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Studies of the HIV-1 protease through chemical synthesis

Sharon M. Walker

The protease encoded by the human immunodeficiency virus type 1
(HIV-1 PR) has become an important target for the design of anti-AIDS
therapeutics due to its essential role in viral maturation. Newly developed
tools for the chemical synthesis of proteins have made it possible to
construct a variety of HIV-1 PR analogues in a facile and straightforward
manner. Autolysis-resistant forms of the HIV-1 PR monomer were
chemically synthesized by both stepwise solid-phase peptide synthesis
(SPPS) and the native chemical ligation of unprotected peptide segments.
Synthesis of the HIV-1 PR monomer by native chemical ligation provided
the enzyme consistently in high purity and yield. This method was also used
for the rapid, modular construction of drug-resistant forms of the HIV-1 PR.

Drug-resistant forms of the HIV-1 PR, identified as arising from the
most advanced PR inhibitor Ro31-8959, were constructed. Kinetic
parameters were measured for the enzyme variants, along with inhibition
constants (Ki) against two representative examples of canonical classes of
inhibitors. In addition, the properties of a pair of inhibitors developed by
comparative studies against both HIV-1 and feline immunodeficiency virus

(FIV) proteases were evaluated.

Rational changes in the HIV-1 PR were made to explore the structural

basis of substrate specificity. Geometrically-constrained amino acids were
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used to systematically alter the S1 and S1' binding pockets of the enzyme.
The objective was to design changes in the enzyme with predictable
consequences. 4-Cis-(X)-proline derivatives, where X is either guanidino or
guanidinomethyl, were synthesized and incorporated in positions 81 and 181
of the HIV-1 PR homodimer. These chemically synthesized analogues of
the HIV-1 PR were examined kinetically and for substrate specificity. It was
found that these enzyme analogues accommodated the mutations and,

unexpectedly, recognized the same substrates.

The results of this work help establish a foundation of knowledge
concerning the structural basis of the specificity and catalytic activity of
HIV-1 PR. This will aid in refining the design of HIV-1 PR inhibitors for
the development of improved AIDS therapeutics.
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Chapter I

Introduction



The first cases of Acquired Immunodeficiency Syndrome (AIDS), a
crippling disease of the immune system, were reported in the early 1980's to
the Centers for Disease Control (CDC). In the decade that has passed, we
have continued to watch the epidemic grow to the point where the total
number of AIDS cases reported worldwide to the World Health Organiation
(WHO) Global Programme on AIDS totals greater than 1 million. However,
due to under-diagnosis, incomplete reporting and delays in reporting, it is
estimated that the number may actually be closer to 4.5 million!. In
addition, the number of people infected with the human immunodeficiency
virus (HIV), the virus that causes AIDS, is estimated to be greater than 18
million. In the US alone, the total number of AIDS cases reported to the
CDC through the end of 1994 totalled over 440,0002. By the end of the
century, WHO estimates that between 30-40 million men, women and
children worldwide will have been infected with HIV. Alarmingly, the HIV
epidemic continues to grow at an estimated rate of 6000 new infections each
day. These numbers are staggering, especially then thinking about the vast
numbers of people who will be affected not only by the disease itself, but by
the loss of friends and family to the disease.

AIDS has become a serious threat to our global health and ecomomy.
The disease continues to be one of the leading causes of death for adults
between 25-45, the age group on which our society is most dependent for
productivity. Although AIDS continues to disproportionately affect
homosexual men and intravenous drug users, the disease is not solely
confined to these groups. AIDS is increasingly affecting the whole of the
population, regardless of age, gender, race, religion, sexual orientation or

socioeconomic background. Despite huge efforts by scientists to understand



the mechanism of HIV, there is currently no effective treatment or cure for
AIDS.

1.1 The human immunodeficiency virus as the causative agent of AIDS

The general consensus among the scientific community is that HIV is
the causative agent of AIDS. However, there are some who believe that
infection with HIV has little or nothing to do with AIDS. Increasing
evidence continues to appear which provides sufficient proof that HIV
infection leads to AIDS. In a recent issue of the journal Nature, a study
appeared which looked at the death rates among British haemophiliacs with
and without HIV infection. Darby et al.? showed that the death rate among
those infected with HIV is approximately 10 times greater than those not
infected. In addition, they estimate that 85% of the deaths among infected
patients were caused by HIV. The data in this study significantly |
strengthens the argument that there is link between HIV infection and AIDS.

HIV is transmitted by sexual contact, blood or blood products, or from
an infected woman to her unborn or newborn child. T4 lymphocytes are the
primary target of HIV infection, as well as macrophages and monocytes. A
distinctive characteristic of AIDS is the reduction in the number of T
lymphocytes known as CD4s, which orchestrate the immune system. Those
infected tend to die from the opportunistic infections acquired because the
immune system is impaired. Also, a long latency period exists between
infection (i.e., integration of the virus into the host cell's genome) and the

onset of disease.



HIV is a retrovirus of the Lentiviridae family, whose genome is
encoded in RNA. Originally referred to as Human T-cell leukemia virus III
(HTLV-III) or lymphadenopathy-associated virus (LAV), it is now
designated HIV43. There are two distinct subtypes of virus, HIV-16-8 (which
is the most widespread and of greater consequence) and HIV-2° and their
genomes show about 50% sequence identity at the amino acid level'?, HIV-
2, however, is more closely related to the simian immunodeficiency virus
(SIVmac)!'12, which has beens shown to cause an AIDS-like disease in
captive Asian macaques'3. HIV-1 exhibits the prototypal 5'-gag-pol-env-3'
genomic organization typical of other retroviruses and, additionally, encodes
a number of proteins with regulatory or unknown function®7.14-16 (Figure
1.1). There exist many different viral strains within the catagories of HIV-1
and -2. This is likely due to the fact that the reverse transcriptases of
retroviruses, enzymes responsible for transcribing viral RNA to DNA, are
highly prone to base incorporation error with an error rate of about one
base/1,700'7:1% and have no DNA repair activity. Thus, it is not surprising
that a great deal of diversity exists between viral isolates of both HIV-1 and
-2. In addition, this diversity could also provide a mechanism for the

emergence of drug-resistant variants of HIV.

1.2 The viral life cycle

The life cycle of HIV!? (schematically represented in Figure 1.2) can
be broken down into two phases: pre-and post-integration stages. In the pre-
integration stage, a cell becomes infected with HIV when the glycoprotein
portion of the viral envelope protein gp120 binds to its cellular receptor

protein CD4. The viral and cellular membranes fuse and expel the virion
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Figure 1.2 The life cycle of HIV within a human T4 lymphocyte (adapted
from Yarchoan et al.!9).
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into the cell. Uncoating of the virion releases its contents (viral RNA,
nucleocapsid proteins, reverse transcriptase, protease and integrase) into the
host cell's cytoplasm. Next, viral RNA is transcribed into double-stranded
DNA by the action of reverse transcriptase. The double-stranded DNA then
migrates to the nucleus, where it is permanently incorporated into the host

genome by the viral enzyme integrase, forming the provirus.

Post-integration, the integrated proviral genes are expressed by
cellular enzymes and require the involvement of both cellular (protein
kinases) and viral (tat and rev) factors. RNA polymerase II from the host
then makes a primary RNA transcript of the provirus, providing the mRNA
for the synthesis of viral polyproteins which are to be incorporated into new
virions. Host cellular ribosomes translate the proviral mRNA into the viral
polyproteins--gag, and gag/pol--which are processed by the viral protease
(PR) to give the mature structural (gag), enzymatic (pol) and envelope (env)
proteins of the virus (Figure 1.1). The gag reading frame is translated into a
55 kDa polyprotein (PS5 gag), containing only the stuctural proteins matrix
(MA), capsid (CA) and nucleocapsid proteins (Figure 1.3). The pol reading
frame is expressed as a 160 kDa gag/pol fusion polyprotein (P160 gag-pol),
which arises by means of a frameshift near the 3' end of the gag gene??, and
results in the fusion of the enzymatic proteins reverse transcriptase (RT),
protease (PR) and integrase (IN) to the structural proteins. The frameshift
that results in the production of gag/pol fusion proteins occurs approximately
10% of the time. This ensures that the enzymatic proteins are produced at a

level of about 10% of the structural proteins?®-22.



Figure 1.3 HIV-1 protease cleavage sites within HIV-1 gag and gag-pol
polyproteins. The mature proteins released by proteolytic cleavage are the
following: matrix (MA); capsid (CA); nucleocapsid (NC); p6; protease (PR);
reverse transcriptase pS1 (RT51); reverse transcriptase p66 (RT--contains
RNase H domain); integrase (IN).
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Essential post-translational modifications of the polyproteins, such as
the glycosylation of env and myristoylation of the N-termini of p17 in the
gag and gag/pol polyproteins, are performed by cellular enzymes.
Mpyristoylation of the viral polyproteins is essential for their proper assembly
into virion particles. After all post-translational modifications have
occurred, the polyproteins and genomic RNA are driven to the plasma
membrane. The packaging or "budding" of the immature viral particle is the
next step in this process. Proteolytic processing of the gag and gag/pol
polyproteins by the virally encoded protease results in the formation of a
mature, infectious virion via the release and activation of the structural
proteins and enzymes. The virion is now ready to begin a new cycle of

infection.

1.3 Interfering with the viral life cycle as a route to drug therapy

As noted in Figure 1.2, the HIV life cycle consists many steps, any
one of which may be exploited for chemotherapeutic intervention?*24, The
virus-specific enzymes, reverse transcrpitase/RNase H, integrase and
protease, are particularly attractive candidates since it has been well
established by medicinal chemists that enzymes are good targets for drug
design?’. Some representative examples are the use of methotrexate as an
inhibitor of the enzyme dihydrofolate reductase for cancer therapy; captopril,
which acts as an antihypertensive by inhibiting angiotensin-converting
enzyme?$; and familiar over-the-counter products such as aspirin, ibuprofen
and naproxen, which serve as anti-inflammatory drugs via inhibition of
prostaglandin H2 synthase-127-28. It is important to emphasize that any

antiviral chemotherapeutic intervention must be highly specific to the viral
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target and not interfere with other cellular processes. In the case of HIV, the
inherent differences between the viral and host enzymes must be exploited in
designing inhibitors. Nucleoside inhibitors to reverse transcrpitase have had
some degree of clinical success in the treatment of AIDS. AZT, ddI, ddC
and d4T are the only anti-HIV drugs currently approved for use in the
United States?®. However, these first generation drugs have high levels of
toxicity and the development of resistance to these drugs rapidly diminishes
their effectiveness as antivirals3%3!. In addition, these drugs serve as only a
"temporary fix" in that they do not provide a cure for AIDS, but only slow
the progression of the disease. Therefore, other more effective alternatives

must be explored.
1.4 HIV-1 protease--a target for drug design

One of the most well studied of the viral enzymes at this time is the
HIV-1 protease (HIV-1 PR). It has been demonstrated that the protease
plays critical role in the viral lifecycle in that it is absolutely necessary for
the production and replication of infectious virions. Studies performed in a
number of laboratories have shown that budded, immature viral particles
which contain a catalytically inactive or an inhibited form of the protease
cannot mature into an infectious form32-36, It is also believed that the
protease may be involved in the hydrolysis of the nucleocaspid proteins
which surround the viral DNA early in the viral lifecycle?6”. Inhibition of
the HIV-1 PR at this early stage in the viral life-cycle may prevent proviral
integration. Therefore, if it were possible to specifically inhibit the viral
protease, it would be possible to prevent production of infectious virus.

However, before beginning to conceive of creating novel chemotherapeutics

12



for AIDS by the inhibition of HIV-1 PR, it is necessary to have a reasonable
understanding of the enzyme's biochemistry, mechanism and structure.
Many important advances have been made toward this end, providing some

much needed insights into the structure and function of HIV-1 PR .

1.5 The HIV-1 PR is a dimeric aspartyl protease

A great deal of information has been inferred about the mechanism
and structure of the HIV-1 PR based on what was already known from
studies of related enzymes, the eukaryotic aspartyl proteases. This
extensively characterized family of enzymes includes such members as
cathepsin D, pepsin, and renin. HIV-1 PR and other retroviral proteases
were suggested to be aspartyl proteases based on sequence conservation of
residues in the active site. In addition, Toh and coworkers observed that the
characteristic Asp-Thr(Ser)-Gly active site triad present in eukaryotic apartyl
proteases was also present in retroviral proteases and concluded that these

enzymes must be members of the aspartyl protease family38,

There are, however, some significant structural differences which
exist between the retroviral and "classical" aspartyl proteases. The cell-
derived, pepsin-like proteases are typically single-chain, two domain
monomers of about 325 amino acids containing two active site aspartates as
shown in Figure 1.4%. Tang observed that the aspartyl protease pepsin was
composed of two homologous halves and proposed that it was derived by a
process of gene duplication and fusion from a dimeric ancestral protein. As
other members of the pepsin-like aspartyl protease family were

characterized, it was also noted that they were of similar structure.

