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ABSTRACT

Structural determination by means of X-ray crystallography using molecular replacement
methodology has been made of two immunodeficiency virus aspartyl proteinases, one of Human
(HIV-1,, isolate) and one of Simian (SIV ,,s,.5,n is0late) origin. Each proteinase (PR) was co-
crystallized with the archetypal aspartyl proteinase inhibitor, isovaleryl pepstatin. This inhibitor
occupied the normal substrate binding site in each case. This is the first published structure of STV
PR with a statine derivative and of an HIV-1 PR structure with isovaleryl pepstatin (acetyl
pepstatin was co-crystallized with HIV-1 PR, NYS5 isolate Fitzgerald et al.). Two structural
determinations with the same inhibitor, both refined to high resolution (1.8A for HIV-1 PR and
I.6A for SIV PR), and subjected to known processing, enabled detailed comparisons to be made.
The HIV-1 PR crystallized in spacegroup P2,2,2 with one biologically active dimer in the
crystallographic asymmetric unit. The SIV PR crystallized in spacegroup C222,, one monomer
being in the asymmetric unit. The electron density map for the HIV-1 PR in the region of isovaleryl
pepstatin suggested that only one orientation of the inhibitor may reside there. In the case of the
SIV PR, two orientations of the inhibitor are implied by the symmetry. However, there is evidence
from the data analysis, that in order for this to be the case, each inhibitor orientation is
accompanied by small conformational adjustments to the side chains of amino acids which define
the subsites of the binding cavity. The implication is that the symmetry has been compromised with
the structure being averaged in certain regions. It has been illustrated that the presumed flexibility
in the surface loop regions of both proteinases has a correspondence with the assignment of
individual temperature factors used in the refinement procedure. In addition, for the asymmetric
dimer, discrepancies in temperature factors between symmetry associated regions can be attributed
to differences in protein contacts in the crystal packing. For published structures of HIV-1, HIV-2
and SIV proteinase types, acomparison of the positional deviation of all backbone atoms compared
to those only associated with amino acids involved in ligand contacts has been made, the cluster
averages of the three protein species showing little variation in the backbone conformation in the
region of the binding site despite there being up to 50% overall sequence variation between types.
There is a clear correspondence between the RMS deviations of the atomic positions for related
atoms in a cluster and the associated temperature factors for a representative structure. Emphasis
is placed on the need for positional accuracy of coordinates to be estimated when the differences
between two structural determinations are being correlated to a change in conditions. Two deep
pockets ‘below’ the proteinase binding site normally occupied by solvent water have been
identified. Being in a relatively non-mobile region not directly affected by mutations found to date,

these are worthy of further investigation in relation to the design of new inhibitors.
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INTRODUCTION

1.1 General Overview

Acquired Immune Deficiency (AIDS) was first recognised as a syndrome in New York in
1979. In 1983-84 the cause was attributed to a retrovirus of the lentivirus family, and
identified almost simultaneously by scientific groups working at the National Cancer
Institute in the United States (Robert Gallo), at University College San Francisco (Jay
Levy) and at the Pasteur Institute in Paris (Luc Montagnier). It has become known as the
Human Immunodeficiency Virus (HIV). There are known to be two major strains of the
virus in humans, HIV-1 and HIV-2. HIV-1 is the most widespread throughout the world,
with HIV-2 more prevalent in West Africa. Because of the increasing incidence of the
disease, treatment of AIDS by drug therapy has become of paramount importance.

There are several established routes through which the virus is known to be
transmitted from one individual to another. The main one is unprotected sexual intercourse
of a heterosexual or homosexual nature. Another route is through donation of such entities
as blood and blood products, body organs and semen. Accidental needle stick injuries
present a risk as do insufficiently sterilized surgical devices or needles and syringes
typically shared amongst illicit drug users. There are also possible routes from mother to
child, known as vertical transmission, which could take place in pregnancy or more likely
during delivery, or even through breast feeding.

Accumulating accurate global statistics for any disease is a massive task requiring
collaboration at all levels and in the case of HIV/AIDS, it is exacerbated by the long
incubation time resulting in delays of recognition. Any estimates are likely to be
underestimated but figures compiled by the UNAIDS and WHO organisations for
December 1996 and 1997 are reproduced in table 1.1. Numbers are expressed in millions.
In this context, an adult is considered to be in the age range 15-49 years, and a child to be
less than 15 years.

Table 1.2 shows the breakdown by region for adults living with HIV/AIDS in 1996
and 1997, with deaths for 1996 also shown. The UNAIDS organisation warns that the
number of adults living with HIV/AIDS in 1996 is now thought to have been an
underestimate especially in sub-Saharan Africa since trends were based on regions such as
Uganda which had the best surveillance system and showed that infection rates were
starting to level off in that region, this being used as a model for other States. With this
consideration and statistical methods which are thought to be improved, the rate of increase

may not be as high as is suggested by these figures.



[Chapter 1] 19

l TABLE 1.1 UNAIDS/WHO Global HIV/AIDS Statistics
i - Adult Male Adult Female | Children Total
’ 1996 | 1997 | 1996 | 1997 | 1996 | 1997 | 1996 | 1997
l New HIV infections ~140 | 3.10 |~1.30 |210 |040 |0.59 |3.10 5.79
, People Living with HIV/AIDS | 12.60 | 174 |9.20 12.10 { 0.83 |} 1.10 | 22.63 | 30.60
1 HIV/AIDS associated deaths 0.65 0.98 | 047 082 035 | 046 | 147 2.26
‘ Cumulative HIV infections 15.50 11.30 2.60 29.40
| Cumulative AIDS cases 3.90 2.80 1.70 8.40
Cumulative HIV/AIDS deaths | 2.90 5.00 |2.10 400 |140 [270 |6.40 11.70
TABLE 1.2 Regional Variations for People Living with HIV/AIDS in 1996 and

1997 and Related Adult Deaths for Dec. 1996 (UNAIDS Estimates)
g et ms Do pmon

Accumulated total | Accumulated total { DEC. ‘96
by DEC. ‘96 by DEC. ‘97

North America 750,000 860,000 61,300
Caribbean 270,000 310,000 14,500
Latin America 1.3 million 1.3 million 70,900
Western Europe 510,000 530,000 21,000
North Africa and Middle East 200,000 210,000 10,800
Sub-Saharan Africa 14 million 20.8 million 783,700
Central/Eastern Europe and Central Asia | 50,000 150,000 1,000
East Asia and Pacific 100,000 440,000 1,200
South and South-East Asia 5.2 million 6.0 million 143,700
Australia/New Zealand 13,000 12,000 1,000

Exceptin rare cases (1 in 100 whites) of genetic variability where an individual is immune,

the virus ultimately causes death in an infected person because of its characteristic ability

to destroy the host cell’s T-lymphocytes where the virus enters and replicates destroying

the cell, thus breaking down the immune system and its ability to fight the so called

opportunistic infections and some cancers, notably Kaposi’s Sarcoma.

The virus also targets macrophages and dendritic cells. HIV is surrounded by a lipid

membrane derived from the host cell into which it inserts several of its viral proteins, one

of which is a glycoprotein, gp120, which specifically binds to CD4 receptors found in

abundance on the surface of T-lymphocytes. Even though an individual may be infected
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with the virus, AIDS may not be recognised for up to ten years in which time it is thought
that the immune system is working at full stretch to combat the infection rather than the
virus lying dormant waiting for some external trigger.

