleses  these mteractions are also tound in an
envtended c¢ham in a well-defined and extensive achive
site cleft Unlike the MV T-101 complen, the U-75875

K2

does not appear to have anather conformation othey than
the single confurmation that was found.

All the imtally studied

inlubitor complexes crystal-

lized in space group P2,2,2,. The lust deviatton from
this was the 2-fold (C») symmetric mlubitor of the IV

PR desiened based on th
active sie?’,
enzyme inoa highly
difference s that the
symunetry., 1he  space

C URRINT SCIENCH

ANl

¢ 3-1 symimetny of the enzsme

Fhise inlubior (A-74704) binds 1o the
symmelric

tashion  he
Ditor possesses atmost exact Cs
eroup was P6,. the water
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Figimie 8. Sterco view of the inhibitor moleoule in 1ty 21 o-I-¢ clectron density map contoiired at b1 sizma level

WAT301) which bndges the inhibuor and the enszyme
lies in this structure within about 0.2 of the molecular
two-fold axis and iIs tctrahedrally coordinated to the
amde NH atoms of ILE5S0 and ILES0’ of the flaps and
to the carbonyl onygens of the P2 valyl groups of A-
74704 All n all it appears that 11[V-] PR aticmpts to
enforce symmetric binding even with a stucturally
asymmetric mhibior. Their swdy of this paiticular
enzyme comples bad two different goals One was to
provide symmetitc mteractions between the inhibitor
and en/same, which would make the C2 axes concide.
Secondly, the inhibitor should fili the ensyme subsite™s

S1 and S1°which usually interact with the side chawns o

the inhibuor s asymmetnic. This inhibuor 15 G
symmetric except for the seconday Ol gioups on Lthe
central atom  $he mitial design resulied in an jnhibitor
A-74702. which was considered carlicr having weaher
activity i vare s led the investigators o the A-
74704  mhibior whih had a carbobenzoszy valine
(Chs Val) antached 10 both ends of the core [ s
mhibior i that sease was different hrom MV E-]0O]
which o an asymnettic, reduced peptide mhibitor
Anoiher difference between these studies was that i the

CLRRINTSONNCL vl oS My 2L T MU NMBER tead

MVT-101 structure the protein was synthetic, whereas
this one was recombinant and differemt from  the
synthelic protease at six positions. Even with hese
differences, surprisingly, this inhibiior A-74704 fitred
mto the active site in the same fashron as MV E-10].
with almost the same hydrogen bondmg scheme. A total
of 29 residues of the PR interacts with the mbibatos
compared to 21 residucs interacting with the MV1-10
intubitor. Overall, it sugecsts that the PR which atselt 1y
asymmetiie forces a syumictie binding cvee with the
ass mmetnic mhibitor

The X-rav structure of HIV-1 PR complened with
another inhabitor. aceny l-pepstatin studied by T tzgeraid
e af 2 proposed two symmetric onentiions tor the
inhabitor. which are 1claied 10 one another by pyeudo-2-
fold anvis of ssmmetry of the subunits ol e dimenic
enzame Assuming equal temperature tactoms of boily ol
the inlubior positions, the ovcupaney was G 38 aad 0 12
wespecinely  Although the authoes pcler te sonme it
changes m o the stiuctuie of the V-1 PR vt
compared (0 that of the MV E-T0] ceimplen, il appoats
thal these changes do net attedt the wad the PR imtctan s
with the mithitor, This was anse v because the sunute

Wil
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A74704
ACPEPST
AG1

AG4
JG365
L502

LILLY 785
MVT101
R0O318558
U75875
UB5548E

Figure 9. Overlay of 12 inhibitors as obtamed from X-ray studies.

acids in the active site in both the structures remained in
almost the same conformation

After the first C, symmetric inhibitor was studied,
Bone and coworkers?’ designed a new set of pseudo-
symmetric nhibitors, using similar strategy. The
structures are shown in Figure 9. Once again, it was
observed that the inhibitor can be fit into the difference
density 1n two orientations. These orientations differed
by rotation of the inhibitor in the active site by 180°
about an approximate 2-fold axis which relates the 2
HIV PR subunits. It was also concluded that both these
conformations are equally possible for these inhibitors
in this complex. These types of studies indicate that the
direct hydrogen bonding and indirect hydrogen bonding
through water, of the inhibitor with the HIV PR can be
improved by suitable modifications of the inhibitor.
Such studies lead to better understanding and easier
design of the drug that inhibits the activity of HIV
inhibitor.