13



Figure 1.4 Comparison of Ca backbone structures of HIV-1 PR and the
cell-encoded aspartic protease, endothiapepsin. (A). Structure of the HIV-1
PR in the presence of the substrate-based inhibitor MVT-10144. The figure
shows the two monomeric subunits and flaps which form the roof of the
active site. (B). The structure of endothiapepsin shows the two domains and
a single flap%. The catalytic aspartate residues are displayed in yellow in
both structures. The structural homology between these two types of
aspartic proteases is evident by comparing one of the monomer subunits of
HIV-1 PR with the N-terminal domain of endothiapepsin. The figure was
prepared using the program RasMol v.2.6 (Roger Sayle, Biomolecular
Structure, Glaxo Research and Development, Middlesex, UK.).
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However, the retroviral proteases are about half the size of their cellular
counterparts, consisting of between 99-125 residues, and contain only a
single copy of the catalytic triad. With this informaton in mind, Pearl and
Taylor constructed a structural model for retroviral proteases, specifically
the HIV-1 PR*, suggesting that these enzymes would exist as dimers in their
functional form. Subsequent biochemical and crystallographic studies

confirmed that HIV-1 PR was indeed a homodimeric aspartyl protease!-44,

As observed in Figure 1.4, the two identical subunits of the protease
dimer are related by a C3 axis of symmetry. Each monomer contributes one
of the two essential aspartic acid residues to the catalytic machinery. The
HIV-1 PR has an extended substrate/inhibitor binding pocket formed by the
combination of the two identical protein monomers. The substrate binding
pocket can be thought of as a hydrophobic tube of approximately 25A in
length and 8A in diameter*>*6 and can accommodate a substrate of up to 8
amino acids in an extended conformation. The catalytic aspartate residues
are located at the base of the binding cleft. The top of the active site cleft
forms what have been designated as "flaps", which are two highly-mobile,
glycine-rich B-strands that situate themselves over the substrate binding site.
Upon substrate/inhibitor binding, the flaps undergo a considerable
conformational change, moving as much as 7A to enclose the substrate*’. A
schematic illustration of the interactions between the active site of the
enzyme and a putative substrate is shown in Figure 1.5. The peptide
backbone of the substrate is extensively hydrogen bonded to the enzyme via

backbone amide groups in the protein.

16



Figure 1.5 Hydrogen bonding interactions between HIV-1 PR and
substrate, as deduced from cocrystal structures of HIV-1 PR bound to
substrate-based inhibitors. The scissile bond is designated with arrows.
Symbols Sn-Sn' denote the enzyme subsites which accommodate the
substrate side chains. (Figure taken from Wlodawer and Erickson®9).
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1.6 Chemical mechanism of the HIV-1 PR

Our present understanding of the chemical mechanism of HIV-1 PR
comes by analogy with the pepsin-like proteases and is supported by the
scant available kinetic and structural data*3-3!. Figure 1.6 schematically
illustrates the chemical mechanism as adapted from Meek and coworkers>!.
As indicated in Figure 1.6, one essential feature in the chemical mechanism
of the HIV-1 PR is that there is no enzyme-substrate covalent intermediate
as with the cysteine and serine proteases. The two active site aspartates act
in concert playing general acid-general base roles, where one is in an
unprotonated form (pK] = 3.4-3.7) and the other protonated (pK2 = 5.5-6.5).
These values are in accord with the low pH optimum for protease activity,
which ranges between pH = 4.5-6. Water serves as the attacking
nucleophile, and attack of the amide carbonyl at the scissile bond of the
substrate results in the formation of an enzyme-bound, non-covalent,
tetrahedral amide hydrate intermediate. Subsequent collapse of the hydrate

intermediate and peptide bond cleavage results in product release.

1.7 HIV-1 PR substrate specificity

Much of what is understood regarding the substrate specificity of the
HIV-1 PR is based on the analysis of cleavage sites in the viral protein
substrates. The HIV-1 PR cleaves eight peptide bonds in the P55 gag and
P160 gag-pol polyproteins3? (Figure 1.3), suggesting that the HIV-1 PR is a
highly specific protease. Based on this analysis, substrates of the HIV-1 PR
have been divided into two or three classes’3-355. However, few consider

more than two substrate classes, those where the amino acids in the P1-P1'$
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Figure 1.6 Proposed chemical mechanism for the HIV-1 protease-catalyzed
peptidolysis of a -Tyr * Pro- containing peptide substrate. This mechanism is
based on the cumulative work of Meek and coworkers4s-st,
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positions are Tyr/Phe*Pro (Class 1--cleavage sites 1, 5, and 6 in Figure 1.3)
or Hydrophobic*Hydrophobic (Class 2--cleavage sites 2-4, 7, and 8 in
Figure 1.3) 5. In Class 1 substrates, glutamate is highly favored in the P2’
position. In addition, this class of substrates contains an unusual cleavage
site for most endopeptidases, since cleavage occurs N-terminal of a proline
residue. This feature distinguishes the HIV-1 PR and other retroviral
proteases from most known endopeptidases. Class 2 substrates typically
contain large, unbranced amino acids at the P1 position and have a
preference for B-branched residues (i.e., isoleucine, valine and threonine)
and glutamate/glutamine at P2 and P2/, respectively. Oligopeptide substrates
derived from natural cleavage sites, which consist of six or more amino

acids, have been shown to be suitable substrates for the HIV-1 PR.

In addition, nonviral proteins have also been evaluated as substrates of the
HIV-1 PR in an attempt to extend the data set of possible cleavage sites
beyond those observed in the viral substrates3¢-64, The overall conclusions
which can be drawn from the sum of these studies are that the specificity of
HIV-1 PR is determined by the cumulative interactions of the
substrate/inhibitor with the enzyme subsites. (The enzyme interacts with
amino acid side chains from P4 through P4'65 in its substrate. Refer to
Figure 1.5.) Thus, it appears that more has been learned about which amino
acids are not allowed in certain Pn or Pn' postions than being able to
accurately predict a which bond in a protein will be succeptible to cleavage
by the HIV-1 PR.

8Pn, Pn’ notation of Schecter and Berger65 designates the position of residues relative to the scissile bond
in the peptide substrate. The unprimed notation (P1, P2...Pn) designates residues on the N-terminal side of
the substrate and the primed notation (P1', P2', Pn') designates residues on the C-terminal side. The
corresponding subsites in the protein are designated Sn.
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1.8 Substrate- vs. structure-based design of HIV-1 PR inhibitors

Armed with the knowledge of HIV-1 PR specificity and the fact that
this enzyme is an aspartyl protease, it became possible to investigate the
design of HIV-1 PR inhibitors as potential therapeutics. Numerous reviews
have been written on the subject of HIV-1 PR inhibitors?6:¢6-71 and a great
deal of the literature published on the HIV-1 PR deals with the study of its
inhibition. This section will deal with inhibitors designed via substrate- or

structure-based design methods.

1.8.1 Substrate-based inhibitors--important lessons learned from a

predecessor.

With regard to the development of assays and the design of inhibitors
of HIV-1 PR, it was of great advantage that much was already known about
another aspartyl protease which plays a critical role in blood pressure
regulation, human renin. Many academic and industrial laboratories had
been investigating the design of inhibitors of human renin for use as possible
antihypertensive agents’2. Several different classes of renin inhibitors have
been developed, some of which also turned out to be inhibitors of HIV-1
PR7. What arose from this body of information was the development of
substrate-based inhibitors, where nonhydrolyzable dipeptide isosteres which
mimic the tetrahedral transition state were substituted at postitions P1-P1'
into short peptide sequences corresponding to known proteolytic cleavage
sites of HIV-1 PR. Some of these "transition state analogues" turned out to
be good inhibitors of the HIV-1 PR, with Ki values usually in the low

micromolar-nanomolar range. Figure 1.7 shows examples of the various
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Figure 1.7 Nonhydrolyzable dipeptide isostere replacements
for the scissile bond in a protease substrate.
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types of dipeptide isosteres which have been incorporated into HIV-1 PR
inhibitors. Upon comparison of the inhibitory effects of different isosteres,
it appeared that the hydroxyl-containing isosteres demonstrated a higher
level of inhibition than those without. This observation has been attributed
to the fact that the hydroxyl-containing isosteres better mimicked the
proposed substrate tetrahedral intermediate of the cleavage reaction. The
hydroxyethylamine inhibitor is one such example of a hydroxyl-containing
isostere. However, this particular isostere is unique in that it contains an
extra backbone atom (a methylene group--see Figure 1.7). When this
dipeptide isostere is substitiuted at the scissile bond of a peptide substrate,

very potent inhibitors in the subnanomolar range are usually produced.

An example of a potent hydroxyethylamine-containing inhibitor is the
compund Ro 31-895974, developed by Roche Products Ltd (Figure 1.8).
This compound's design was based on Class 1 substrates (Phe/Tyr-Pro), with
the notion that this class of inhibitors would have greater selectivity for the
viral protease over mammalian endopeptidases. This does indeed appear to
be the case, for while the compound exhibits inhibitory activity against HIV-
1 and -2, with Ki's of about 10-10M, at 10-5M it has little effect on the
human apsartyl proteases renin, pepsin, gastrin, cathepsin D and cathepsin
E?475, Ro 31-8959 is primarily peptidomimetic in nature, although some
changes were made in the overall structure (with the addition of either large,
hydrophobic groups and/or unnatural amino acid side chains) in order to
optimize binding at each susbsite in the inhibitor. Interestingly, this
compound was in advanced clinical trials’¢ and has just been approved by

the FDA for use as a therapeutic.
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1.8.2 Structure-based inhibitor design

However, as observed with the development of inhibitors of human
renin, it became necessary to get away from the peptidic scaffold inherent in
these compounds in order to obtain the needed bioavailablilty and
pharmacokinetic properties necessary for good therapeutics. Thus, other
viable approaches to the creation of inhibitors needed to be found. A greater
divergence from peptide structure could likely result by the design of
inhibitors based directly on knowledge of the three-dimensional structure of
an enzyme. Access to information provided by the X-ray crystallographic
structures of HIV-1 PR has been of great use in the design of inhibitors. The
structure-based design of HIV-1 PR inhibitors has been a rapdily expanding
field, as evidenced by the sheer quantity of available crystal structures of the
PR. More than 300 structures of the HIV-1 PR (both with and without
inhibtors) have been generated since 198966, Knowledge of the tertiary
structure of the HIV-1 PR has allowed for the development of what have
come to be termed "structure-based” inhibitors. Examples of the inhibitors
which can be considered in this catagory are pseudosymmetric and
symmetric inhibitors’”-’8, and those designed with shape complementarity to

the active site43:46,

Symmetry-based inhibitors were designed based on the knowledge
that the HIV-1 PR functions as a C2 symmetric homodimer. Of particular
interest is the inhibitor ABT-53877, derived using standard medicinal
chemical approaches from A-770037%, which is a highly potent inhibitor that
was designed to have an improved pharmacokinetic profile when compared

to its predecessor (Figure 1.8). Another symmetric inhibitor of particular
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interest is that developed by the DuPont-Merck group. The inhibitor DMP-
323, shown in Figure 1.9, was designed on mechanistic information
available based on knowledge of HIV-1 PR-inhibitor crystal structures’s.
One fundamental feature is the cyclic urea carbonyl oxygen that mimics the
hydrogen-bonding features of a key structural water molecule, designated as
water 301. This tetrahedrally-coordinated water molecule links the bound
inhibitor to the flexible glycine-rich beta strands or "flaps" of the HIV PR
dimer, accepting two hydrogen bonds from the backbone amide hydrogens
of HIV-PR residues Ile 50 and Ile 50' and donates two hydrogen binds to
carbonyl oxygens of the inhibitor, inducing the fit of the flaps over the
inhibitor. In designing this inhibitor, the group at DuPont-Merck speculated
that incorporation of a mimic for water 301 within the inhibitor would imart
a particular specificity for the HIV-1 PR over the cell-encoded aspartyl
proteases since this water molecule has only been observed in the crystal

structure of the HIV proteases.

DesJarlais and coworkers used the the computer program DOCK?#0 to
characterize the shape of the HIV-1 PR's substrate binding pocket. From
this analysis, potential inhibitors were selected based on their shape and
electrostatic complementarity in the active site. This analysis resulted in the
identification of haloperidol, an antipsychotic drug, as a potential "hit"
(Figure 1.9). Indeed, haloperidol did inhibit the HIV-1 PR, but weakly with
a Ki in the micromolar range. With the identification of haloperidol as a
lead compound, analogues were synthesized in order to achieve a greater
level of inhbition. One such analogue, designated UCSF-8 (Figure 1.9)
possessed an 8-fold increase in affinity for the protease*®. Although the level

of inhibition achieved with these compounds was still not sufficient to make
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Figure 1.8 Inhibitors of the HIV-1 PR presently in clinical trials.
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Figure 1.9 Examples of structure-based inhibitors of HIV-1 PR.
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a useful AIDS drug, it is a good beginning in the area of "rational drug

design" efforts.