To appreciate the possible targets for a drug therapy, it is necessary in the first
instance to understand the life cycle of the virus, and the gene products produced by the
viral genome, summaries of which are produced in figures 1.1 to 1.3 (reproduced from the
book: Recombinant DNA by Watson, Gilman, Witkowski and Zoller, Scientific American
Books). Figure 1.1 illustrates how the HIV virion attaches by means of a binding interaction
between its surface glycoprotein, gp120 and CD4 receptors on the host cell membrane. The
virus genome and its reverse transcriptase are released into the cell. The latter interacts with
its own RNA to produce double stranded DNA which enters the nucleus and becomes
integrated into the cell’s DNA, and is replicated at each cell division. In the early phase
when the Rev protein is not present, only spliced RNA leaves the nucleus giving rise to Tat
and Rev regulatory proteins. The purpose of Nef is not fully established. Tat acts on the
provirus to stimulate RNA production. When the Rev product reaches a critical level,
unspliced RNA leaves the nucleus which goes on to code for the virus proteins including
those of the viral envelope which assemble around the viral RNA forming the core while
envelope proteins move to the host cell membrane which finally surrounds the virus core
as it buds from the cell.

Figure 1.2 shows the genes which make up the proviral DNA. The Long Terminal
Repeats at either end are identical and copied at the reverse transcription phase and contain
enhancer and promoter sequences. Figure 1.3 goes on to show two polyproteins which are
the products of the gag and gag-pol genes. These are subsequently processed by the
proteinase (pl1) which is itself a product of the gag-pol gene in an autocatalytic process
(Debouck et al, 1987; Giam et al, 1988; Kohl et al, 1988). Integrase is needed to insert the
viral DNA into the host cell DNA.

It is the enzymes involved at the various steps of the virus life cycle that have been
the focus of attention with respect to drug intervention by means of inhibition. One of the
first to be considered was the reverse transcriptase (RT). In the United States of America
(USA) in 1997, there were five ‘nucleoside’ and two ‘non-nucleoside’ RT inhibitors that
were prescribed. Of the nucleoside types, zidovudine (azidothymidine or AZT) is probably
best known to the public and the first to complete clinical trials. The other four are ddI
(didanosine), ddC (zalcitabine), d4T (stavudine) and 3TC (lamivudine). The ‘non-

nucleoside’ types have the common names nevirapine and delavirdine.
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FIGURE 1.2 Genes of the HIV Provirus
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KEY env  Encodes virus coat proteins
gag  Encodes proteins of the inner core
nef  Function not established, but acts in vivo to maintain high levels of

infection
pol Encodes viral enzymes.
rev Encodes Rev, which regulates transfer of unspliced RNA to cytoplasm
tat Encodes Tat, which induces high level expression of HIV genes
vif Increases infectivity of virus particles
vpr  Encodes transcriptional activator

vpu  Participates in viral assembly and budding
LTR Long Terminal Repeats

FIGURE 1.3 Processing of Polyproteins by Proteinase
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LTR Long Terminal Repeats
Pr55 Polyprotein produced from gag gene
Pr160 Polyprotein produced from gag-pol gene

p17, p24, p15, p7, p6
Proteins resulting from the action of the proteinase enzyme on the polyprotein Pr55,
all involved in structural aspects of the inner viral core

pl1 (proteinase), p66/51 (reverse transcriptase), p32 (integrase)
Proteins resulting from the action of the proteinase enzyme on the polyprotein
Pr160
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There are nine cleavage sites processed by the proteinase of HIV-1 (Darke et al, 1988)

which are listed in table 1.3. This indicates the rather non-specific nature of the enzyme.

TABLE 1.3 gag /pol Sequences Cleaved by the Proteinase in HIV-1

HIV-1 PR Scissile Bond

cleavage site

P17/P24 \% S Q N Y p I \% Q N
P24/P2 K A R \% L A E A M S
P2/P7 T A T I M M Q R G N
P7/P1 E R Q A N F L G K I
P1/P6 R P G N F L Q S R P
TF/PR \% S F N F p Q I T L
PR/RT C T L N F p I S P I
RT/RN G A E T F Y \Y D G A
RN/IN I R K I L F L D G I
Schecter P, P, P, P, P, P/’ P, Py P, P
/Berger

notation (figure 1.13)
(TF: Transframe, PR: Proteinase, RT: Reverse Transcriptase, RN: Rnase, IN: Integrase)

Besides the integrase, it is not surprising, therefore, that the other important enzyme for
licenced drugs is the proteinase. Four such proteinase inhibitors are presently available in

the USA and are listed below (Table 1.4).

TABLE 1.4 Proteinase Inhibitors Available for Use in the USA

Drug name Manufacturer Approved for use with nucleoside RT
o inhibitors? ) ) o B

Indinavir (Crixivan) Merck yes B

Nelfinavir (Viracept) Agouron yes -

Ritonavir (Norvir) Abbott yes i i

Saquinavir (Invirase) Hoftman-LaRoche yes (new version with better blood

absorption being developed, 1997)

141W94, VX-478 Glaxo-Wellcome/Vertex Under trial and may be approved in 1998

The reason that the non-nucleoside RT inhibitors are not generally approved for use with
proteinase inhibitors is that they are also processed by the liver and there is a greater chance
of interactions between them. Other classes of drug such as anti-TB, antihistamines,
antidepressants and certain oral contraceptives can also interact unfavourably with
proteinase inhibitors. Nucleoside RT inhibitors are less of a problem in this respect being
eliminated by other routes. Studies have shown that prescribing ritonavir with saquinavir

can be beneficial since it appears to slow the rate at which saquinavir leaves the body and
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the incidence of cross resistance between these two inhibitors seems to be lower. It is now
common practice to prescribe more than one proteinase and a RT inhibitor in combination.

One of the major problems which plagues a simple cure for HIV infections is that
of the rapid mutation rate of the virus caused by inaccurate replication of its genomic RNA
by the RT enzyme. This throws out many variations in the genetic sequence, some of which
produce a viable virus with altered proteins, which can further replicate. Anti-viral drugs
which deplete one form of the virus with a particular proteinase, for example, have little
effect on other viable mutated forms which then propagate in greater abundance, and so the
drug has effectively selected for the altered mutation (see table 1.5). In this situation, a
patient starts to show a limited response to that drug. When the mutated form also shows
some drug resistance to different drugs against the same target, cross resistance is said to
have taken place. A study by Condra et al (1995) with patients taking Crixivan showed that
as few as four combined amino acid mutations (M461, L63P, V82T, I84V) in HIV-1 PR is
sufficient to cause cross resistance to a majority of PR inhibitors undergoing clinical trials.
Crixivan was used for a structural study by Chen et al (1995) with HIV-1 PR containing the
four mutations. These mutations in HIV-1 PR caused the K; for Crixivan to increase 70-
fold, when compared to the native PR structure. The increase was partially attributed to the
enlarged PR subsite resulting from the 184V mutation and the unfavourable hydrophilic
group introduced by the V82T mutation. It was not so clear why the M46I and L63P should
contribute to the effect, but a dynamics study referred to in section 5.2 relating to a M46I
mutation may be relevant in this respect. In a previous study of Crixivan bound to HIV-1
PR and HIV-2 PR (Chen et al, 1994), referred to in section 1.3, with HIV-2 PR having
some alternative amino acids around the active site (V32I, 147V, L76M, V82I; figure 1.7)
only a modest difference in the K, was observed (0.38nM and 2.48nM respectively).

A study of PR drug resistance developed to VX-478 (Pazhanisamy et al, 1996)
showed how there was an ordered accumulation of mutations in HIV-1 PR with increasing
concentrations of the drug in the sequence (L10F) to (L10F, I84V) to (L10F, I5S0V) to
(L10OF, M461, 147V, IS0V). By the use of different substrates and by means of the “vitality”
constant developed by Gulnik et al (1995), it was demonstrated that in the triple mutant
(IS0V, M461, 147V), the M461 and 147V mutations were acting as compensatory mutations
increasing the survival chance of the mutant virus. The vitality value (V) is defined as the

ratio of fold increase in K, for the mutant (mut) over fold decrease in K

cat

/K,, (catalytic
efficiency) values for the same mutant with respect to the wild type (wt) enzyme, ie:

V= [ (Ki)mul/(Ki)wl ] / [ (Kcm/Km)wl / (Kcm/Km)mut ]
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A high vitality factor for a given mutation indicates that the mutation will adversely affect
the inhibitor binding more than the catalytic efficiency of the proteinase, and therefore will
be favoured as a resistant mutation. When tested in the presence of different substrates
designed to mimic cleavage sites in the gag-pol polypeptide, the mutants had higher vitality
values for VX-478 than for saquinavir and indinavir against which the mutations remained
sensitive. A sequential accumulation of mutations was also reported in a clinical drug trial
with ritonavir (Mollaet al, 1996), with the compounded mutations showing cross resistance
to indinavir and nelfinavir. The heterogeneous nature of isolates, obtained in clinical trials,
possibly containing a mixture of mutations, introduces uncertainty into the correlations
made. The cross-resistance problem has highlighted the need for more diverse PR inhibitors
or the requirement of mixed proteinase inhibitors as a therapy.