844

Only one non-peptidic inhibitor of HIV PR has been
described so far. This is a derivative of a compound dis-
covered through computational screening of the
Cambridge structure database using a shape compli-
mentary algorithm. The main inference between this and
the peptide inhibitors is that this inhibitor binds within
the enzyme active site but does not overlap the binding
site observed for peptide-based inhibitor. A computer
search was conducted of the database for 3D compounds
based on shape and also to some extent on possible
chemical complementarity with the active site of HIV
PR. It is interesting to note that the UCSF8 inhibitor
binds in a different orientation than predicted by the
DOCK program for a closely similar molecule
bromperidol. Also, the conformation of UCSF8 in the
complex is somewhat different than the structure of
bromperidol in the Cambridge structural database. This
indicates the strong complex nature of the force that is
encoded in the active site of the HIV-1 protease.
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Another aspect to note in the case of UCSF8 was that in
the crystal structure, the B value for the inhibitor was
about 70 A2, while the expected B values for protein
will be around 30 A2

Differences and similarities among the HIV-1
protease molecules

The structure of the protease itself 1s very similar among
the various protease-—-inhibator complexes, despite diffe-
rences in the crystal parameters. Among all the
structures of HIV PR inhibitor studied, more similarities
have been observed than differences. As the structures
are visnally compared using computer graphics; the
notable differences among them are not only in side
chain positions at the surface of the protein, as expected,
but also in some rearrangements in torsion angles of part
of the main chain. These differences are at the outer
edge of the protease, in the areas mvolved in cry-
stal lattice contacts, but are distant from the active
site, so they have no apparent bearing on inthibitor bind-

ng.

In most of the structures, the peptide bond at the tip of

the flap between residues 50 and 51 is turned 180° In
molecule 1 relative to its position in molecule 2. With
the exception of AG-4, the torsion angles identifying
monomer | are ¢ in the range of —20° to —45° and Y
between —60° and —95°. In monomer 2, ® is 1n the
range of 120° to 160° and ¥ is between 75° and 120°
These are details that may not accurately reflect in the
lower-resolution structures. Eventually, high-resolution
structures of PR—inhibitor complexes may provide final
proof of whether this asymmetry Is necessary for
binding all inhib1tors.

Upon binding of inhibitors, the structure of HIV-1 PR
changes considerably, compared to native protease. In
the structures discussed here, the inhibitor enzyme has
undergone a transition compared to the apoenzyme,
which is particularly visible in the flap region (Figure
3 ). However, the changes are not limited to the flaps
only, and altogether, almost a quarter of a-carbon atoms
shift by more than | A each upon inbibitor binding.
However, as mentioned above, the structure of the
protein part of the complexes is quite similar for all

inhibitors studied.

Conformation of the inhibitors of HIV-1 PR

Almost all the inhibitors so far repotted by various
groups are bound in the prolease active sife In an
extended conformation, so that when they arc supef-
imposed upon one another, the functional elements ahgn

quite similarly (Figure 9). The contacts between the
maimn chain of the inhibitor and the protease are very

oimular for all the complexes, with the nonhydrolyzable
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scissile bond analogue of cach inhibitor aligned with the
aspartate carboxyl groups (Asp 25/125) of the active
site. In all cases except for MVT-101 (which has a
reduced peptide bond as a nonscissile moiety), the
hydroxyl group at that P1-Pl’ junction is positioned
bﬁtween the aspartate carboxyl groups in the protease,
within hydrogen bonding distance of each carboxylate
oxygen. The configuration of the tetrahedra! carbon of
the inhibitors is S, with the notable exception of
inhibitor U-75875, although the R configuration of this
inhibitor results from the naming convention and its
linkage is actually isostructural with the linkages
involving S carbons in the other inhibitors. i
HiV-1 PR is a symmetric enzyme, but loses its
symmetry when an inhibitor 1s bound. This is induced by
the N > C polarity of the inhibitor peptide. The diffe-
rences between monomers | and 2 are so subtle that a
two-fold disorder with respect to the inhibitor is
frequently observed. The comparison of HiV-1 PR
complex with the native enzyme, indicates that large
conformational changes accompany ligand binding. in
the HIV-1 PR complex with MVT-101, the entire flap
region has moved considerably relative to the position
observed in the native HIV-1 PR (Figures 3 a and 5% =%,
This movement for all the C, atoms of residues 35