Many of the HIV-1 PR inhibitiors which have been developed in the
last few years, using either substrate- or structure-based methods, have
shown potent anti-viral activity and are presently being tested in clinical
trials. At the present time, Abbott Laboratories’’, Hoffmann-La Roche’ and
Merck & Co.8! each have protease inhibitors in phase III clinical trials to test
the efficacy of these compounds?’. The structures of these compounds are

presented in Figure 1.8.

1.9 A chemical synthesis approach to the study of HIV-1 PR

Alternative approaches were needed in order to acquire adequate HIV-
1 PR for biochemical studies. The enzyme is present in such small quantities
in the virus that it is impractical to try to isolate it directly from virus
particles. In addition, it is quite difficult and potentially dangerous to isolate
the enzyme directly from virus particles®2. A straightforward method of
obtaining a safe and sufficient source of PR was necessary in order have
access to milligram quantities for biochemical and structural characterization.
Recombinant DNA technology has been used sucessfully to obtain the HIV-1
PR in sufficient quantities for biochemical and structural studies. The small
size of the HIV-1 PR monomer polypeptide chain has also made this enzyme
amenable to total chemical synthesis. In using a chemical synthesis
approach, biochemical and mechanistic studies of the HIV-1 PR which
require mutagenesis can be performed without limitation to the number or

types of changes which can be made in the protein?3-8.
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The field of solid-phase peptide chemistry has been continually
evolving, as indicated by the many important advances which have been
made in the areas of stepwise solid-phase peptide synthesis (SPPS). These
advances were necessitated by the desire to chemically synthesize proteins of
biological interest and has subsequently made it possible to construct native
and uniquely modified proteins. Synthetic methods that proved effective for
the synthesis of small peptides could not readily be adapted to the assembly
of proteins. Incomplete reaction at each cycle in the chain assembly results
in the accumulation of low-level byproducts. The complex mixture obtained
upon resin cleavage made isolating the product of interest difficult at best 4.
Improvements in the chemistry of the chain assembly and the analytical
techniques now available, for example, the use of mass spectrometry®’, have
made it possible to overcome the problems associated with the difficulty in

synthesizing long peptides in high purity and yields38-89,

1.9.1 Total chemical synthesis of HIV-1 PR--the early days

Chemical synthesis has been of great use in the study of HIV-1 PR.
The first chemical synthesis of HIV-1 PR was described by Schneider and
Kent%, where highly-optimized stepwise Boc chemistry was used to obtain
milligram quantities of enzyme®. This material was ultimately used to
obtain the first correct crystal structures of the HIV-1 PR in the apoenzyme*?
and inhibited forms*’, confirming the structural model proposed by Pearl and
Taylor that the enzyme is indeed a homodimeric aspartyl protease. This
structural information laid the foundation for much of the progress in the
structure-based drug design of HIV-1 PR inhibitors and the determination of

the chemical mechanism. Subsequent syntheses of the HIV-1 PR
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incorporated the use of ai-aminobutyric acid (Aba), an isosteric replacement
for cysteine. The replacement of Cys 67 and 95 with Aba showed that these
residues were not essential for activity. In addition, this also demonstrated
that the substitution of unnatural amino acids in proteins can be useful

preventing potential handling problems (e.g., via oxidation).

It has also been possible to take advantage of the ability of chemical
synthesis to allow for the incorporation of fixed structural elements into
proteins. This was demonstrated by the work of Baca and coworkers®!,
where a constrained, non-peptidic type II' beta turn mimic (BTD) was
incorporated, replacing Gly 16, 17 in each subunit of the homodimeric HIV-
1 PR. These residues are the central two residues involved a type I' beta turn
in the native enzyme. The BTD-containing HIV-1 PR analogue possessed
an identical activity profile as the native enzyme, but also displayed
increased resistance to thermal inactivation. This work demonstrated that
the precise geometry of the beta turn was not critical for enzymatic activity,
and replacement of these residues with a rigid beta turn mimetic can give the
protein enhanced stability. This type of mutagenesis experiment can be
extended to other proteins in order to make them more robust under varying
conditions--for reactions in organic solvents, higher temperatures, in the

presence of denaturants, etc.

Advances in the methods of SPPS which made it possible to
consistently and reproducably produce L-[Aba67.95,167,195]JHIV-1 PR in
high purity has also provided for the synthesis of its enantiomeric form using
all D-amino acids?2. The protein enantiomer, as expected, displayed

reciprocal chiral specificity in its biochemical interactions. This type of
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experiment can only be performed using chemcical synthesis techniques
since ribosomal biosynthetic machinery will not allow for the incorporation

of D-amino acids®3.

1.9.2 Backbone engineering and chemical ligation--a whole new look for
proteins

Infinite access to the world of proteins has been gained through the
development of chemical ligation techiniques which allow for the coupling of
large unprotected peptide segments. Chemical ligation involves the
chemoselective reaction of unique, mutually reactive functionalities, one on
each segment, forming a stable bond even in the presence of the range of
functional groups usually found in peptides. Significantly, the ligation
chemistry used is not limited to the formation of a peptide bond as observed

in Figure 1.10.

A variety of ligation chemistries have been developed and used to
construct many of proteins of biological interest?*!%, The advent of these
novel ligation techniques have made it possible to perform studies on the
HIV-1 PR that allowed for the elucidation of certain aspects of the enzyme's
mechanism which could not have been done by conventional means. In
addition, the development of techniques for the chemical ligation of
unprotected peptide segments has provided for the evolution of the next
generation of HIV-1 PR analogues--backbone-engineered HIV-1 PR.
Chemical ligation techniques were used in the preparation large quantities of
all L- and D-HIV-1 PR for crystal structure determination and for
mechanistic studies®”-101-103, An example of the general application of these

newly developed chemical ligation techniques is in the total chemical
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Figure 1.10 Examples of the chemoselective reactions used for the
chemical ligation of unprotected peptide segments.
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synthesis of a tethered dimer form of the HIV-1 PR%. The 22kDa enzyme
displayed full enzymatic activity and is the largest functional protein ever
prepared by total chemical synthesis. Chemical access to a tethered dimer
form of the HIV-1 PR will make it possible to introduce backbone
modifications and unnatural elements of structure asymetrically in only one
subunit of the enzyme. These examples truly demonstrate the versatility of

the chemical synthesis approach in creating "tailor-made" proteins.

1.10 Aims of thesis studies

The body of work to be described deals with the total chemical
synthesis and subsequent characterization of HIV-1 PR and mutants. Firstly,
a modified form of the protease which would be stable to autolysis was
chemically synthesized using two different methods, total stepwise methods
and native chemical ligation. Secondly, the technique of native chemical
ligation was used to synthesize HIV-1 PR for the rapid generation of drug-
resistant forms. Finally, the investigation of whether it would be possible to
alter the substrate specificity of the HIV-1 PR via incorporation of an

unnatural amino acid in the enzyme's substrate binding pocket was explored.
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Chapter 11

Total Chemical Synthesis of HIV-1 Protease:
Comparison of Synthetic Methods
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2.1 Introduction

The protease from the human immunodeficiency virus type 1 (HIV-1
PR) is an important therapeutic target for the treatment of acquired
immunodeficiency syndrome (AIDS) and, as such, has become one of the
most intensively studied enzymes !5, The action of HIV-1 PR is essential for
viral maturation, as shown by the prevention of the formation of infectious
virions in the presence of inhibitors of HIV-1 PR%10 or by mutations which
render the protease inactive !:12, Access to reagent quantities of this enzyme
is necessary on a continuing basis in order to carry out essential biochemical
and structural studies. The predominant source of HIV-1 PR has been via
recombinant DNA technology, yet the relatively small size of the protease
monomer polypeptide (99 amino acids in length) also makes it an accessible

target by total chemical synthesis !3.14,

Chemical synthesis has proven to be a good method for producing
sufficient quantities of the HIV-1 PR and has facilitated its study by
providing crystallizable material for use in the original structural studies of
the enzyme!416, A chemical synthesis approach also allows for a wider
range of changes to be made in the covalent structure of a protein!’-1? than is
generally acessible by recombinant methods such as site-directed
muatagenesis202!, However, the large size of most proteins generally makes
their synthesis by stepwise solid-phase peptide synthesis (SPPS) difficult,
mainly because of the complexity of the final crude product. This arises
from slight imperfections in the chemistry of chain assembly and the
consequent accumulation of resin-bound byproducts which copurify with the

target sequence, leading to complex product mixtures. Because of the
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geometric shortcomings of stepwise SPPS, this problem is particularly
severe for long polypeptides. However, in practice, one can readily take
advantage of the ability of optimized stepwise solid phase methods to make
peptides of up to 60 amino acids in high purity and yield?>?3. These peptides
may be linked together unambiguously using recently developéd chemical
ligation methods?4?’, where large, unprotected peptides are linked together

by chemoselective reactions.

Chemical ligation takes peptide synthesis into the next generation by
providing access to even larger, more complex protein analogues??-3!, The
inherent advantages of the chemical ligation approach are in the practicality
of preparing unprotected peptide segments up to approximately 60 amino
acids and in the clean, reproducible chemoselective ligation reactions, which
yield products that are more easily purified. Recently, another chemical
ligation approach has been introduced which allows for direct synthetic
access to proteins of native backbone structure. This technique,
appropriately termed native chemical ligation?4, has the potential to provide

expanded total chemical synthetic access to the world of proteins!’.

We were interested in comparing and contrasting stepwise SPPS vs.
chemical ligation methods for the total chemical synthesis of the HIV-1 PR.
Also, we wanted to produce an autolysis-resistant form of the HIV-1 PR by
chemical synthesis for our ongoing biochemical studies of the molecule.
Instability of the enzyme upon storage can interfere with proper functional
characterization32. In addition, autolysis breakdown products can hamper
the growth of good crystals and interfere with obtaining accurate data in

NMR studies and other physical measurements. Following the extensive
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work of Mildner et al.3? and Rosé?4, where mutations introduced at P1 or P2’
residues (notation according to Schecter and Burger3’) of the major autolysis
sites in the HIV-1 PR, we have chemically synthesized autolysis-resistant
analogues of the HIV-1 PR by two methods, via stepwise SPPS and the
newly developed method of native chemical ligation. Here we compare

contrast the results obtained with the two different synthetic strategies.

2.2 Results

2.2.1 Stepwise solid phase synthesis of the HIV-1 PR monomer.

The target monomer of the homodimeric HIV-1 protease consists of
99 amino acid residues. The target sequence synthesized from the SF2
isolate of the virus3¢ which has been modified for resistance against autolysis
is shown in Figure 2.1 and the general strategy for its synthesis is outlined in
Figure 2.2. L-o-Amino-n-butyric acid (Aba) was used in place of the native
cysteine residues at positions 67 and 95 in the sequence!®. The synthesis
was performed by stepwise solid-phase methods using machine-assisted in
situ neutralization/2-(1-H-benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium
hexafluorophosphate (HBTU) activation protoclols for tert-butoxycarbonyl
(Boc) chemistry according to published procedures?3. The peptide was
assembled on Boc-Phe-OCH2-Pam resin, and the assembly of the peptide
chain was performed in a stepwise fashion to give the fully protected
protease monomer. The efficiency of the chain assembly at each step in the
synthesis was determined by quantitative ninhydrin assay for residual free
amine’’. Based on this assay, the average yield for the chain assembly was

approximately 99%. Deprotection and cleavage of the peptide resin in
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Figure 2.2 Schematic of the total chemical synthesis of HIV-1 PR via
stepwise SPPS.
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anhydrous HF afforded crude HIV-1 PR. The crude product was
characterized by analytical reversed-phase HPLC and by ESMS (Figure 2.3)
and checked for the levels of deletions, terminations and modified pepides
present in the crude product. Upon analysis of the ESMS spectrum, it
appeared that most of the byproducts could be attributed to termination and
deletion products. The accumulation of deletion products of mass -113 Da
from the product can most likely be accounted for due to the abundance of
Leu/Ile residues present in the primary sequence of HIV-1 PR (residue mass
113 Da). Of the residues, 23 out of 99 in the primary sequence of the

enzyme are either Leu or Ile residues.

HIV-1 PR monomer from stepwise SPPS was purified by preparative
HPLC, and the 99-residue polypeptide chain was characterized by analytical
HPLC and ionspray MS (Figure 2.3). The observed molecular weight for
the HIV-1 PR monomer was 10,755 Da and is within experimental error of
the calculated MW [10,755 Da (average isotope composition)]. After
folding by dialysis from a 6M guanidine hydrochloride (GuHCI) solution of
the synthetic enzyme into assay buffer, HPLC assays were used to confirm
the enzymatic activity. Treatment of synthetic peptides spanning known
cleavage sites in the HIV-1 gag polyprotein resulted in cleavage at sites
known to be processed by the viral enzyme in the course of viral

maturation3s,

The kinetic parameters of autolysis-resistant [Aba67, 95, 167, 195] HIV-

1 PR were analyzed based on the cleavage of a peptide substrate
(RNTATIM*MQRGNFR-amide) derived from the second
capsid/nucleocapsid (p1/NC) junction of the viral gag polyprotein. Kinetic
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parameters determined for the cleavage of p1/NC substrate are presented in
Table 2.1.