Particular proteinase inhibitors are known to select particular mutations. Table 1.5
shows mutations for some of the inhibitors studied in clinical trials, including DMP323 and
DMP450 which are based on cyclic urea structures (Lam et al, 1993, 1996). For saquinavir,
aclinical study by Ives et al (1997) was able to show that the main mutation seen in HIV-1
PR was L90M, which caused resistance to the drug. Other mutations were also observed
at positions 36 and 71, but the G48V (table 1.5) mutation seen in the course of in vitro
studies was not observed in this clinical trial, although only eight patients were analysed.
One implication would seem to be that any mutations that might occur but do not appear
in abundance in the presence of the drug, are, in fact, able to bind to the drug. Perhaps drugs
selecting fewer mutations have a broader range of specificity, which might in turn be an
argument for not attempting to produce a drug with very narrow specificity (Ridky and
Leis, 1995, minireview). Mutated proteinases must necessarily be able to bind normal
substrates in order for viral replication to occur. Presently, there is much interest in studying
the drug resistant mutations with and without bound drug in the hope of providing some

insight into the nature of the inherent problem and defeating drug resistance.

TABLE 1.5 Drug Resistant Mutations of Clinically Isolated Native HIV PR
Known to Occur As a Result of the Use of Proteinase Inhibitors

| Proteinase

‘ 7 Inhibitor: Indinavir | Ritonavir | Saquinavir | VX-478 | DMP332 DMP450

| Mutations: M461 M461 G48V M461 V82F M46L
L63P L63P L9OM L10F 184V K451
L10R ATV 147V V821
V82T V82F IS0V 184V

184V 184V L90OM
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1.2  Sequence Comparison of HIV-1, HIV-2 and SIV Proteinase and Published
Structures
Figures 1.4 to 1.6 show an alignment of amino acid sequences for the HIV-1, HIV-2 and
SIV proteinases which are in the public domain for which structural determinations have
been made. To be considered in this category, the structural coordinates had to be available
from the Brookhaven National Laboratories structural database of proteins. Reference was
made to another repository (Vondrasek et al, 1997) based on an Internet site (www-
fbsc.ncifcrf.gov/HIVdb) but the unofficial releases were not used in sequence or structural
comparisons. It was considered that the checks made to structures prior to their inclusion
in the Brookhaven resource helps to exclude those structures where problems of structural
integrity may exist. Although the alignment only considers identities, for convenience and
to decrease human error, the sequences were aligned by means of the program
ANTHEPROT (v3.1), the sequence in the form of three letter amino acid codes being
extracted from the protein databank (PDB) files and converted to one letter codes prior to
use by means of a simple editing script. The sequences have been placed in the order shown
according to the type of isolate under consideration. For the ease of cross reference, this
order has been maintained in subsequent tables. Information concerning the crystal
spacegroup and cell dimensions are also included. The HIV-1 and SIV proteinases for
which structural determinations are described in the experimental chapters of this thesis,
also have entries in the table. The codes used for these are ‘hivl’ and ‘siv1’ respectively.
Sequence comparisons were also made between HIV-1 and HIV-2, HIV-1 and SIV and also
HIV-2 and SIV proteinases (figures 1.7 to 1.9), showing the relative similarity between
HIV-2 and SIV PR sequences as compared to HIV-1 PR. Tables 1.6 to 1.8 simply show
when and from which laboratory the structures emerged with reference to the first author
and showing the name given to the associated inhibitor in the study. Structures without

inhibitors are also included.
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1.3 Brief Survey of HIV-1, HIV-2 and SIV Proteinase Structure and Drug
Interactions
Early sequence homology studies (Toh et al, 1985) suggested that the proteinases from
retroviral HIV-1 possesses a similar Asp-Thr-Gly amino acid motif to acid proteinases from
the mammalian class. Many crystal structures of aspartic proteinases were either available
at this time or became available shortly afterwards. For example those of pepsinogen
(James et al, 1986), endothiapepsin (Foundling et al, 1987), the microbial enzymes
penicillopepsin from Penicillium janthinellum (Hsu et al, 1977), endothiapepsin from
Endothia parasitica (Subramanian et al, 1977) and rhizopuspepsin from Rhizopus chinensis
(Bott et al, 1982). Based on these findings and structural homology studies, predictions of
the dimeric nature of the retroviral proteinase from HIV-1 were made (Pearl and Taylor,
1987; Weber et al, 1989, Miller et al, 1989a). The first crystallographic determination for
HIV-1 proteinase was that of Navia et al (1989), followed by that of Lapatto et al (1989)
and Miller et al (1989b). The dimer was confirmed to exist as two identical monomeric
subunits bound together by a series of non-covalent interactions and crystallographically
related to each other by a two fold rotation symmetry. This is most often true in the absence
of a bound inhibitor, which when present, tends to break the two-fold symmetry,
particularly when the inhibitor itself is asymmetric. The dimer still retains an approximate
non-crystallographic two fold symmetry in this case. A graphic representation of the
secondary structure elements of the dimer of an HIV-1 proteinase are shown in figure 1.10,
with arelated labelled diagram in figure 1.11. Each monomer is shown in a different colour
for clarity. Relating to these figures, the structure of a monomeric unit can be seen to
consist in the lower middle region of an anti-parallel B-sheet (horizontal in figure 1.10)
which on turning back through a hairpin bend forms one of the outer loops of the structure
in the region of residue Gly17. A loop at the other end of the sheet contains the site of the
catalytic Asp25 at the stable inner core of the structure. The chain then threads its way to
the outer surface to double back in a loop referred to as the ‘wing’ in figure 1.10. The chain
at the top of the figure then forms another B-sheet structure turning back in a hairpin bend
and forming the so called flaps region. Another B-sheet structure then descends to form one
of the outer sides of the monomeric unit returning to the top of the structure near to the
beginning of the flaps. A large loop follows which spans one side of the active site cleft
before descending once more into a short two turn alpha helix. The final section of the
monomer forms an anti-parallel 3-sheet structure being sandwiched between the start and

end of the chains from the functionally related monomer. This is the case for each chain as
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illustrated in figure 1.12 for HIV-1 proteinase. Along with internal hydrophobic
interactions, it is these B-sheets and the hydrogen bond network in the vicinity of the
catalytic aspartates which forms the conserved interface between the two monomers of the
biologically active dimer. In particular the corresponding Thr26 residues in each monomer
play an active role in this respect. The oxygen of the threonine hydroxyl forms a hydrogen
bond with the peptide NH group of the opposite Thr26 and the hydrogen of the hydroxyl
forms a hydrogen bond with the CO group of the opposite Leu24. This occurs
symmetrically in both directions in a configuration often referred to as the fireman’s grip

(Pearl and Blundell, 1984).

FIGURE 1.12
Interdigitated Anti-Parallel -sheets At the Start and End of Each Proteinase Chain
< —THe263 ?162G'r Chain B
[ [
(HELIX) N O
Thro6 Fetu97 Asn98 Phe99> Chain A
o o
O N O N
<Phe289—Asn298—Feu29F—Fhr296——— Chain B
lTI (l) II\I (HELIX)
O N O
Prot Heu3 >Chain A

(Inrelation to figure 1.10, view is from the bottom looking upwards. Arrows show direction
of amino acid strands, N and O are peptide NH and CO groups respectively. HELIX marks
the point where the lower part of the helix ends).