through 57 is between 1A and 7 A. This may be
visualized as an overall hinge motion, wherein beta-
strands in the flap region rearrange themselves after
opening to permit substrate or inhibitor binding. Also
because of the inhibitor/substrate binding, the overall
size of the active site cavity is reduced, due to the
movement of the residues 77 to 82, whereas the ¢,
atoms shift by about 2 A. These changes explan the
wide range of substrates that can be accommodated in
the active region. This is the most important mechanism
that must be understood for rational drug design.

Molecular modelling and HIV-2 protease

Apart from a large number of X-ray studies ol 1IV-1 PR
inhibitor that are being undertaken at various labo-
ratories, another acea of study that 1s rapidly progressing
is the molecular modelling of this protease with suitable
inhibitors. Although X-ray crystallogtaphic investigat-
ions of biologicat molecules unequivocally gtve the 3D
structure of the molecules, nevertheless, in the actia
biological system, the enzymes may exist in contor-
mations somewhat different, Also, due to the ditficulty
and time-consuming process of growing these cry s{as
and sulving the structures, molecular modelling s the
hest alternative to actual X-ray crystal stiucttre deternu-
sation of macromolecules, In face the starting el ol
coordinates for the determunation ol the ceyvstad struciure
of the native [11V-1 PR was {tom the modelled st of
coordinates of HIV-T PR based on the crystad strueture
of the RSV protease.
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In the modelling studies of the U-75875 inhibitor, the
mhebstar was constructed using the MVT-101 structure,
using eraphies and energy minimization techniques. The
resulting structure hept the hydrogen bonding scheme
between the PR and inhibitor as a constraint and led to
an assmmetric position of the two hydroxyls. However,
this and most other inhibrtors were asymmetric, while
the apoenzvme was fully symmetric. This observation
led to desien of another PR-inhibitor, namely the A-
74701 from the Abbott laboratory. Three-dimensional
fingerprint analvsis ustng the program ALADDIN, was
also used to discover novel, nonpeptidi¢ inhibitors of
HIV-1 protease from enisting darabase of small mole-
cules. Appronimately 40 compounds were selected from
the hit list and tested for HIV-1 protease inhibition. The
water molecule WAT30I1., which s so far a common
feature of all the HIV-1 PR inhibitor complexes studied,
must play an important role in the inhibitor binding
because of its maximum hydrogen bonding capabtlity.
Another area to explore is to find a covalently bound
eroup to replace this water and test for the activity of
the protease. The current goal of all these investigations
is to find a potential {?), either peptidic or nonpeptidic,
which will inhibit the action of HIV-1 PR. Scientists all
over the world are putting their effort to find an answer
to this important problem and it would appear that the
discovery of such an important drug 1s not far away.

Although AIDS is caused mainly by the type 1 (HIV-
1) virps, the disease is sometimes caused by the second
variant, HIV-2. Recently thete have been reports of
some unusual strains of the AIDS virus which may be
mutants of the actual HIV-1 virus. Although these two
viruses have a common evolutionary origin, they differ
i thetr nucleotide and amino-acid sequences, with 60%
overall amino acid homology between these two. A brief
description of the methodology used in modelling HIV-2
PR based on the existing HIV-1 PR is given here. The
sequence for the HIV-1 PR was extracted from the Los
Alamos HIV sequence database and the atomic co-
ordinates of the HIV-1 PR with inhibitor JG-365 was
used for mutating the residues. After replacing, deleting
and inserting the residues of HIV-2 PR on to the HIV-]
PR structure. the bad contacts were relieved manually
on the graphics. Basically the original HIV-1 PR con-
formation was maintained for the HIV.2 PR. The atomic
coordinates of the second monomer in the dimer were
obtained from the first one by superposition on the ¢,

atomns of the second monomer in the crystal structure of
1HiV-1 PR. In addition, the inhibitors were also
modclled binding mto the active site area of the
protease. All the substitutions of residues occur in such
a way that the important structural interactions are
mainiained, The examination of the protease structures
with two different inhibitors identified one residue in the
substrate binding site where the size of the amino acid
present 1n HIV-1 PR correlated with the relative binding
constants of the inhibitors.