2.2.2 Synthesis of the HIV-1 PR monomer via native chemical ligation.

The 99-residue target sequence was synthesized in two peptide
segments, as shown in Figure 2.4. The two segments, comprising HIV-1 PR
residues 1-40COSNB and 41-99 (K41C), were ligated via native chemical
ligation?¢. This chemical ligation technique allows for the synthesis of
proteins with native backbone structure via the chemoselective reaction of
two unprotected peptide segments. At the present time, native chemical
ligation is limited to joining two segments at a Xxx-Cys site. The HIV-1 PR
does contain two cysteine residues in its native sequence. However, they are
contained in the latter half of the molecule and are inconveniently located for
segment condensation. Thus, we chose to mutate one of the residues (K41C)
near the middle of the molecule, directly adjacent to a glycine residue, in
order to optimize both the ligation site and give comparably-sized segments.
The carboxy-terminal segment, corresponding to residues 41-99 in the HIV-
1 PR monomer, was synthesized on Boc-Phe-OCH2-Pam resin. The amino-
terminal segment, corresponding to residues 1-40, was synthesized on a Gly-
thioester support, which upon cleavage yields the peptide o-thiocarboxylate.
This peptide is then treated with DTNB (Ellman's Reagent) to generate an
active a-thioester (COSNB). Thiophenol was used in the reaction as a
reducing agent in order to keep the N-terminal Cys residue in a reduced and
reactive form, without interfering with the reaction. It appeared that the
addition of thiophenol also aided in the reaction via transthioesterification of

any 1-40 COSNB which had not ligated
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Figure 2.4 Schematic of the total chemical synthesis of HIV-1 PR by native
chemical ligation.
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immediately and reduced the level of hydrolysis typically seen with SNB
peptide esters since they are highly activated thioesters. The peptide
thiophenol ester is more stable to hydrolysis, but reactive enough to facilitate
the ligation and generate product in near quantitative yields (P. Dawson,

unpublished results).

The ligation reaction of the two segments was performed in aqueous
buffer at pH=6.5, and the course of the reaction was followed by analytical
reverse-phase HPLC, as shown in Figure 2.5. The ligation reaction went in
high yield (near quantitative, >95%), cleanly, and showed little or no side
product formation. The resulting native ligated monomer was readily
purified by gel-filtration and semipreparative HPLC. Analytical HPLC
showed the 99 residue polypeptide to be of high purity (>97%). Subsequent
characterization by electrospray MS gave a molecular weight of 10,705 Da.
[calculated:10,706 Da (average isotope composition)]. Kinetic parameters
for this enzyme were determined in the same manner as per the HIV-1 PR
synthesized by direct stepwise methods and are shown in Table 2.1. The
kinetic parameters were similar to those of the native enzyme, despite the
K41C mutation. The observed substrate specificity on synthetic peptide
analogues of the gag polyprotein cleavage sites were identical to that of the
viral enzyme (Figure 2.5).

2.3 Discussion

The two HIV-1 PR analogues synthesized by either stepwise methods
or native chemical ligation possessed similar substrate specificites and

kinetic properties. The values obtained and summarized in Table 2.1 are
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similar to those obtained with the native enzyme3?40. Based on the
information available regarding the substrate specificity of the HIV-1 PR,
Mildner et al. set out to make substitutions in the HIV-1 PR which would
block cleavage at major sites of autolysis. The rationale was to replace
amino acids in positions which flanked the scissile bond with those that are
normally excluded at these sites. By introducing B-branched amino acids at
P1 or Lys at P2' in the three major autolysis sites in the PR, hydrolysis was
found to be greatly reduced at the corresponding P1-P1' positions.
Therefore, three changes were introduced (Q7K/L33I/L63I) in the HIV-1 PR
strain under study in their laboratory (pBH10), which stabilized the enzyme
against autolysis. In the isolate used in our laboratory (SF2 strain), only two
changes were made in the sequence(Q7K/L33I). The enzyme was found to
be quite stable, even after months of storage in folding buffer at 4°C. No
problems with autolysis were observed in our hands, even at the high
concentrations of HIV-1 PR (>5mg/ml) needed for NMR (R. Smith, personal

communication).

A stabilized form of the HIV-1 PR has been produced by two different
methods employing total chemical synthesis which proves excellent for
biophysical analysis. The yields of purified protease were far superior for
the HIV-1 PR molecule synthesized by native chemical ligation (33% yield)
as compared to that prepared via direct stepwise methods (4.7% yield). The
stepwise synthesis of a protein greater than 60 residues is, indeed, a
challenging endeavor. Since the number of byproducts which accumulate
over the many steps in the synthesis that are needed increases as the
polypeptide chain is built, the indentification and purification of the final

product becomes an incredibly labor-intensive process. In addition, the
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general stepwise synthesis of large proteins is not always straightforward
and is usually achieved only in the most favorable of cases. The approach is
also not a practical one if the desire is to generate multiple variants for
structure-function studies. However, due to the great success of SPPS in the
synthesis of peptide segments of about 60 amino acids in high purity and
yield, chemical ligation methods tend to be a more generalized and reliable

approach to the construction of proteins of biological interest.

This study has verified that a chemical ligation approach to the
production of the HIV-1 PR has many inherent advantages over direct
stepwise SPPS. Ease of purification, high purity and yields of the protein
product are just a few of the advantages of ligation method for the
production of HIV-1 PR. In addition, the synthetic convenience of ligation
approach allows for a "cassette" approach to constructing proteins. It is
feasible to think of purified synthetic peptide fragments as "molecular
cassettes"”, which can be mixed and matched for the rapid and versatile
generation of protein analogues. This method could be of great use for
investigating the effects of different mutations on the HIV-1 PR's activity.
For example, such a system could be especially useful for analyzing the
kinetic effects of mutations that render the HIV-1 PR resistant to various
inhibitors which have been developed as potential AIDS therapeutics. Such
a study has been done and will be described in more detail in Chapter 3.
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2.4 Experimental section

2.4.1 Materials and methods.

Boc-amino acids and 2-(1-H-benzotriazol-1-yl)-1,1,3,3,-
tetramethyluronium hexafluorophosphate (HBTU) were obtained from Nova
Biochem (San Diego, CA.). Boc-Phe-OCH2Pam-resin and
diisopropylethylamine were purchased from Applied Biosysyems, Inc.
(Foster City, CA.). Aminomethylcopoly(styrene-divinylbenzene) resin was
prepared by L. E. Canne (TSRI). N,N-Dimethylformamide (Synthesis-
grade) was obtained from Mallinckrodt Chemical Co. (Paris, KY) or Fisher.
AR-grade methylene chloride was obtained from Fisher. TFA was
purchased from Halocarbon (River Edge, N. J.) and HF obtained from
Matheson Gas. HPLC-grade acetonitrile was obtained from either EM
Science or Fisher. Vydac HPLC columns were purchased form Western
Analytical Co. (Temecula, CA.). All other reagents were AR grade or
better, and purchased from either Aldrich Chemical or Fisher.

Machine-assisted solid-phase peptide syntheses were performed on a
custom-modified Applied Biosystems 430A peptide/protein synthesizer.
This instrument was modified by installation of bypass valves to accelerate
flows and to prevent clogging of valve blocks?3. Gel-filtration was
performed on a Pharmacia FPLC System using a Superdex 75 HR 10/30
column and developed in 50% acetic acid. Preparative HPLC was
performed on a Waters Delta-prep 4000 HPLC system. Analytical and
semipreparative HPLC were performed on either a Rainin HPXL dual pump

system with detection on a Dynamax UV detector or on an integrated
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Hewlett-Packard 1050 system. Preparative HPLC was run on a Vydac C18
column (15-20p, 5.0 x 25 cm) at a flow rate of 30mL/min; semipreparative
HPLC was run on a Vydac C4 column (10y, 1.0 x 25 cm) at a flow rate of
3mL/min: and analytical HPLC was run on a Vydac C4 column (5p, 0.46 x
15 cm) at ImL/min. Chromatographic separations were achieved using
linear gradients of 0.1% TFA in water (solvent A) versus 90% acetonitrile/
10% water, 0.09% TFA (solvent B). Mass analyses of all peptide segments
and proteins were performed a Sciex API-III triple quadrupole electrospray
mass spectrometer as previously described*!. Observed masses were derived
from the experimental m/z values for all observed protonation states of a
molecular species using the program MacSpec (Sciex). Calculated masses
were based on average isotope composition and were derived using the
program MacProMass (Sunil Vemuri and Terry Lee, Beckman Research
Institute, Duarte, CA.). Ninhydrin yields and substitution values were
calculated using the program Synthesis Editor 9 (J. J. Kent, K.P.

Instruments).

2.4.2 Solid-phase peptide synthesis

All peptides were synthesized in a stepwise fashion according to the in
situ neutralization/HBTU activation protocols for machine-assisted Boc
solid-phase chemistry?3. Side chain protection was as follows: Arg(p-
toluenesulfonyl), Asn(xanthyl), Asp(O-cyclohexyl), Glu(O-cyclohexyl),
His(Dnp), Lys(2-Cl-Z), Ser(benzyl), Trp(formyl), Thr(benzyl), and Tyr(2-
Br-Z). Gln and Met (and, when synthesizing thioacid peptides Trp) were
used without side chain protection. Coupling yields were determined by the

quantitative ninhydrin assay on peptide-resin sapmles taken under machine
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control during the chain assembly?>3’. The HIV-1 PR monomer and its C-
terminal fragment (41-99) were prepared on a Boc-Phe-4-
(carboxamidomethyl)benzyl ester-copoly(styrene-1%-divinylbenzene) resin
(Boc-Phe-OCH2-Pam-resin). The N-terminal fragment corresponding to
HIV-1 PR (1-40) was constructed on a 4-[o-(Boc-Gly-S)benzyl]-
phenoxyacetamidomethyl resin, which yields a peptide with a C-terminal
Gly-aCOSH post cleavage*?>#. Upon completion of the chain assembly,
peptides were deprotected as necessary and cleaved from the resin by
treatment with liquid HF containing 10% p-cresol for 1 hour at 0 °C. After
evaporation of HF under reduced pressure, crude peptide products were
precipitated in ice-cold anhydrous diethyl ether, dissolved in 50% aqueous

acetic acid, and either purified immediately or after prior lyophilization.

2.4.3 Purification and characterization of peptide segments

Crude lyophilized peptides were dissolved in either acidic aqueous
buffers or 50% aqueous acetic acid and purified by preparative or
semipreparative HPLC. Purified peptides were stored as lyophilized powders
at -20°C. The purified peptide segments were characterized by electrospray
MS, and all possessed observed masses within experimental error of the

calculated masses.

2.4.4 Stepwise synthesis of the autolysis-resistant HIV-1 PR monomer

The synthesis was carried out on a 0.2 mmole scale using Boc-Phe-

OCH2-Pam resin. Fully-protected peptide-resin (1.720 grams) was obtained

after completion of the stepwise chain assembly (88% of theoretical yield
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after correction for ninhydrin sampling.). A portion of peptide-resin
(300mgs) was subjected to deprotection and cleavage. Protecting groups
were removed as follows: the dinitrophenyl protecting group of histidine was
removed by two 30 minute treatments with 20% mercaptoethanol/10%
DIEA/DMF, the amino-terminal Boc group was removed by treatment with
neat TFA (two 1 minute treatments) and the formyl protecting groups of
tryptophan were removed by two 30 minute treatments with aqueous
ethanolamine. The partially unprotected peptide resin was further
deprotected and cleaved from the resin with HF, containing 10% p-cresol,
for 1 hour at 0°C. After removal of the HF under reduced pressure, the
crude protein mixture was precipitated in ice-cold anhydrous diethyl ether,
dissolved in 50% aqueous acetic acid and immediately purified by
preparative HPLC (45-60% B in 60 minutes). This afforded 10 mgs (4.7%
of theoretical yield) of purified, autolysis-resistant HIV-1 PR, which was
characterized by electrospray MS to give a mass of 10,755 + 2 Da [10,755

Da (average isotope composition)].