It has been pointed out that the B-strands within each monomer relate to each other by an
approximate two-fold axis of symmetry (Lapatto et al, 1989).

The substrate binding site consists of a linear channel with the catalytic aspartates
at the base (as viewed in figure 1.10) and the flaps on the opposing side above. One
catalytic aspartate is provided by each monomer, the carboxylate groups of each tending to
lie in the same plane. The residues forming the ‘sides’ of the binding channel are mainly
hydrophobic in nature and some of these are provided by the ‘loop’ (binding loop) before
the helix described above. This binding loop spans residues from Leu76 to Ile84. The side
chains of residues Val82 Val32 and Leu76 virtually form a linear grouping flanking the
binding site, Val82 and Leu76 being on the binding loop. Symmetry related residues of the
structurally related monomer provide the symmetry half of the binding cavity. The

hydrophobic residues lining the binding cleft provide recognisable binding pockets which
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are labelled according to a convention laid down by Schecter and Berger, which is
reproduced in figure 1.13. The side chains of the substrate or inhibitor are labelled P, to P,
away from the cleavable peptide bond on the amino side and P,’ to P,” away from the
carboxyl side of the cleavable bond. The corresponding pockets of the binding site are
labelled S, to S, and S,’to S,’. Figure 1.13 represents the situation for an idealized substrate
or inhibitor with a peptidic nature. Residues which tend to form hydrogen bonds with such
a substrate are also shown. These tend to lie in a plane at right angles to the ‘direction’ of
the hydrophobic interactions.

Of the HIV-1 PR structures analysed to date, two very distinct overall
conformations have been found to emerge after crystallization. These consist of the so
called ‘flaps open’ and ‘flaps closed’ states. All the structures determined in the presence
of inhibitors are in the ‘flaps closed’ conformation. Only four of the HIV-1 PR structures
listed in figure 1.4 are in the ‘flaps open’ conformation (PDB codes: IHHP [Spinelli et al,
1991], 3PHV [Lapatto et al, 1989], 2HVP [Navia et al, 1989] and 3HVP [Wlodawer et al,
1989]). Although the sequences are different, all crystallize in spacegroup P4,2,2, the
asymmetric unit consisting of a monomer and all are without a bound inhibitor (figure 1.4).
The backbone (CA atoms only) assignment for structure 2HVP (Naviaet al, 1989) was later
shown to be incorrect and so this structure has been omitted from comparisons. One of the
HIV-2 PR structures, 1HSI (Chen et al, 1994) is also in a ‘flaps open’ conformation,
without an inhibitor. It is considered that the conformation of the molecule alternates
between the two states, the ‘flaps closed’ conformation being stabilized by the presence of
the inhibitor. The ‘flaps open’ state appears to be a consistent conformation amongst those
structures in which it has been observed, as shown by the overlay of the three HIV-1 PR
structures in figure 1.14 and the comparison with the HIV-2 PR structure in figure 1.15.
The large conformational change is illustrated by the comparison of the two states in figure
I.16aasillustrated for two HIV-1 proteinases. It appears that there is aconsiderable hinging
motion which mostly affects one half of the molecule between the catalytic aspartates and
the top of the flaps, the tips of which actually cross sides in the open state (figurel.16b). If
the flaps did not cross sides, entry of an inhibitor in a linear conformation would be
hindered by the flaps themselves. When the tips of the flaps move to the opposite sides, a
linear inhibitor can enter without excessive need for rotation (around the same axis as the
2-fold crystallographic rotation axis). In a recent publication (Rose et al, 1998), the
structure of an unliganded SIV proteinase was determined which crystallized in the ‘flaps

open’ conformation and in the most open conformation of any proteinase observed to date.
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It crystallized in an uncharacteristic spacegroup, namely P3,21. There is one published
structure for SIV proteinase in a ‘flaps closed’ conformation (1SIP, Wilderspin et al, 1994)
without a bound inhibitor. This was presented as evidence that the binding of a ligand was
not a prerequisite for the closed flaps conformation. This may have crystallized as such if
the close packing arrangement took precedence causing conformational restriction. The
structure does provide a useful comparison with the inhibitor bound situations. Despite the
large conformational differences between the ‘flaps open’ and ‘flaps closed’ conformations,
it was suggested in a study by Rose et al. (1996), that strain was not a factor in the
separation and subsequent removal of the products from the binding cleft. Product
elimination is therefore seen to be a passive process with the flaps open. This assumption
was made on the basis of structural studies of product complexes with HIV-1 and SIV
proteinases, and the resulting relative positions of N-terminal and C-terminal product
complexes in the binding cleft derived from separate structural determinations. Other
studies by Rose et al (1998), attempted to identify rigid body domains within a collection
of HIV-1 and SIV proteinase structures and to correlate relative movements of these regions
with mutations and the binding of substrates. In acomparison of SIV and HIV-1 PR domain
movements, it was estimated that related domains undergo the same relative movements
during the closure of the flaps in the process of substrate binding.

Inhibitors designed to bind and compete with the normal substrates fall into three
major groups. There are those which are peptides but provide a non scissile bond at the
position of the normal cleavable site. Secondly there are those which resemble peptides in
many respects (peptidomimetic) and thirdly there are those which bear little resemblance
to a peptide and usually emerge from chemical screening techniques or drug design from
first principles. Successful drugs are those that not only have good delivery and binding
characteristics but have low side effects and toxicity with the ability to escape metabolic
pathways. Apparently small issues in the design of drugs can affect their bioavailability. In
the synthesis of a hydroxyethylene containing tripeptide analogue (Abdel-Meguid et al,
1994), replacement of the terminal carboxamide group by an imidazole group was sufficient
to alter the bioavailability from negligible to 30% and 14% in rats and monkeys
respectively. The peptidomimetics such as saquinavir have proved most effective to date
and others are on clinical trial in the USA (table 1.4). Figures 1.18 to 1.20 show inhibitors
of each classification which have been developed and used in structural studies in the
process of drug development against HIV proteinases. In general, the drugs are designed

with a chemical group (hydroxyl in the case of pepstatin) which takes the place of the
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catalytic water molecule close to the Asp25 residues and with groups which occupy the
predominantly hydrophobic binding site pockets.

Peptides containing a non-cleavable dipeptide isostere (review, Blundell et al, 1990) are
useful tools for the study of proteinase complexes, though of little clinical use because of
their susceptibility to proteolytic attack. In early studies, the use of such inhibitors was
demonstrated (McQuade et al, 1990). In other inhibition studies (Richards et al, 1989a;
Tomasselii et al, 1990a) and structural determinations that followed, much use has been
made of pepstatin and its analogues. Pepstatin, a microbial product is a strong inhibitor of
the aspartyl PR, pepsin (Umezawaet al, 1970), having an inhibition constant (K,) reckoned
to be 4.6x10"'M. A kinetics study by Richards et al (1989a) demonstrated that for HIV-1
PR, maximal hydrolysis of the peptide substrate Y-V-S-Q-N-F-/-P-I-V-Q-N-R occurred at
pH4.7. In subsequent studies by Richards et al (1989b) Iva pepstatin was shown to be a
slightly stronger inhibitor of HIV-1 PR compared to HIV-2 PR at optimum pH (ICs, =
100nM and 150nM respectively). At pH7.0, inhibition of HIV-2 PR was much weaker (IC,
= 1500nM). Inhibition studies of SIV PR (wild type) indicated an IC,, of 0.44uM and IC,,
of 5.1uM at pH6.0 (Dr. V. Good in lab. of Dr. A. F. Wilderspin, London School of
Pharmacy, unpublished). Acetyl pepstatin was reported as a stronger inhibitor of HIV-1 and
HIV-2 proteinase (ICs, = 20nM and 5nM respectively at pH4.7). These values were
considerably higher at pH7.0 (>1000nM for HIV-1 and IC,, of 750nM for HIV-2). Figure
2.6 shows the chemical structure of isovaleryl pepstatin. It contains the rare amino acid,
statine, which when present in the peptide provides a non scissile bond in place of that
found in the normal cleavable substrate. The natural form of pepstatin contains the 3S,4S
stereoisomer of statine. It has been demonstrated that the hydroxyl group of statine is
essential for potent inhibition and is required to form hydrogen bonds with the carboxylic
acid side chains of the active site aspartates of the proteinase. Studies (Rich et al, 1980) in
which many analogues of pepstatin were chemically synthesized confirmed that there were
certain essential properties which gave rise to tight binding to pepsin. Firstly, a shorter
analogue in which one valine was removed was also a strong inhibitor of pepsin.
Subsequent effective replacement of the C-terminal statine with a hydrogen only resuited
in a 20-fold decrease in activity over pepstatin. With this as a reference compound, removal
of the hydroxyl! on the central statine or changing its chirality from S to R caused the K, to
rise about 1000-fold in comparison. Dideoxypepstatin, in which both hydroxyls are absent
from pepstatin results in a 4000-fold decrease in strength of binding to pepsin. The mode