B4

Recently the X-ray structure of npative HIV-2 PR
native as well as complexed with two different pepti-
domeric inhibitor has been determined’® and an rms
deviation of 1.5 A was found between the main chain
atoms and the conserved side chain atoms of the HIV-2
and HIV-1 PR structure. The complexes ctystallized in
the space group P2,2,2; with cell dimensions a =
3328 A, p=4535A and c=13584 A. The major
differences were only at residues 16-20, 33-44 and
66—72 in each monomer which occur at the external flap
segments. Also, most of the hydrogen bonds were
maintained similar to those found in the HIV-1 inhibitor
structure. The single most important difference of HIV-2
PR from the HIV-1 PR structure was that the flaps are
closed in the former case whercas they are open in the
HIV-1 PR. The flaps do not have that hinge motion in
the case of HIV-1 PR when its active site is occupied by
the inhibitor. In the X-ray structure of HIV-2 PR
inhibitor complex with U-75875 the inhibitor and PR
contacts were almost the same as those found in the case
of HIV-1 PR and U75875 complex.

Currently, 12 million people all over the world have
been infected by the HIV virus and an estimated 2
million people are developing the disease by the end of
this century. Although several drugs like AZT and ddl
have been partially successful in controtling this disease,
the search for more effective drugs is still going on. HIV
PR is an obvious choice for a target of such drugs, and
hence a lot of money and efforts are being spent on their
search. X-ray crystallography, NMR and molecular
modelling are being extensively used for studying the
HIV PR inhibitor complexes. Due to the speed with
which these studies are going on at vartous laboratories,
the hope for a rationally designed drug for AIDS therapy
may not be very far. Also the recent structure of the RT
molecule will definitely heip find a proper cure for this
deadly disease of the humankind.

Summary

As stated earlier, there are more than 160 different
inhibitor complexes of HIV-1 PR (and a few of HIV-2
complexes recently solved) that have been studied so far
by X-ray crystallographic methods at various labora-
tories. This is the first time that the structure of one
single enzyme has been studied by such a large number
of independent investigators, in a variety of crystalline
modifications. This gives us the unique opportunity of
studying various aspects of protein—-ligand binding,
hydrogen bonding scheme, nonbonded interactions and a
full insight into the structure of enzymes and 1ts
Interactions with a variety of inhibitors that hitherto was
not possible. Although these studies have been made n
such a short time, we still do not have a rationally
designed drug which inhibits the protease activity of the
HIV-1 PR in the real system without complications of
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side effects. There are still several unanswered quest-
ions. Possibly, with the understanding of the structure of
the other two important vital components namely the RT
and IN, we may go one step further in this endeavour,
Structural information will also benefit the design of
vaccines for AIDS.

Due to the extensive data being collected on this
complex, Paula Fitzgerald!! presented at the recent ACA
Meeting at Pittsburgh, a poster wherein she outhined
some guidelines for publications of the HIV PR inhi-
biter complexes. We refer to some of them along with
some additional comments of our own: (1) prepare tables
that describe the quality and completeness of the data
and the geometry of the final refinement model; (it)
prepare tables describing hydrogen bonding and
nonbonded contacts between the protein and the
inhibitor; (i1i) prepare the standard set of stereo drawing
for each inhibitor structure as well as a clos¢-up view of
the active site; (iv) prepare tables comparing the
geometry of the PR and inhibitor portion of the family
of structures. In addition (v) the final temperature
factors for each imhibitor should be published, which
gives us some idea of how much the inhibitor position 1s
distorted (vi) The final PDB coordinates should be
made available as soon as the structure 1s published
through depositing at the Protein Data Bank. (vi1) As
indicated above only 10% of the HIV PR inhibitor
complexes have so far been published and many of the
rest may not be published at ail. This 1s mainly dune to
the fact that some companies may need to try these
inhibitors for clinical test and would like to modify, if
needed yntil a suitable inhibitor is found. Still in the
interest of the scientific community working in this area,
these data should be made public for a free flow of
information among scientists.
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