2.4.5 Synthesis of the autolysis-resistant HIV-1 PR monomer via native
chemical ligation

The synthesis of HIV-1 PR (41-99) was performed on a 0.15 mmole
scale using Boc-Phe-OCH?2-Pam resin. Peptide-resin (529 mgs) was
subjected to deprotection and cleavage as earlier described for the HIV-1 PR
monomer produced by direct stepwise methods. The crude peptide was then
immediately subjected to preparative HPLC (40-55%B in 60 minutes) and
afforded 33mgs (8.9% yield) of purified HIV-1 PR (41-99) for use in the

ligation.
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Synthesis of HIV-1 PR (1-40)aCOSH was performed on a 0.2 mmol
scale on a 4-[o-(Boc-Gly-S)benzyl]-phenoxyacetamidomethyl resin.
Peptide-resin (300mgs) was deprotected and cleaved to give 160 mgs of
crude peptide (81% yield). The crude synthetic fragment HIV-1 PR(1-
40)aCOSH (160mgs, 36.2 umol) was converted to the 5-thio-2-nitrobenzoic
acid ester (-COSNB) by treatment with approximately 2 equivalents (35
mgs) of 5, 5'-dithio-bis(2-nitrobenzoic acid) [DTNB, Ellman's reagent] in
6M GuHCI, 0.2M sodium acetate, pH=5.5 for 20 minutes. The crude
reaction mixture was then subjected to preparative HPLC (25-55%B in 60
minutes) for purification and subsequently lyophilized to yield 15 mgs, 11.2
pmol (9% yield) of purified (1-40)adCOSNB.

Ligation to give the native-ligated monomer of HIV-1 PR was
performed by reacting purified HIV-1 PR fragments (1-40)aCOSNB
[4.3mgs, 0.93pumol] and (41-99) [3.0 mgs, 0.47umol] in 6M GuHCI, 0.2M
phosphate, pH=6.5 (0.5 ml) in the presence of 1-2% thiophenol at room
temperature overnight. The progress of the reaction was monitored by
reversed-phase analytical HPLC and electrospray MS. The product was
purified by gel filtration and semipreparative HPLC (42-55%B in 30
minutes) to yield 1.7 mgs, (0.16 pmol, 33% yield based on 41-99) as a white
solid after lyophilization. The purified ligated PR was charaterized by
electrospray MS to give a mass of 10,706 £ 2 Da [calculated 10,706 Da

(average isotope composition)].
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2.4.6 Enzyme folding

Both HIV-1 PR monomers produced, either via stepwise methods or
native chemical ligation, were folded against decreasing concentrations of
guanidine hydrochloride (6M-OM) into dialysis buffer (25SmM sodium
acetate, pH=5.0 /20% glycerol for the stepwise 99-mer and 25mM sodium
acetate, pH=5.0, 2mM DTT, ImM EDTA/20% glycerol for native-ligated
HIV-1 PR, both containing appropriate amounts (0.80 equivalents) of the
competitive inhibitor, MVT-101) over a 2-day period. DTT and EDTA were
added to the assay buffer for the native-ligated enzyme to prevent oxidation,
as observed by MS analysis (+16 Da. to the MW of product). Following
dialyisis, the sample was centrifuged to remove any precipitate and stored at
4°C. Concentrations of folded protein were determined by measuring the
peak area obtained in an analytical HPLC run and comparing to the area
obtained from a sample of denatured enzyme of known concentration. (The
concentration of the denatured enzyme was determined by absorbance at 280
nm, using a molar extinction coefficient of 25,500 M-1 cm-145). The yield of
folded native-ligated HIV-1 PR was 25% and that from stepwise synthesis
was 10%.

24.7 Enzyme assays

Substrate specificity of the two enzymes was assessed by the cleavage
of a synthetic peptide substrate
(GHKARVL*AEAMSQVTNSATIM*MQRGNFRNQRK, where *
designates HIV-1 PR processing sites) spanning the capsid/nucleocapsid

cleavage site in the viral gag and gag-pol polyproteins.
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Kinetic parameters were determined for the cleavage of the peptide
substrate RNTATIM*MQRGNEFR in the following assay buffers: for HIV-1
PR produced via stepwise methods, pH 5.5 buffer containing 100mM
sodium acetate, 0.5M NaCl, 10% glycerol and bovine serum albumin (BSA)
at 0.5 mg/ml. For the native-ligated HIV-1 PR, 2mM DTT and ImM EDTA
were added to the above assay buffer. DMSO was used to solubilize the
synthetic substate. Because DMSO has been found to weakly inhibit the
enzyme??, its final assay concentration was kept standardized at 2%.
Cleavage products were quantitated by HPLC with peak detection by UV
absorbance (214 nm). Initial rates were determined by single time points of
reactions in which consumption of substrate was <20% of the starting
concentration (12-15 minute reaction time). Kinetic parameters were
obtained by fitting data to the Michaelis-Menten equation using a nonlinear

regression computer program4,
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Chapter III

Analysis of Drug Resistant Mutants of the HIV-1 PR
Prepared by Total Chemical Synthesis
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3.1 Introduction

The genome of the human immunodeficiency virus type 1 (HIV-1),
the causative agent of acquired immunodeficiency syndrome (AIDS)!-3,
encodes a protease (PR) which acts to process the viral gag and gag-pol
polyprotein precursors into the structural proteins and enzymes of the viral
particle+6. HIV-1 PR activity is essential for the formation of infectious
viral particles’. Engineered viruses that express inactive protease give rise to
immature virions which are incapable of initiating new cycles of infection?38.
The essential nature of HIV-1 PR in the viral life cycle makes it an important
target for chemotherapeutic intervention and, as such, there has been an
enormous amount of research activity aimed at developing inhibitors of the
HIV-1 PR as anti-AIDS drugs®-!3. Several protease inhibitors, derived from
substrate-based or structure-based approaches, are now in clinical trials and

have shown considerable success in suppressing HIV replication!416,

However, as seen with inhibitors of reverse transcriptase (RT), the
spectre of resistance has also emerged during in human trials with the
protease inhibitors!’-2!, The development of resistance to protease inhibitors
may severely limit their potential effectiveness as antivirals?! and is thus of
great concern?2. The mechanisms by which protease-resistant strains of
HIV-1 emerge needs to be considered in the design of protease inhibitors
and, as such, a current major research objective in this area is to understand
the molecular basis of resistance to protease inhibitors?3-26. In this chapter,
we describe kinetic and inhibition studies on inhibitor-resistant forms of the
HIV-1 PR identified as arising from the most advanced protease inhibitor,
R031-89591427-29, These "mutant" forms of the HIV-1 PR were prepared by
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total chemical synthesis and evaluated against two compounds as
representative examples of canonical classes of inhibitors. In addition, these
data were used as a baseline to evaluate the comparative properties of a pair
of HIV-1 PR inhibitors developed by comparative studies against both HIV-

1 and feline immunodeficiency virus (FIV) proteases.

3.2 Results

The variants of the HIV-1 PR molecule synthesized were based on
those identified in resistant strains of the virus with decreased susceptibility
to Ro 31-8959 during clinical trials?®-%, The resistance mutants derived
from this inhibitor were chosen for investigation since Ro 31-8959 was one
of the first protease inhibitors designed and has just recently been approved
for clinical use. The sequences of the most common Ro 31-8959-resistant
HIV-1 PR variants have been found to contain two amino acid substitutions,
a Gly to Val exchange at position 48 and a Leu to Met exchange at position
9028, As indicated in Figure 3.1, Gly 48 is positioned in the region of the PR
known as the "flaps", which are flexible B-hairpin structures that cover the
substrate/inhibitor binding site in the HIV-1 PR3!. L90 sits in the interior of
the molecule and has no obvious contact with inhibitor or substrate. We
chose to study the [L90M] HIV-1 PR and the double mutant [G48V/L90M]
HIV-1 PR variants because these had been associated with drug resistance in
clinical trials32,

In order to characterize the kinetic properties and susceptibility to
inhibiton of these variants, the enzymes were prepared by total chemical

synthesis. A native sequence control ("wild type") molecule was also
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Figure 3.1 Co backbone structure of HIV-1 PR indicating the positions of
drug-resistant mutations. The mutations are highlighted in yellow at
positions 48 and 90. The figure was prepared using the program RasMol
v.2.6 (Roger Sayle, Biomolecular Structure, Glaxo Research and
Development, Middlesex, UK.).
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synthesized for comparison. Synthesis of the three molecular forms of HIV-
1 PR was carried out by native chemcial ligation. (Refer to Figure 2.5 in
Chapter II for the synthetic strategy). This involved the chemoselective
reaction of the two purified peptide segments (1-40)aCOSR with Cys(42-
99) to give [Aba67.95,Cys41] HIV-1 PR (wt PR). Conveniently, all the
mutations introduced are in the C-terminal segment and thus the N-terminal
segment remained constant. This allowed us to use a "cassette" approach for
constructing the drug resistant variants, in which a single N-terminal
segment of the HIV-1 PR molecule was condensed with different forms of
the C-terminal segment to produce the desired mutants. All three forms of
the HIV-1 PR were obtained in high purity and were characterized by
analytical HPLC and ESMS as previously described for the wt PR (see
Chapter II).

Enzymatic activities of the variants were analyzed using an HPLC
assay based on the cleavage of a synthetic peptide substrate derived from the
second capsid/nucleocapsid (p1/NC) [RNTATIM*MQRGNFR-amide]
junction of the viral gag polyprotein®3. Kinetic parameters for the cleavage
of the p1/NC substrate are presented in Table 3.1 for all three forms of HIV-
1 PR. The [L90M] single and the [G48V/L9OM] double HIV-1 PR variants
showed a decrease in catalytic efficiency (kcat/Km) by a factor of
approximately 2 and 15, respectively, when compared to the wild-type
control enzyme. In the case of the L9OM variant, the decrease in the
catalytic efficiency was influenced mainly by the increase in Km. For the
[G48V/L90M] double mutant, both kcat and Km were equally affected.
Therefore, the inhibitor-resistant mutations produce enzymes that are

SIgmﬁ(:antly less active than the wild type enzyme.
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Inhibition constants (Ki) were compared for the wild-type HIV-1 PR
and two drug-resistant variants using the inhibitors shown in Figure 3.2. The
inhibition constants for the enzymes with the four different inhibitors are
shown in Table 3.2. Ro 31-8959 and Slee 1 displayed similar inhibition
effects, with an increase in Ki values of approximately two-fold for the
L90M variant and approximately 14-fold for the [G48V/L90M] double
mutant. These effects were almost identical to the changes observed for the
catalytic efficiency, kcat/Km (Table 3.1). DMP 323 showed the most
interesting results, in that identical levels of inhibition for the wt and double
mutant were observed. A close to two-fold increase in Ki, however, was
observed for the L90M variant. Even so, DMP 323 remained a highly potent
(nanomolar) inhibitor of all three enzyme forms. The compounds Slee 1 and
Slee 2 were of equal inhibitory activity against the wild-type enzyme.
However, Slee 2, the inhibitor evaluated against both HIV and FIV, had
significantly better (approximately 3-fold) Ki values than the Slee 1 inhibitor
for both resistant variants of the HIV-1 PR. Against the double mutant, Slee
2 showed a 5-fold increase in Ki when compared to wild-type. An
approximately 15-fold increase in Ki (compared to wild-type) was observed

with Slee 1 for the same enzyme.
3.3 Discussion

Inhibitors of HIV-1 PR are of considerable promise as therapeutic
agents in the treatment of AIDS. However, the clinical effectiveness of
these compounds may be compromised by the emergence of drug-resistant
variants , a5 shown with inhibitors of HIV-1 reverse transcriptase. In this

study, v e chose to evaluate drug-resistant variants with decreased sensitivity
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Figure 3.2 Inhibitor Structures

0 (o]

HN N l-i N
o o
o’go N o™ "o N,ue-enn-oeu‘
o oo 7

85



*S]0]d UOXIQ DUISh pauluLd}ap
al9M SJUBISUOD UONIGIYUI§ *sj0|d UOSIBpUBH WOJ} PBJBINJJBD BJOM SJUBISUOD UOIqIYU| } "OoLE ‘G"'g=Hd e ysg |w/sbw
G'0 pue |01382A16 %01 ‘|OBN W S0 ‘VLO3 Wwi ‘11Q Wwe ‘eje}ade wnipos Wwoot Buiurejuod Jaynq e uj pakesse aiam sawAzua
IV ‘WNOB/ASYD 10§ WUOE Pue ‘067 10} WUZl ‘Hd W™ 10j WU L Ajejewixoidde sem sAesse Ul pasn SUOiBUaIU0d 8wAzua
eyl -siejeweled onauly jo SisAjeue ay) J0j Se SUOIPUOI awes a8y} Buisn Aesse oydesbojewoIyd B Ul paulLLIBIap 819Mm SanjeA Iy

448 08GE 09°0 145 WO6T/A8YO
€91 143% VL oLt Woeé1
Sie yee 090 890 wm

§C 99IS §l 9@3IS 1ece-diNa 16568-1£0H sesesjold

sjuelny Juelsisey 6n.q Joj [(Wu) ] siuejsuod Auonqiyul '€ a|qel

86



to the inhibitor Ro 31-8959. These mutants were chosen because Ro 31-
8959 was one of the first protease inhibitors developed and has just been
approved for clinical use as an anti-AIDS therapeutic. [L90M] and
[G48V/L90M] HIV-1 PR variants were specifically chosen for evaluation
because these inhibitor-resistant variants had been associated with drug

resistance in clinical trials28:32,

The [L90M] HIV-1 PR variant has been observed more commonly in
vivo32, Also, in the case of some of the drug-resistant variants of HIV-1 PR
observed, the amino acid changes found correspond to the structurally
aligned residues found in FIV-PR34. FIV-PR contains a methionine residue
(M107) in the structurally analogous position for L90 in HIV-1 PR. Since
FIV causes an immunodeficiency disease in cats which is remarkably similar
to AIDS in humans, this may provide a basis for which to test inhibitors of
HIV-1 PR in the FIV model3* and potentially contribute to an understanding
of the mechanism of drug resistance. [The G48V/L90M] double mutant has
been reported to be the most resistant variant of Ro 31-8959 observed?3-32,
Although this variant has been found to be rare in vivo, it seemed
appropriate to test this mutant to see what type of inhibitory effect the Slee
inhibitors would have, since one of the rationales behind their development
was to see if they would show improved relative activity against inhibitor

resistant forms of HIV-1 PR.