of interaction of the statine hydroxyl group with the catalytic aspartates is thought to mimic
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a transition state intermediate which forms in the course of normal substrate cleavage.
In a model suggested for the catalytic mechanism (Suguna et al, 1987) of
rhizopuspepsin, an aspartyl proteinase, the reaction mechanism involves an initial
nucleophilic attack by a water molecule on the carbonyl group next to the cleavable bond
in the normal substrate (figure 1.13). Upon attack, the carbonyl becomes a gemdiol and the
amide nitrogen changes its hybridization state from sp® to sp®. Subsequent protonation of
the sp” nitrogen accompanied by proton release from the diol leads to breakage of the
peptide bond. The nature of the proton exchange remained somewhat unclear. A binding
study and mechanism proposed by Silva et al (1996) suggested a novel solution to the
proton exchange problem (figure 1.17, steps | to 4). In this study, the structure of HIV-1
proteinase was studied in a complex with a pseudo-C2 symmetric difluoroketone inhibitor
(PDB code: 1DIF), in which the central difluoroketone was in the hydrated gemdiol form.
Ab-initio calculations of a hydrated peptide bond showed that the inhibitor was a mimic of
a transition state with the peptide bond in a gauche conformation, as opposed to anti-
gauche. Molecular dynamics was used to show that the anti-gauche to gauche transition
for the peptide bond after hydration was feasible with rotation occurring around the C-N
scissile peptide bond (figure 1.17, step 2). The completed transition is stabilized by
hydrogen bond formation with one of the catalytic aspartates (figure 1.17, step 3). The

gauche conformation of the peptide bond now lends itself to a proton exchange mechanism.

Figure 1.17 Scheme for Proposed Reaction Mechanism of HIV-1 PR
(Recreated from Silva et al, 1996)
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This involves simultaneous proton exchange, with one hydroxyl donating a proton to the
charged aspartate and, at same time, the lone pair of the nitrogen accepting a proton from
the second aspartate. The process also requires rotation around the CP-CY bond of the
aspartate which donates the proton. The process results in C-N peptide bond breakage and
regeneration of the protonation states of the aspartates (figure 1.17, step 4).

The structure of SIV proteinase without an inhibitor (PDB code: 1SIP, Wilderspin
et al, 1994) shows the existence of electron density between the two carboxyl side chains
of the active site aspartates to which a water molecule is assigned. It is this water which is
thought to initiate the reaction.

In structural determinations of HIV and SIV proteinases in the presence of peptidic
inhibitors, an additional water molecule is commonly assigned to electron density found
in a position below the flaps (‘flaps water’). It is approximately tetrahedrally coordinated
between the NH groups of Ile50 from each chain of the dimer and, the carbonyl oxygen
atoms of the peptidic inhibitor and lies on the crystallographic two fold symmetry axis. In
a model for the catalytic mechanism (Pearl, 1987) of endothiapepsin, it was suggested that
this position is occupied by the carbonyl oxygen of the cleaved peptide bond in the normal
substrate. The orientation of this complex was also thought to be stabilized by hydrogen
bonding of the carbonyl group to an amine side chain of the extended flap on the other side.
However, in the case of HIV and SIV proteinases, this does not look feasible, the distance
from the position of the substrate to the ‘flaps water’ being too great.

Another potent octatapeptide inhibitor (U-85548E) developed as a titrant of HIV-1
proteinase with a K; < InM (Tomasselli et al, 1990a) has a hydroxyethylene isostere in
place of the scissile bond, with an S-configuration at the chiral carbon containing the
hydroxyl group. A structural determination (PDB code 8HVP, Jaskoélski et al, 1991) in a
complex with a synthesized HIV-1 proteinase having a similar sequence to the SF-2 isolate
and residues 67 and 95 replaced by L-a-amino-n-butyric acid showed that the inhibitor
could exist in two orientations related by an approximate two-fold rotation but one
orientation was predominant and some doubt prevailed as to the existence of disorder in the
inhibitor. Figure 1.18(b) shows the structure of a heptapeptide (JG-365) in a complex with
the same synthetic HIV-1 proteinase as used with the 8HVP structure (PDB code 7HVP,
Swain et al, 1990). Figure 1.18(b) labels the side chains, P,-P," which interact with the
corresponding subsites in the binding cleft. The non scissile bond in this case is a
hydroxyethylamine moiety, which is also considered to mimic the tetrahedral reaction

transition state. The S-configuration of the chiral carbon with the hydroxyl group binds
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preferentially over the R-configuration as shown by the fact that, although the inhibitor
existed as a mixture, only the S-configuration was observed in the structural analysis. The
importance of the S-configuration was underlined in a study in which the mixture of R and
S compounds were shown to have a K, of 0.66 nM compared to 0.24 nM for the pure S
isomer at pH6.5 (C.Q.Sun and M.V.Toth, personal communication to Swain et al). This
structure has been compared in turn with a previous determination in which the same
synthetic proteinase was in a complex with the peptide inhibitor MVT-101 shown in figure
[.18(c), containing the reduced peptide bond as the non-scissile moiety (PDB code 4HVP,
Miller et al, 1989b). The K, for MVT-101 was measured (M.V.Toth, as above) as 780nM,
3000 fold higher than for JG-365, which may indicate further the importance of the
hydroxyl in binding potency. Despite the high affinity of JG-365, it was later demonstrated
(Rich et al, 1992) by means of HIV and SIV infected cell cultures that the compound was
not active in these circumstances. On the assumption that the AcSer-Leu-Asn sequence of
JG-365 was susceptible to enzymatic cleavage or was interfering with its transport into
cells, analogues of JG-365 were synthesised replacing the AcSer-Leu terminus with an
aromatic acyl group which retained the inhibition but also produced activity in cell culture.

The peptidic inhibitor in figure 1.18(d) (U-89360E) was used in a study in which
structural comparisons were made (Hong et al, 1996) between the wild type proteinase in
a complex with this inhibitor ( PDB code IGNO) and two mutants in which Val82 was
replaced by aspartic acid (V82D, PDB code IGNM) and Val82 was replaced by asparagine
(V82N, PDB code 1GNN). All three structures crystallized in spacegroup P6, with similar
cell edges, the dimer being the asymmetric unit. The K; values are 20, 560 and 2100 nM
(K../Ky =0.275, 0.098, 0.01 1uM's)for the wild type, V82D and V82N respectively. In
each case the inhibitor was present in two orientations related by a pseudo two fold rotation
symmetry. In one inhibitor orientation, the cyclohexyl ring occupies the P, subsite and
valine occupies P|'. In the opposite orientation, the converse is true. However, small
differences between the two inhibitor conformations were observed when the two
monomers were superimposed, the largest being in the orientation of the cyclohexyl rings.
Although the overall differences between the proteins were very small, the similarities of
structure were closer between the two mutants than between either of these and the wild
type proteinase. In general, the different binding constants were attributed to possible
difference in flap mobility. In the two mutants, there was a hydrogen bond between the
carbonyl of Ile B50 residue and the amide of Gly AS1 at the tip of the flaps, whereas in the

wild type both carbonyls pointed outwards away from each other. Variation from the wild
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type structure was observed for residues 35-37 and 40-41 in the mutants, possibly
agsociated with flap mobility. A water molecule also bridges residues BS1 N and A79 O
in the mutants but not in the wild type, which is thought to stabilize the flaps in a closed
state.

The need to provide drugs of practical value with prolonged half-life in the face of
metabolism by the liver and the desire for oral bioavailability, meant that a more rational
approach to drug design had to be adopted. The research with peptidic inhibitors lead the
way to a series of peptidomimetics which retain the basic philosophy of the peptidic
inhibitors in terms of hydrophobic side chains and the retention of the hyroxyl group as a
transition state mimetic. One of the best known drugs of this type to reach clinical trials is
saquinavir (Figure 1.19(a)) developed by Hoffman-La Roche Inc. (Roberts et al, 1990). It
was developed by a series of step wise improvements with more than a hundred synthetic
variants being made in the process. The starting point was to mimic the amino acid
sequence found in the natural polyprotein substrate produced by the pol gene (figure 1.3)
at the cleavage point of the proteinase and the reverse transcriptase (seq: L-N-F-P-I). The
starting point became Phe@[CH(OH)CH,N]Pro having the hydroxyethylamine group in
place of the Phe-Pro scissile bond. The protected dipeptide was only a weak inhibitor but
the addition of Asn to the N-terminal decreased the IC,, more than forty fold. It was noted
that the R-configuration at the hydroxyl group was slightly more potent than the S-form.
Further increase in length with proline in the P’ position made no significant change to
potency but it was found that a large hydrophobic group at position P, made good use of
the S, subsite of the binding cleft. The quinoline-2-carbonyl group at the P, position as
added to the Asn residue became adopted. At the other end, improvements were found
when proline was first replaced by a piperidine-2(S)-carbonyl (PIC) group and later by a
(4aS, 8aS)-decahydro-3(S)-isoquinoline-carbonyl group (DIQ). This gave the compound
six optically active centres. The R-configuration for the hydroxyl group became highly
preferred when the PIC group replaced the proline and further improvements were seen
with the DIQ group. The resulting drug was also found to bind slightly more strongly with
HIV-2 proteinase having a K; < 0.1nM (IC, < 0.8nM) as compared to 0.12nM for HIV-1
PR (IC,, < 0.4nM) at pHS5.5. A study by Rich et al (1991) attempted to resolve the fact that
JG-365 and saquinavir require opposite chirality (S and R respectively) at the carbon
bearing the hydroxyl for maximum binding affinity to HIV proteinases. A series of peptides
intended to mimic the P17/P24 polypeptide cleavage site were made containing the non

scissile hydroxyethylamine (HEA) moiety with distinct R/S configurations. One of these



[Chapter ] 49

was the structure JG-365 itself (Ac-Ser-Leu-Asn-Phe-HEA(R or S)-Pro-Ile-Val-OMe). As
stated in relation to the structure by Swain et al., the S-stereoisomer had a K of 0.24nM
(ICs, = 3.4nM) compared to a K of 20nM (IC,, = 65nM) for the R-stereoisomer. The R/S
mixture had a K| of 0.6nM (IC, = 9). The preference for the S-configuration follows the
trend seen for other peptide analogues such as pepstatin. Other compounds which lacked
the P;’ group (eg. Cbz-Asn-Phe-HEA(R or S)-Pro-O-tert-butyl), as in saquinavir, showed
a preference for the R-configuration. Adding P, and P, groups to the above compound
produced similar low IC,y’s for each configuration (14nM with Ac-Ser-Leu in place of
Cbz). This pointed to a different mode of binding for saquinavir. Comparative modelling
of saquinavir and the JG-365 conformation in HIV-1 proteinase as determined by Swain
et al., suggested that similar binding interactions could be maintained for both molecules
if the rert-butyl group of saquinavir (HEA R-stereoisomer) occupies the S,’subsite, as does
the side-chain of Ile (P,)) in JG-365, rather than a position along the peptide backbone. The
DIQ group occupies the S,’ subsite.

In a later analysis by Roche (Krohn et al, 1991), in which a structural study was also
made with saquinavir, the different binding orientation of the DIQ group was compared
with that in which a proline is present in the same position as in the JG-365 structure. The
nitrogen of the proline and that of the DIQ group have different orientations. The S,’subsite
is almost completely occupied by the DIQ group and the t-butyl group fits the S,’ subsite
with extension to the S, subsite not possible. This situation was emphasised by compounds
synthesised with additional amino acids added beyond the DIQ group which destroyed the
binding potency. Saquinavir was found to have two orientations related by a two fold
rotation symmetry.

Figure 1.19(b) shows the structure of Crixivan, as developed by the Merck company
which is also licensed. The starting point for drug design was the non scissile dipeptide
containing the hydroxyethylene group. Its structure as bound to a HIV-2 (code: |HSH) and
HIV-1 (code: IHSG) PR has been determined (Chen et al, 1994). The HIV-2 PR structure
in the absence of an inhibitor was also determined, as previously mentioned (code: 1HSI,
figure 1.15). The inhibitor bound in only one orientation. The K. for Crixivan with HIV-1
and HIV-2 PR were 0.38 and 2.45 nM respectively. The t-butyl and the indanyl groups are
related by a pseudo two-fold rotation and occupy the S, and S,’ subsites. The pyridyl,
methyl, piperidine and benzyl groups occupy S,/S, and S’ pockets. A series of bispyrrolines
were also developed by Merck (Smith et al, 1997), with resistance to a-chymotrypsin but

poor bioavailability. A monopyrrolinone was subsequently developed which had an IC, of
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2.0nM and improved bioavailability probably because of its lower molecular weight. The
high affinity was partly attributed to a degree of preorganization as shown by the
conformation seen in a crystallographic analysis in HIV-1 PR compared to modelling
studies of the inhibitor in water and chloroform.

The development of Ritonavir (ABT-538) by the Abbott Company (Kempf et al,
1995) stemmed from earlier work in which the symmetric nature of the proteinase dimer
was exploited to a greater extent by designing inhibitors with inherent C2 symmetry. The
compound A-74704, figure 1.19(c), as present in the PDB structure 9HVP was such an
inhibitor (Erickson et al, 1990), and the crystal analysis revealed that one of two possible
orientations related by C2 symmetry could exist in the binding cleft. Work with symmetric
peptidomimetic inhibitors containing diols at the position of the scissile bond showed
greater potency than the A-74704 compound. The compound A-77003, figure 1.19(d), was
co-crystallized with HIV-1 proteinase in the structure 1HVI (Hosur et al, 1994). However,
compounds with combinations of R and S-configuration around the hydroxyl groups
showed that there was a preferred orientation of these groups with respect to the catalytic
aspartates with the result that most of these compounds still bind in an asymmetric fashion
(including A-77003 in 1HVI). In attempts to improve the bioavailability and to address the
redundancy of one of the hydroxyls, a smaller compound, A-80987 with a K; of 0.164nM
(figure 1.19(e)), was synthesised with only one hydroxyl group present (Kempfetal, 1995).
Metabolic studies with A-80987 showed that the short plasma half life experienced with
this compound was because of metabolism of the pyridyl groups. Replacement of the
pyridyl groups with thiazole groups reduced the oxidation potential while still maintaining
the aqueous solubility, which was also improved by the addition of the methyl urea linkage
between the P, and P, groups. Comparison of various derivatives lead to the selection of
ABT-538 (K, = 0.015nM) for clinical trials (figure 1.19(f)).