The 3 different classes of inhibitors used in this study were chosen
because they were developed using different rationales (Figure 3.2). Ro 31-
8959, one of the first high potency PR inhibitors developed, is a substrate-

based inhibitor which contains a hydroxyethylamine transition state mimetic
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and was designed by analogy with renin inhibitors. This inhibitor was
designed based on Class 1 substrates which contain the cleavage site Phe
/Tyr*Pro. It is believed that inhibitors designed based on this class of
substrates would have greater selectivity for viral aspartyl proteases over
their cell-encoded counterparts. This compound has just been approved by
the FDA (as of November 1995) for use as an anti-AIDS therapeutic.

The inhibitors DMP-323 and Slee inhibitors were designed by
structure-based methods. DMP-323 is a structure-based, C2-symmetric,
cyclic urea inhibitor. One of the key features of the DMP 323 structure is
the cyclic urea carbonyl oxygen that mimics the hydrogen-bonding features
of a key structural water molecule, designated as water 301. Water 301 is
tetrahedrally coordinated with two hydrogen bond donors from the enzyme
(NH of Ile 50) and two acceptors from the inhibitors (usually backbone
carbonyl groups). This water molecule is observed only in the crystal

structures of inhibitor-bound HIV-PR and not in the pepsin-like enzymes.

The Slee inhibitors, which contain an o-keto amide core structure,
were designed to serve as mechanism-based inhibitors. The a-keto amide
core structure in these inhibitors is not hydrated until bound to the active site
of the HIV-1 PR, which then gives rise to the active species. As previously
mentioned, the rationale for the development of these inhibitors was to
design compounds which would inhibit both the HIV and FIV proteases
since they are both mechanistically identical. In addition, it was hoped that
these compounds would be effective against inhibitor-resistant HIV-1 PR
and thus make it possible to use FIV-infected cats as a model system on

which to test inhibitors.
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The "wild-type" PR used in this study ([Aba67.95,Cys41] HIV-1 PR)
possessed full enzymatic activity, with kinetic values comparable to those of
native-backbone HIV-1 PR produced either by recombinant or synthetic
means3%. When compared to wild-type PR, the Km values obtained for the
single and double mutant PR's increased approximately 2-and 3-fold,
respectively. In addition, the catalytic efficiency (kcat/Km) for the enzymes
decreased by 2-fold for [L90M] HIV-1 PR and 15-fold for [G48V/L90M]
HIV-1 PR. In the case of the single mutant, most of the reduction in the
catalytic efficiency is due to the increase in Km (kcat was identical to wt
PR). This result was surprising, since the L90M mutation is remote from the
enzyme's substrate binding site (Figure 3.1). This "non-active site mutant"
of the HIV-1 PR clearly has an indirect effect on substrate binding?4. The
[G48V/L90M] double mutant exhibited changes in both kcat and Km, which
contributed to the reduced catalytic efficiency(kcat/Km) of this variant. The
changes observed can likely be attributed to the increased steric interaction
introduced in the substrate binding pocket by the presence of the valine side

chain, which may not allow the substrate to bind as efficiently.

The inhibitor Ro 31-8959-showed decreased levels of inhibition with
the single and double mutant as compared to wt PR, with increases in Ki
values of approximately 2- and 20-fold respectively. These results were
expected based on available literature for these mutants?332, What was not
expected were the results obtained with the inhibitor DMP 323, which
possessed approximately the same inhibitory potency with all variants
studied (Table 3.2). With the double mutant, G48V seems to be a
compensatory change for DMP-323 inhibition, but is devastating for

inhibition by Ro 31-8959. One explanation for this effect is based on the
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structures of the two inhibitors and their interactions with the HIV-1 PR.
Based on known structures of the HIV-1 PR with various substrate-based
inhibitors, it was observed that G48 is poised to interact with the P3 and P3'
positions of a substrate/inhibitor??37. Ro 31-8959 contains a quinoline-2-
carbonyl group in its P3 position, which interacts with the S3 binding pocket
of the enzyme, whereas the inhibitor DMP-323 does not extend into this
binding pocket (this inhibitor extends from the S2-S2' sites). Therefore, the
Gly to Val exchange at position 48 may directly interfere with Ro 31-8959
binding by steric interference of the valine side chain. In general, however,
it was found that both of these high-potency inhibitors still retain a decent
level of inhibiton in the low nanomolar range--Table 3.2. This phenomenon
has also been observed in other studies of drug-resistant HIV-1 PR

variants!5-38-40,

The two Slee inhibitors gave interesting results. Both Sleel and Slee
2 inhibited the wild-type HIV-1 PR to approximately the same degree, with
Ki's of 234 and 215nM, respectively. However Slee 2, which was designed
for better inhibition of FIV-PR, had a clearly better inhibitory effect with
both resistant variants than Slee 1. Although these compounds were not
stellar in their inhibitory potency, they clearly represent a good beginning in
the design of compounds which will inhibit the HIV-1 PR even in the face of

resistance.

Some kinetic and inhibition data has been published for a few of the
inhibitor-resistant HIV-1 PR mutants!5:38-40,  Although the inhibitor Ro 31-
8959 was used in all but one of these studies, none included data for any of

the variants generated by prolonged exposure to this compound. The data
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inhibitor-resistant HIV-1 PR variants generated by one of the most advanced

protease inhibitors in clinical studies.

Total chemical synthesis was used to construct and drug-resistant
variants of the HIV-1 PR in a modular fashion. The utility of this method
has been demonstrated in the present study, where resistant mutants were
constructed and analyzed against 3 different classes of inhibitors. The
results indicate that it may be possible to combat resistance by either further
developing mechanism-based inhibitors?!2234, such as the Slee class, or by
the use of potent protease inhibitors given in a sequential manner. In
addition, this method may aid in determining the molecular basis of drug
resistance by providing a straightforward method to the production of
resistant variants of the HIV-1 PR for biochemical and structural

characterization.

3.4 Experimental section

3.4.1 Materials and methods

The inhibitor DMP-323 was obtained from DuPont-Merck
Pharmaceuticals (Wilmington DE.). Ro 31-8959 was obtained from Roche
Products LTD, (Welwyn Garden City, UK). Boc-amino acids and 2-(1-H-
benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium hexafluorophosphate
(HBTU) were obtained from Nova Biochem (San Diego, CA.). Boc-Phe-
OCH2Pam-resin and diisopropylethylamine were purchased from Applied

Biosysyems, Inc. (Foster City, CA.). Aminomethylcopoly(styrene-

divinylbenzene) resin was either purchased from Applied Biosystems, Inc.
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or prepared in house (prepared by L. E. Canne, TSRI). N,N-
Dimethylformamide (Synthesis-grade) was obtained from either
Mallinckrodt Chemical Co. (Paris, KY) or Fisher. AR-grade methylene
chloride was obtained from Fisher. TFA was purchased from Halocarbon
(River Edge, N. J.) and HF obtained from Matheson Gas. HPLC-grade
acetonitrile was obtained from either EM Science or Fisher. Vydac HPLC
columns were purchased form Western Analytical Co. (Temecula, CA.). All
other reagents were AR grade or better, and purchased from either Aldrich

Chemical or Fisher.

Machine-assisted solid-phase peptide syntheses were performed as

previously described (Chapter II).

3.4.2 Solid-phase peptide synthesis

All peptides were synthesized in a stepwise fashion according to the in
situ neutralization/HBTU activation protocols for machine-assisted Boc
solid-phase chemistry*!. Side chain protection was as follows: Arg(p-
toluenesulfonyl), Asn(xanthyl), Asp(O-cyclohexyl), Glu(O-cyclohexyl),
His(Dnp), Lys(2-Cl-Z), Ser(benzyl), Trp(formyl), Thr(benzyl), and Tyr(2-
Br-Z). Gln and Met (and, when synthesizing thioacid peptides Trp) were
used without side chain protection. Coupling yields were determined by the
quantitative ninhydrin assay on peptide-resin sapmles taken under machine
control during the chain assembly*!42, The HIV-1 PR (SF2 isolate) C-
terminal fragments, corresponding to residues (41-99) and incorporating the
appropriate changes, were prepared on a Boc-Phe-4-

(carboxamidomethyl)benzyl ester-copoly(styrene-1%-divinylbenzene) resin
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(Boc-Phe-OCH2-Pam-resin). The N-terminal fragment corresponding to
HIV-1 PR (1-40) was constructed on a 4-[o-(Boc-Gly-S)benzyl]-
phenoxyacetamidomethyl resin, which yields a peptide with a C-terminal
Gly-aCOSH post cleavage*>45. Upon completion of the chain assembly,
peptides were deprotected as necessary and cleaved from the resin by
treatment with liquid HF, containing 10% p-cresol, for 1 hour at 0 °C. After
evapoartion of HF under reduced pressure, crude peptide products were
precipitated in ice-cold anhydrous diethyl ether, dissolved in 50% aqueous

acetic acid, and either purified immediately or after prior lyophilization.

3.4.3 Purification and characterization of peptide segments

Crude lyophilized peptides were dissolved in either acidic aqueous
buffers or 50% aqueous acetic acid and purified by preparative or
semipreparative HPLC. Purified peptides were stored as lyophilized powders
at -20°C. The purified peptide segments were characterized by electrospray
MS, and all possessed observed masses within experimental error of the

calculated masses.

3.4.4 Preparation of wt HIV-1 PR and inhibitor-resistant variants

[Aba67.95, Cys41] HIV-1 PR (wt HIV-1 PR) and resistant variants
were constructed using native chemical ligation as described in Chapter II.
All enzymes possessed the correct masses as determined by ESMS and were
within experimental error of the calculated masses. For wt HIV-1 PR,
10,706 £ 2 Da [calculated 10,706 Da (average isotope composition)]; for
[L90OM] HIV-1 PR, 10,724 = 3 Da [calculated 10,724 Da (average isotope
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composition)]; for [G48V/L90M] HIV-1 PR, 10,766 £ 3 Da [calculated
10,766 Da (average isotope composition)].

3.4.5 Enzyme folding

All enzymes produced were folded against decreasing concentrations
of guanidine hydrochloride (6M-0M) into dialysis buffer (25mM sodium
acetate, pH=5.0, 2mM DTT, ImM EDTA/20% glycerol and contained
appropriate amounts (0.80 equivalents based on HIV-1 PR) of the
competitive inhibitor, MVT-101) over a 2-day period. Following dialyisis,
the sample was centrifuged to remove any precipitate and stored at 4°C.
Concentrations of folded protein were determined by measuring the peak
area obtained in an analytical HPLC run and comparing to the area obtained
from a sample of denatured enzyme of known concentration. (The
concentration of the denatured enzyme was determined by absorbance at 280

nm, using a molar extinction coefficient of 25,500 M-1 cm-146),

3.4.6 Enzyme assays

Kinetic parameters were determined for the cleavage of the peptide
substrate RNTATIM*MQRGNFR-amide in the following assay buffer for
the native-ligated PR's: pH 5.5 buffer containing 100mM sodium acetate,
2mM DTT, ImM EDTA, 0.5M NaCl, 10% glycerol and bovine serum
albumin (BSA) at 0.5 mg/ml. DMSO was used to solubilize the synthetic
peptide substrate. Because DMSO has been found to weakly inhibit the
enzyme?S, its final assay concentration was kept standardized at 2%.

Cleavage products were quantitated by HPLC with peak detection by UV
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absorbance (214 nm). Initial rates were determined by single time points of
reactions in which consumption of substrate was <20% of the starting
concentration (15-30 minute reaction time). Kinetic parameters were
obtained by fitting data to the Michaelis-Menten equation using a nonlinear

regression computer program*’.