The compound VX-478, figure 1.19(g), as developed by Vertex Pharmaceuticals
was co-crystallized with HIV-1 PR in the PDB structure |HPV (Kim et al, 1995). The K|
with HIV-1 and HIV-2 PR respectively was 0.6nM and 19nM. The inhibitor binds
asymmetrically with the hydroxyl group making hydrogen bonds with the catalytic
aspartates and the carbonyl oxygen and one of the sulphonyl oxygens forming hydrogen
bonds with the ‘flaps water’. Active site subsites from S, to S," are occupied by the inhibitor
side chains of this peptidomimetic. The group in the P, position (3(S)-tetrahydrofuryloxy
group) is axial forming weak hydrogen bonds with Asp29 and Asp30. Water solubility is

enhanced by the 4-amino group of the aryl sulphonamide which also forms a hydrogen bond
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with Asp30’ at the opposite end of the binding site.

Nelfinavir (AG1343, figure 1.20(a)) is an example of a non-peptidomimetic having
non amino acid side chains (K; = 1.9nM, ICy, = 60nM with HIV-1 PR; Kaldor et al, 1997).
It bears some resemblance to saquinavir, which provided some of the rationale for its
design. In an early phase, the DIQ group of saquinavir was replaced by benzylamine for
ease of synthesis and the N-terminal end of the inhibitor was modified through many steps,
the benzylamine at the P,’ position eventually being replaced by DIQ group.

Other interesting examples of non-peptidomimetic inhibitors which attempt to make
use of all the critical features of the active site functionality and some of the binding
pockets are the cyclic ureas, of which DMP323 (figure 1.20(b)) is an example (Lam et al,
1994, 1996). The important difference is the carbonyl group which takes the place of the
‘flaps water’ found in the presence of other inhibitors and in other retroviral proteinases.
The hydroxyls on the central ring interact with the catalytic aspartates and the four other
ring substituents occupy sites S, S,, S,'and S,', the S,/S,' pockets being occupied to a lesser
extent by the benzyl alcohol groups which take a more central position in the binding cleft
with the hydroxyls forming hydrogen bonds with the NH groups of Asp29 and Asp30 at
either end of the binding cleft. In the study by Lam et al (1996), many different substituents
besides the p-hydroxymethyl benzyl groups were tested for their kinetic properties, but
DMP323 was one of the most potent investigated with a K; of 0.34nM and an IC,, of 0.057
uM, with no inhibition of renin, pepsin or cathepsin D. A further structural variation of
DMP323 has also been developed with improved water solubility in which the p-
hydroxymethyl benzyl groups were replaced by m-aminobenzyl groups (DMP450).
DMP450 also has good kinetic properties, having a K; of 0.28nM and an ICy, of 0.13 pM.
The cyclic nature of the compound with restricted conformational mobility in which the
bound state is quite similar to the free state is also thought to impart an entropic advantage
on binding because of the degree to which the molecule is pre-organized. A study by Hodge
et al, 1998, was able to show that the ring conformation of a range of cyclic ureas studied
in solution and crystal form were similar to calculated low energy conformations, and also
to the conformation observed for DMP323 in the complex with HIV-1 (Alaetal, 1997). Its
small size favours bioavailability, if the solubility is good. DMP in a complex with HIV-1
PR was also studied by NMR (Yamazaki et al, 1996). Application of angle constraints and
distance constraints (derived from NOE’s) by means of distance geometry and annealing
produced an ensemble of 28 conformations with an RMS fluctuation of 0.6A for backbone

atoms disregarding the flexible loops. Most of the conformational differences between the
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NMR structure and the X-ray structure were in the flexible loops. In an additional study by
Jadhav et al (1997), a further series of derivatives of DMP323 were designed which
increased the number of subsites occupied and the number of hydrogen bonds formed.
These were shown to retain a high potency against drug resistant mutants resulting from the
use of a number of drugs in clinical trials such as saquinavir, ritonavir, indinavir and VX-
478. The increased number of non-bonded interactions with the proteinase was thought to
account for the broader range of specificity seen with the mutants. In a separate study, two
compounds similar to DMP323 ( p-hydroxymethyl removed), one being a sulphamide
derivative (SO, in place of CO on the central ring, K;= 19.1nM) instead of a urea derivative
(K, = 12.2nM) were co-crystalized with HIV PR (Bickbro et al, 1997). The sulphamide
derivative showed a different mode of binding in the active site compared to the urea
derivative with the corresponding P,' and P,’ groups having a reversed orientation, because
of a change in the orientation of the seven membered ring, but it was unclear whether or not
the change in the ring orientation was induced by interactions with the proteinase.

The method of design of the non-peptidomimetic, haloperidol (figure 1.20(c)),
represents adiversion from the techniques described so far. It was discovered by acomputer
assisted search in which the volume and shape of the proteinase binding site as a negative
image was matched for complementarity against a database of known small molecule
structures (Desjarlais et al, 1990). Use was made of the Cambridge crystallographic
database with about 10,000 structures at that time being used for the purpose. The suite of
programs called DOCK was used for this procedure although it does not consider molecular
energies. Of the top 200 structures, bromoperidol was 51* in the ranking but chosen for
further investigation being well buried in the structure and placing the hydroxyl close to the
catalytic aspartates. The binding prediction placed the long axis of haloperidol about 45°
from the long axis of MVT-101 in the structure 4HVP (Miller et al, 1989, 1997). However,
the proteinase used in the search was the structure 3HVP which is in the ‘flaps open’
conformation without a bound inhibitor. It was noted that haloperidol (HAL) is an
antipsychotic agent and very toxic in high doses. The concentration required to inhibit the
proteinase is about 1000 times higher in comparison and therefore does not represent a
useful AIDS treatment in itself. It was found that the extent of inhibition of HIV-1 PR was
independent of incubation time with HAL, which suggested rapid binding. HAL was not
a potent inhibitor of HIV-1 PR, the IC,, being 2.0mM. HIV-2 PR was also inhibited by
HAL, to a slightly lesser extent. However, the usefulness of the technique has been

demonstrated and haloperidol may represent a lead compound. A modified compound,
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UCSF8 (figure 1.20(c)) was later co-crystallized with HIV-1 proteinase and structurally
determined (PDB code 1AID, Rutenber et al, 1993). The conformation of the proteinase
was between that of the open and closed flaps conformation with UCSF8 rotated by 79° and
about 4.8A away from the original prediction with the thioketal ring occupying the S,
subsite. UCFSF8 was disordered with two conformations related by a non-crystallographic
two fold axis. A chlorine ion was modelled in place of the ‘flaps water’, coordinating with
the protonated nitrogen of the piperidine ring. The differences from the prediction were
attributed to the fact that solvent water and counter ions had not been taken into account,
that only shape interactions were considered, that a different compound was used to that of
the original search with fixed conformation and that the ‘flaps open’ conformation was
assumed as a basis for the search. It is of interest that the inhibitor has been captured in an
intermediate state with respect to the flaps suggesting that predictions could be expanded
to include these possibilities.

Figure 1.20(d) shows the basis of arange of biphenyl carboxylic acids which were
used in inhibition experiments with HIV-1 proteinase (Tummino et al, 1995). They were
not found to be potent inhibitors as compared to the peptidomimetics but were considered
the basis of further development. Of the compounds studied in the series, the one with the
slowest binding characteristics was found to be the most potent, having an IC,, of 3.4uM
and a K; of 0.14uM (compound in figure 1.20(d)). The program AUTODOCK was used to
study possible modes of binding using the structure 4HVP (Miller et al,1989) as a basis
with the solvent and inhibitor removed. The program randomly moves the ligand in the
active site using the Monte Carlo technique with energy evaluations being considered. The
best results from this procedure were refined by means of molecular modelling programs.

The manufacture of PR drugs can involve complex procedures, saquinavir being a
prime example, and with the associated drug trials, the result is very expensive to produce.
Countries with a poor economy, where the disease is often most rife, have little chance in
the early phases of marketing to benefit from any successes. As already mentioned, HIV-2
is most prevalent in west Africa. From figure 1.9, the sequence similarity between HIV-2
and SIV PR (~87%) is much greater than between HIV-1 and SIV PR (~50% similarity)
(figures 1.7 and 1.8). Despite this, all three proteinases are very similar structurally. Study
of SIV proteinase is important since it opens up a subsequent option for trials and the
monkey model for AIDS may be used. The case in favour of animal testing for efficacy is
strengthened as drugs become available which have a proven track record of usefulness

against the disease, since it then becomes more difficult to justify trials directly in man.
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FIGURE 1.18 Peptide Inhibitors
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FIGURE 1.19 Peptidomimetic Inhibitors

(a) (In PDB structure 1HXB, 1991)
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Peptidomimetic Inhibitors

FIGURE 1.19 (continued)
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FIGURE 1.20 Non-peptidomimetic Inhibitors
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MATERIALS AND METHODS

2.1 X-ray Diffraction and Data Recording

All X-ray diffraction was carried out at the Daresbury Synchrotron Radiation Source (SRS),

Warrington, England, using the facilities provided by station 9.6.

2.1.1 STATION 9.6 (Reference: Daresbury laboratory station information)
Functional Description

Station 9.6 provides a high brightness monochromatic X-ray beam of 0.9A wavelength. The
station was equipped with a 30cm MAR image plate. The detector to crystal distance can
be set between 70 to 777mm. A cryo-cooler (100°K) and a conventional cooler (-10°C to
+25°C) were also available. Exabyte and DAT tape systems were available for storage of
data for off-site analysis.

Recent Developments (in the station hardware and science programme)

The 300 mm diameter Mar image plate system potentially allows for atomic resolution,
better than 1.0A where appropriate. It also allows for data collection from large unit cells
to a useful resolution (4.5A at the maximum crystal to detector distance); and improved
signal to noise ratio, because of increased crystal to detector distance for the same
resolution. Beam stability was improved by installing cooled mask and slits in the mirror
vessel with the effect that beam movements are ~500 microns over the period of one day.
Technical Description:

Station Elements

Station 9.6 comprises a vertically focusing platinum coated mirror followed by a triangular
silicon monochromator. The Si(111) reflection from the asymmetrically cut crystal is used
in 7:1 compression geometry at a wavelength around 0.87 A. A large format MAR image
plate system was available.

Station Benchmarks

The Mar-supplied ion chamber is expected to read between 50 and 100 on a gain setting of

10, when the storage ring current is around 200 mA.

2.1.2  Temperature Control
Temperature control of crystals during diffraction at 5°C and under cryogenic conditions
(100K) was by means of an Oxford Cryostream system which evaporates liquid nitrogen

and combines this with a stream of dry nitrogen gas. At 100K, the distance from the
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Cryostream nozzle to the crystal was not greater than lcm, sufficiently close not to allow
excessive turbulent mixing of moist surrounding air with the dry source, and the appearance
of a shadow cast by the nozzle onto the image plate. At 100K, water vapour in the
Cryostream would freeze on the crystal sample causing the appearance of ‘ice rings’ in the
image which can effectively eliminate a shell of data in particular resolution ranges. The
crystal was held in position in the X-ray beam using home made loops less than Imm in
diameter, the loop assembly being attached to the goniometer head by means of a small
permanent magnet. Care was taken to avoid excessive turbulence while positioning the loop
by shielding the sample from the cold nitrogen stream during this step.

Samples are ‘fished’ from their crystallization medium by means of the loop itself and
quickly immersed in 20% glycerol as a cryoprotectant before being placed in the x-ray

beam. The glycerol helps to prevent cracking of the crystal during freezing.

2.1.3  X-ray Diffraction Detectors

2.1.3.1 Image Plate Detector

Crystal X-ray diffraction data for the SIV/isovaleryl pepstatin complex was obtained from
station 9.6 at the SRS, Daresbury Laboratories. Data recording for these crystals was by
means of the large MAR image plate detector (diameter of image was 30cm). The X-ray
wavelength used at this station was 0.89A. The data is initially collected by the image plate
scanner in the form of a ‘spiral’ data set, which is converted to an orthogonal data set by
software prior to analysis. The image resolution is 150 microns. Images obtained from an
image plate detector were displayed with the program IPDISP which was useful in the data
collection phase in order to set up the appropriate experimental geometry in order to
maximize the spot separation for a given size of image plate and the maximum observed
diffraction angle. The appropriate oscillation angle was also established. The overall quality
of the diffraction was observed and the X-ray dose adjusted to prevent too many overloads.
Approximate estimates of the cell edge parameters were made knowing the crystal to

detector distance and the X-ray wavelength.

2.1.3.2 Film Data Collection

X-ray diffraction data for the 1.8A and 2.0A HIV/isovaleryl pepstatin crystal had been
obtained previously from station 9.6 at the SRS, the radiation having a wavelength of
0.89A. The diffraction images were recorded by means of X-ray film.

Where X-ray film (figure 2.1) was used as the means of recording the diffraction
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pattern, packs of three films were used sandwiched together referred to as the A, B and C
film, the A film being at the front of the pack and the first to encounter the diffracted X-
rays. After development, the films were scanned for optical density using the Scandig3
microdensitometer at Daresbury Laboratories. The use of three films dramatically increases
the overall intensity range of spots that can be measured, each film acting to absorb some
of the intensity of the incident radiation. Additional layers of absorbent material can be
used between the films when it is necessary to increase the intensity gradient further.
The microdensitometer scanner consisted of a drum system built around a Joyce Loebl
Scandig3 microdensitometer, coupled to a DEC microVAX Il running VMS. It performed
araster scan with the interval and pixel size chosen by the user. The optical density of each
pixel is converted to an unsigned 8-bit binary number and stored on disk. The resolution
used to scan the X-ray film data was 50 microns. Figure 2.1 which shows the dimensions
of a single film and the positions of the fiducial spots. The film is placed on the acrylic
rotating drum in such a way that the X dimension is placed parallel to the axis of rotation,
the film being bent around the surface of the drum along its Y dimension. Therefore, as the
drum rotates and data is collected, the file builds up as a continuous stream of bytes, finally
consisting a number of records relating to the resolution and length of scan in the X
dimension, the record length being consistent with the length of scan and similar resolution
in the Y dimension. An OD range setting of 2.0 was used. The Bottom left hand (BLH)
fiducial was used to align the scanner, but the actual scan started from the bottom left of
the film by applying X and Y offsets of 10 and 20 mm respectively. The scan length of 120
mm in X and Y meant that 2400 pixels were scanned in each dimension giving a final file
size of 5,760,000 bytes for each film. Data originally collected using VAX VMS format
was later converted to UNIX tar format for analysis by programs running in a UNIX

operating system environment.
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FIGURE 2.1 Film Dimensions Used for Oscillation Image

X length (120 mm)

< >
A
/’\
< 100 )
"A / .
80 mm Y I
(120 mm)
Yon'gix > . Y
yom] f
Y Y
O
X offset
(10 mm)
X origin

2.2 Data Reduction and Structural Determination
In the descriptions that follow, reference is made to computer programs used and their
purpose, with extracts from and reference made to the manuals where appropriate.
2.2.1 Computer Hardware
Apart from preliminary processing, all the X-ray data was processed off-line at the School
of Pharmacy, using a Silicon Graphics Indigo2 workstation, equipped essentially with the
following components:
150 MHZ IP22 Processor
CPU: MIPS R4400 Processor Chip Revision: 5.0
FPU: MIPS R4010 Floating Point Chip Revision: 0.0
Main memory size: 32 Mbytes
Graphics board: GR3-XZ
Integral SCSI controller, for use with 8mm Exabyte (8500) tape and hard disks.
IRIX Release 5.3 (UNIX operating System)

Use was also made of various Pentium based micro-computers and Windows95.


































































































































































































































































































































































































































































































































































































































