Inhibition constants of the drug resistant variants and wt enzyme for
the various inhibitors were assessed in the chromatographic assay as above
at the following fixed substrate concentrations: wt and L90M, 300mM;
G48V/LI90M, 550mM. For inhibitors Slee 1 and Slee 2, ICs5g values were
determined by least squares analysis using Dixon plots*®, and these values
were converted into inhibitor dissociation constants (Kj) by the use of the
expression K;=IC50/(1+[S}/Km). For the tight-binding inhibitors DMP-323
and Ro 31-8959, Ki values were determined by the method of Henderson*.
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Chapter IV

Re-engineering the Binding Pocket of the HIV-1
Protease Through Total Chemical Synthesis
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4.1 Introduction

The HIV-1 protease (HIV-1 PR) is essential for viral replication and
for the production of infectious virions!-2. The essential nature of the
protease in the viral life cycle has made it an important target for the design
of antiviral drugs for AIDS. The HIV-1 PR is a member of the aspartyl
proteinase family, but unlike the cell-encoded members of that class of
enzymes--such as renin and pepsin--the active form of the HIV-1 PR is a
homodimer3. In the enzyme molecule, the two 99-amino acid monomers of
the enzyme are related by an approximate twofold axis of symmetry, with
the active site of the enzyme lying at the dimer interface. Each monomer
contributes one of the two conserved active site aspartyl residues to the
catalytic machinery and the substrate binding site is formed by residues from

both momomers®.

Because of the importance of the HIV-1 PR for drug design, it has
become one of the best characterized enzymes, particularly with regard to
structural information’8. Structural analyses of inhibitor complexes of HIV-
1 PR show that substrate binds in an extended conformation, which is
maintained by a network of hydrogen bonds between the main chain amide
and carbonyl groups of the substrate and the protease®-!!. The HIV-1 PR
recognizes a linear array of 6 or 7 amino acids in the polypeptide substrates
and is thus able to cleave large proteins at a few well-defined sites'!3. Most
importantly, interaction with an array of amino acids contained in a
particular substrate allows the HIV-1 PR to recognize precise cleavage sites

in the diverse set of sequences observed in the eight different gag and
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gag/pol polyprotein cleavage sites which are processed by the enzyme

during viral maturation!2,

Thus, it appears that overall choice of a substrate is dictated by the
sum of all of the interactions of the enzyme subsites with the substrate!4. In
general, however, the rules governing substrate recognition are not well
understood. Therefore, we set out to test our understanding of the structural
features of the HIV-1 PR protein molecule which are involved in the
recognition and cleavage of specific substrates. This chapter describes the
use of total chemical synthesis to re-engineer the S1/S1' binding pockets of

the enzyme molecule and the resulting effects on substrate specificity.

4.2 Results and discussion

4.2.1 Design of HIV-1 PR analogues

Based on crystal structure analysis of the HIV-1 PR?, a proline residue
(Pro 81/181) was shown to line the S1, S1' substrate binding pockets, as
shown in Figure 4.1. Substituents introduced at the 4-cis position on the
cyclic side chain of proline should point directly into the S1/S1' substrate
binding pockets. We hoped to make use of this predictable molecular
geometry to introduce novel functionality into the S1/S1' binding pockets
and, as a result, to alter the residues accepted in P1 and P1' positions of the
substrate. = Thus, proline analogues containing guanidino and

guanidinomethyl moieties at the 4-cis position were prepared and
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Figure 4.1 Connolly surface of the substrate binding pocket of HIV-1 PR
modelled based on the crystal structure of the HIV-1 PR complexed to the
inhibitor MVT-1019 using the computer program Insight II (Biosym
Technologies, Inc., San Diego, CA.). The inhibitor MVT-101 (N-acetyl-
Thr-Ile Nle-¥[CH2-NH]-Nle-Gln-Arg-amide) is highlighted in pink. Proline
81 and 181, which line the S1 and S1' binding site, are shown in white.
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incorporated at position 81 in the 99 residue HIV-1 PR monomer by total

chemical synthesis.

4.2.2 Synthesis of proline analogues

The 4-cis-(guanidino) and (guanidinomethyl)-containing proline
derivatives, respectively designated as Prol and Pro2, are shown in Figure
4.2 together with the synthetic strategy used in their preparation. These
compounds were generated from commercially available, enantiomerically
pure trans-4-hydroxyproline in 5 steps in good overall yield and high purity
by the method of Webb and Eigenbrot!>. The two proline analogues can also
be considered conformationally-constrained arginine analogues, and were o-
N-Boc and NG-tosyl protected for direct introduction into peptides via Boc
solid-phase peptide synthesis.

4.2.3 Total chemical synthesis of HIV-1 PR analogues

In order to construct the HIV-1 PR analogues, we used the chemical
ligation strategy previously described by Schnélzer and Kent!¢ (Figure 4.3).
Two unprotected peptide segments were prepared by optimized SPPS!.
HIV-1 PR (1-51)aCOSH, containing a C-terminal a-thioacid, and BrAc(53-
99) HIV-1 PR, containing an N-terminal o-bromoacetyl moiety, were
chemoselectively ligated to generate a backbone thioester bond between
Gly>! and Gly32 instead of the native amide bond. This
(INHCH2COSCH,CO]51-52) HIV-1 PR analogue had previously been found
to possess the normal enzymatic properties of the native HIV-1 PR

molecule!®, The two proline derivatives Prol and Pro2 were separately
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Figure 4.3 Schematic illustration of the chemical ligation strategy used for
the preparation of HIV-1 PR analogues.
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incorporated at position 81 into the BrAc(53-99) HIV-1 PR segment during
the course of manual stepwise solid-phase assembly of the protected
polypeptide chain!?’. A native sequence control ("wild type") molecule
([INHCH2COSCH2CO0]51-52-Aba67.95) HIV-1 PR was also synthesized in
order to act as a reference point for the kinetic and specificity properties of

the enzyme analogues.

Ligation of HIV-1 PR segments (1-51)aCOSH and BrAc(53-99) was
performed under aqueous conditions in 8M urea, 0.1 M sodium phosphate,
pH= 5.5. The progress of each ligation reaction was monitored by analytical
reverse-phase HPLC and electrospray MS (Figure 4.4). As indicated in
Figure 4.4, the ligation reactions went in high yield, cleanly, and showed
little or no side product formation. Because of the essentially quantitative
yield of the ligation reaction, the crude ligation mixtures were then subjected
to folding and subsequently characterized for specificity and enzymatic

activity without further purification.

4.2.4 Enzymatic activity of HIV-1 PR analogues

Specificity

All three molecular forms of HIV-1 PR cleaved a series of synthetic
peptide analogues of gag and pol polypeptides at the natural processing sites
only, indicating unchanged specificity. Molecular modelling was performed
on the (Pro1)81/181 and (Pro2)81/181 HIV-1 PR analogues based on the
structure of the HIV-1 PR complexed with MVT-101 (4hvp)® (Figures 4.5
and 4.6). As indicated in Figures 4.5 and 4.6, the guanidino and
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Figure 4.4 Synthesis of (Pro1)8! and (Pro2)8! HIV-1 PR monomers by
thioester-forming chemical ligation of HIV-1 PR segments (1-50)GlyCOSH
and BrAc(53-99)-OH monitored by analytical HPLC and ESMS.
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Figures 4.5 and 4.6 Molecular modelling of the substrate binding pocket of
the HIV-1 PR incorporating the Prol and Pro2 amino acid analogues at
positions 81 and 181 of the HIV-1 PR dimer. The binding pocket was
modelled based on the crystal structure of the HIV-1 PR complexed to the
inhibitor MVT-1019 using the computer program Insight II (Biosym
Technologies, Inc., San Diego, CA.). The inhibitor MVT-101 (N-acetyl-
Thr-Ile Nle-¥Y[CH2-NH]-Nle-Gln-Arg-amide) is highlighted in pink. Prol
and Pro 2 are shown in white. The guanidinium and guanidinium methyl
substituents in the 4-cis position of Prol and Pro2, respectively, point
directly into the S1 and S1' positions of the substrate binding pocket.
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guanidinomethyl substituents point directly into the binding pocket. In the
absence of substrate, the binding pocket of the HIV-1 PR is freely accessible
to water. The guanidino functionality is strongly basic (pKa = 13) and will
pick up a proton from bulk solvent even at relatively high pH values. Based
on the presence of positively charged guanidino groups in the binding
pocket, it seemed likely that the HIV-1 PR analogues would recognize
substrates which contained acidic side chains (Asp or Glu) at the P1 and P1'
positions. We speculated that these acidic side chains would form salt
bridges with the guanidino and guanidinomethyl moieties of (Pro1)81/181
and (Pro2)81/181 jntroduced into the S1 and S1' binding pockets.

A series of peptides based on the sequence of the p1/NC peptide
substrate which contained Asp and/or Glu in the P1 and P1' positions of the
substrate were synthesized and tested for cleavage by the HIV-1 PR
analogues. None of these substrates were cleaved by either HIV-1 PR or the
(Prol or 2)81,181 HIV-1 PR analogues. In addition, we searched for any new
cleavage sites by incubating the polypeptide substrates human parathyroid
hormone (hPTH) (1-84) and one of the ligation segments HIV-1 PR (1-
51)aCOSH. HIV-1 PR (1-51)aCOSH segment was known to contain two
autolysis sites, L3-W6 and L33-E3418-21, The two HIV-1 PR analogues
cleaved hPTH and the HIV-1 PR (1-51)aCOSH segment with the same
specificity as the "wild-type" HIV-1 PR (Figure 4.7). The unchanged
substrate specificities of the (Pro1)81,181 and (Pro2)81.181 HIV-1 PR
analogues were unexpected based on the results of our molecular modelling
analysis and on the work of Leis and coworkers???3, who have suggested that
the individual subsites of the substrate binding pocket in the HIV-1 PR act

independently in the selection of substrates.
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Kinetics

The enzymatic activity of "wild type" HIV-1 PR and the two analogues were
determined using an HPLC assay based on the cleavage of a synthetic
peptide substrate [RNTATIM*MQRGNFR-amide] derived from the second
capsid/nucleocapsid (p1/NC) junction of the viral gag polyprotein?4. Kinetic
parameters for the cleavage of the p1/NC synthetic substrate are summarized
Table 4.1. Based on the kinetic data, (Pro1)81.181 and (Pro2)81,181 HIV-1
PR analogues were shown to be approximately 100- and 10- fold less active
than "wt" PR on pl/NC substrate based on comparison of the catalytic
efficiency (kcat/Km) of the enzymes. The reduction in the catalytic
efficiency of the enzyme analogues is due to both the elevation of the Km
(15-fold for (Pro1)81,181 HIV-1 PR and 3.5 fold for (Pro2)81,181 HIV-1 PR)
in addition to the reduction in the kcat values (by approximately 7- and 3-
fold, respectively).

4.2.5 Significance

In this study, we have made use of total chemical synthesis to prepare
S1/S1'-modified analogues of the HIV-1 PR in order to test the molecular
origins of substrate recognition. Two HIV-1 PR analogues were constructed
which were designed to introduce polar, charged substituents in the S1 and
S1' substrate binding pockets with the notion that the substrate specificites of
these enzymes would be altered in a predictable fashion. Interestingly, this
was not the case, as the HIV-1 PR analogues still maintained the same
substrate specificity as wild type, as shown by the cleavage of a range of

substrates at identical sites. Even though the HIV-1 PR analogues had the
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same specificity, the substrates were recognized less well as indicated by the
observed Km values (Table 4.1).

The (Pro2)81,181 HIV-1 PR containing the guanidinium methyl
substituent in the S1 and S1' binding pocket showed only a 10-fold reduction
in catalytic efficiency (kcat/Km), as compared to the 100-fold reduction
observed with the (Pro1)81,181 HIV-1 PR which contains the guanidinium
moiety (Table 4.1). These results may be explained by the extra degree of
freedom introduced by the incorporation of the methylene group in the
modified proline analogue Pro2, which would allow the guanidinium group
to move away and reorient itself in order to accommodate substrate more
productively. The guanidinium substituent in the 4-cis position of Prol is
highly constrained, since it is linked directly to the proline ring, and would
not have the ability to reorient itself to interact more productively with the
substrate once incorporated in the HIV-1 PR. The reorientation of a side
chain in the S1/S1' binding pocket was also observed in the case of a drug-
resistant mutant, V82I25. The structure of the V82I mutant with DMP-323
shows a loss of interaction between the cyl methyl group of the valine side
chain and the inhibitor, even though isoleucine has a larger side chain. As
indicated by the structure, the energetically favorable side-chain rotomer for
isoleucine resulted in a repositioning of the C81 methyl group away from the
inhibitor and resulted in reduced interaction between the inhibitor and the

enzyme.

It seems that the notion of altering the substrate specificity by
introducing substituents in the substrate binding pocket was not unfounded.

A study appeared recently that exploited a similar design as the present
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study?6. Moody and coworkers observed that the addition of a side chain at
postion 48 of the HIV-1 PR can alter the substrate specificity in a sequence-
specific manner and that compensatory changes can be made in the substrate
to restore activity. In this study, the G48E mutation in the flap of the HIV-1
PR produced an enzyme with reduced activity (approximately 7-fold
compared to wt) on one of the processing sites in the viral pol polyprotein
precursor. This mutation results in the placement of a side chain in the S3
and S3' subsites of the enzyme. Cleavage at this site was restored by making
a change in the P3' position of the substrate, by replacing an aspartic acid
residue with either glycine or asparagine. Additionally, cleavage at another
processing site of the viral polyprotein was enhanced, and the enhancement
was dependent on the presence of an arginine residue in the P3' position of
the substrate. Thus, the altered specificity of the G48E mutant examined in
this study was shown to result from charge interaction between the glutamic

acid side chain and the residue present in the P3' position of the substrate.

Additionally, it is possible to think of a substrate (or an inhibitor) of
the HIV-1 PR as a missing component of the enzyme molecule?’. In this
case, when a substrate or inhibitor is bound to the enzyme, one might
consider any changes made in the HIV-1 PR binding pocket analogous to
making a substitution in the interior of a protein. Certainly, when a substrate
or inhibitor is bound to the HIV-1 PR, its binding pocket does begin to
possess many of the aspects of a solvent-inaccessible protein core?S. Then,
similar to the observations of Matthews and coworkers in their studies with
T4 lysozyme?’28, it is possible that shifts in the backbone of the modified
HIV-1 PR analogues and slight alterations of side chain configuration in the

substrate could result in the repacking of elements in the binding pocket (or
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protein core) and allow the analogue enzyme molecules to bind and cleave
the natural substrates. The predicted result would then be, as observed in
this study, unaltered substrate specificity. However there is a cost, as
reflected in the reduced levels of binding (increased Km values) and
catalytic activity (diminished kcat/Km). Again, a similar phenomenon has
been observed in the context of the structure of a drug-resistant mutant as
described by Baldwin et al.?°. The structure of the V82A mutant of the HIV-
1 PR showed that the mutation gave rise to backbone shifts that resulted in
repacking of the enzyme and inhibitor atoms in the S1/S1' and S3/S3'
subsites, which was unexpected. These results support the notion that
substrate or inhibitor binding to the HIV-1 PR resemble the packing
interactions that occur inside the core of a protein and, additionally, that the
HIV-1 PR is highly flexible and can accommodate a number of subsite
mutations and still be functional. Additionally, it would appear that the
recognition of substrates is highly dependent on the cumulative interactions
between the enzyme and substrate!4, as opposed to independent recognition
of substrate within the individual subsites proposed by Leis and

coworkers22.23,

Extensions of the present work could involve investigating the effects
of changes introduced at either S1 or S1' on the specificity of HIV-1 PR.
One might be able to alter specificity more effectively by incorporating
novel moieties at one site in the enzyme binding pocket (i.e., S1 only). The
HIV-1 PR molecule is a C2-symmetric homodimer in its unliganded form.
However, the HIV-1 PR loses its symmetry upon inhibitor/substrate
binding®3%3! and thus the binding pockets are nonequivalent?2. Therefore, it

might make more sense to introduce an asymmetric change in the PR and
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to is dimeric nature, a single mutation at the monomer level results in
changes at two sites in the functional HIV-1 PR dimer molecule. The only
way to make a single, asymmetric change in the HIV-1 PR is to make a
tethered version of the enzyme. This has been accomplished by recombinant
means3235 and more recently by total chemical synthesis3®. One would
predict that if a large, hydrophobic substituent, a benzyl group for example,
were substituted in the 4-cis position of Pro81, cleavage may be observed at
Gly*Pro (a site not normally cleaved) instead of Tyr/Phe*Pro. The
incorporation of a benzyl group would be analogous to exchanging or
incorporating an element of the substrate into the HIV-1 PR. The tethered
dimer construct of the HIV-1 PR would also make it possible to probe
individual subsites of the HIV-1 PR to see what effect changes made in the

individual subsites would have on specificity.

It appears that more light could be shed on the results obtained in this study
if crystal structures of these analogues were available. As has been shown
with their drug-resistant relatives?3-29, the crystal structures of the
(Pro1)81,181 and (Pro2)81,181 HIV-1 PR analogues generated in this study
would aid in better understanding the structural basis of our kinetic

observations.

4.3 Experimental Section

4.3.1 Materials and methods

Boc-trans-4-hydroxy-L-proline was purchased from Bachem

(Bubendorf, Switzerland). All other Boc-amino acids and 2-(1-H-
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benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium hexafluorophosphate
(HBTU) were obtained from Nova Biochem (San Diego, CA.). Boc-Phe-
OCH3Pam-resin, aminomethylcopoly(styrene-divinylbenzene) resin and
diisopropylethylamine were purchased from Applied Biosysyems, Inc.
(Foster City, CA.). N,N-Dimethylformamide (Synthesis-grade) was
obtained from Auspep (Parkville, Australia). AR-grade methylene chloride
was obtained from Fisher. TFA was purchased from Halocarbon (River
Edge, N. J.) and HF obtained from Matheson Gas. HPLC-grade acetonitrile
was obtained from either EM Science or Fisher. Vydac HPLC columns
were purchased form Western Analytical Co. (Temecula, CA.). Flash
chromatography was perfomed using Merck silica gel 60 (230-400 mesh)
obtained from EM Science. TLC was performed using Whatman silica gel
60A plates and were developed by heating followed by spraying with
ninhydrin. All other reagents were AR grade or better, and purchased from
either Aldrich Chemical or Fisher.

Machine-assisted solid-phase peptide syntheses were performed on a
custom-modified Applied Biosystems 430A peptide/protein synthesizer!’.
This instrument was modified by installation of bypass valves to accelerate
flows and to prevent clogging of valve blocks. Preparative HPLC was
performed on a Waters Delta-prep 4000 HPLC system. Semipreparative
HPLC was performed on a Rainin HPXL dual pump system with detection
on a Dynamax UV detector. Analytical HPLC was performed on either a
Rainin HPXL dual pump system with detection on a Dynamax UV detector
or on an integrated Hewlett-Packard 1050 system. Preparative HPLC was
run on a Vydac C18 column (15-20u, 5.0 x 25 cm) at a flow rate of
30mL/min, semipreparative HPLC was run on a Vydac C4 column (10y, 1.0
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x 25 cm) at a flow rate of 3mL/min, and analytical HPLC was run on a
Vydac C4 column (5u, 0.46 x 15 cm) at 1mL/min. Chromatographic
separations were achieved using linear gradients of 0.1% TFA in water
(solvent A) versus 90% acetonitrile/ 10% water, 0.09% TFA (solvent B).
Mass analyses of all peptide segments and proteins were performed on a
Sciex API-III triple quadrupole electrospray mass spectrometer as previously
described’’. Masses were derived from the experimental m/z values for all
observed protonation states of a molecular species using the program
MacSpec (Sciex). Calculated masses were based on average isotope
composition and were derived using the program MacProMass (Sunil
Vemuri and Terry Lee, Beckman Research Institute, Duarte, CA.). Non-
protein mass spectrometry was performed at The Scripps Research Institute
Mass Spectrometry Facility. !H NMR spectra were recorded on a Bruker
250MHz spectrometer.

4.3.2 Synthesis of Prol and Pro2

The fully protected 4-cis-(X)-proline derivatives (Prol and Pro2) were
synthesized from trans-4-hydroxy-L-proline according to the method of
Webb and Eigenbrot!’ with the following modifications: trans-4-hydroxy-L-
proline was transformed into the benzyl ester by treatment with
triethylamine and benzyl bromide in refluxing ethyl acetate. In addition, p-
toluenesulfonyl chloride was used instead of methanesulfonyl chloride. The
high resolution MS, NMR data and optical purities obtained for all

compounds were in agreement with reported literature values.
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4.3.3 Solid-phase peptide synthesis

All peptides were synthesized in a stepwise fashion according to the in
situ neutralization/HBTU activation protocols for machine-assisted Boc
solid-phase chemistry!”’. Side chain protection was as follows: Arg(p-
toluenesulfonyl), Asn(xanthyl), Asp(O-cyclohexyl), Glu(O-cyclohexyl),
His(Dnp), Lys(2-Cl-Z), Ser(benzyl), Trp(formyl), Thr(benzyl), and Tyr(2-
Br-Z). Gln and Met (and when synthesizing thioacid peptides, Trp) were
used without side chain protection. Coupling yields were determined by the
quantitative ninhydrin assay on peptide-resin samples taken under machine

control during the chain assembly'7-38,

The HIV-1 PR (SF2 strain) carboxyl-terminal fragment (53-99) was
prepared manually on a Boc-Phe-4-(carboxamidomethyl)benzyl ester-
copoly(styrene-1%-divinylbenzene) resin (Boc-Phe-OCH2-Pam-resin). This
segment contained L-o-amino-n-butyric acid as an isosteric replacement for
cysteine at positions 67 and 95%°. The fully protected Prol and Pro2 amino
acid analogues were coupled at position 81 by normal coupling procedures.
After coupling of the proline analogues, any remaining free amine was
acetylated by reaction with 10% acetic anhydride/10% pyridine in DMF for
15 minutes. Capping by acetylation was performed because the coupling
yields for Prol and Pro2 at position 81 were between 85-90% due to the
limited amounts of each compound available. The bromoacetyl group was
introduced at the amino terminus of the assembled peptide chain by
manually coupling of the preformed symmetric anhydride of bromoacetic
acid after removal of the His(Dnp) and Boc protecting groups from the resin-

bound peptide as previously described!649. The N-terminal fragment
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corresponding to HIV-1 PR (1-51) was constructed on a 4-[da-(Boc-Gly-
S)benzyl]-phenoxyacetamidomethyl resin, which on treatment with
anhydrous HF yields a peptide with a C-terminal Gly-aCOSH*3, Side
chain-unprotected Trp was used in the synthesis of this peptide because the
thiolysis conditions used to remove the formyl protecting group caused a
side reaction with the -0COSH group. Upon completion of the chain
assembly, peptides were deprotected as necessary and cleaved from the resin
by treatment with liquid HF, containing 10% p-cresol, for 1 hour at 0 °C.
After evaporation of HF under reduced pressure, crude peptide products
were precipitated in ice-cold anhydrous diethyl ether, dissolved in 50%
aqueous acetic acid, and either purified immediately or after prior

lyophilization.

4.3.4 Purification and characterization of peptide segments

Crude lyophilized peptides were dissolved in either acidic aqueous
buffers or 50% aqueous acetic acid and purified by preparative HPLC.
Purified peptides were stored as lyophilized powders at -20°C. The purified
peptide segments were characterized by electrospray MS, and all possessed

observed masses within experimental error of the calculated masses.

4.3.5 Synthesis of "wt" control, (Pro1)81,181 and (Pro2)31,181 HIV-1 PR
analogues by chemical ligation

Ligation of HIV-1 PR segments (1-51)adCOSH and BrAc(53-99) was
performed under the aqueous conditions using 8M urea, 0.1 M sodium

phosphate, pH= 5.5. For each ligation reaction, the following quantities of
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the HIV-1 PR segments (1-51)aCOSH and BrAc(53-99) were used,
respectively: wt--2.54 mgs (0.45 pmol) and 1.98 mgs (0.38 pmol) in 300 pl
ligation buffer; Prol--1.53 mgs (0.27 pmol) and 1.17 mgs (0.22 pmol) in
200 pl ligation buffer; Pro2--2.86 mgs (0.51 pmol) and 1.8 mgs (0.34 wmol)
in 240 pl ligation buffer. The progress of each reaction was monitored by
reversed-phase analytical HPLC and electrospray MS. The ligation products
charaterized by electrospray MS possessed masses of 10,770 = 2 Da for "wt"
control HIV-1 PR [calculated 10,771 Da (average isotope composition)],
10,829 % 3 Da for Prol HIV-1 PR [calculated 10,829 Da (average isotope
composition)] and 10,842 £ 2 Da for Pro2 HIV-1 PR [calculated 10,843 Da

(average isotope composition)].

4.3.6 Enzyme folding

The crude reaction mixtures of wt, (Pro1)81.181 and (Pro2)81,181 HIV-
1 PR analogues were folded by dialysis over a two day period against
decreasing concentrations of guanidine hydrochloride (6M-0M) into dialysis
buffer (20mM sodium acetate, 20% glycerol at pH=5.0, containing
appropriate amounts of the competitive inhibitor, pepstatin A). Following
dialysis, the sample was centrifuged to remove any precipitate and stored at
4°C. Concentrations of folded protein were determined by measuring the
peak area obtained in an analytical HPLC run and comparing to the area
obtained from a sample of denatured enzyme of known concentration. (The
concentration of the denatured enzyme was determined by absorbance at 280

nm, using a molar extinction coefficient of 25,500 M-1 cm-144),
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4.3.7 Enzyme assays

Kinetic parameters were determined for the cleavage of the peptide
substrate RNTATIM*MQRGNFR in the following assay buffer: pH=5.3
buffer containing 100mM sodium acetate, 0.5M NaCl, 10% glycerol and
bovine serum albumin (BSA) at 0.5 mg/ml. DMSO was used to solubilize
the synthetic substate. Because DMSO has been found to weakly inhibit the
enzyme*S, its final assay concentration was kept standardized at 2%.
Cleavage products were quantitated by HPLC with peak detection by UV
absorbance (214 nm). Initial rates were determined by single time points of
reactions in which consumption of substrate was <20% of the starting
concentration (60-90 minute reaction times). Kinetic parameters were
obtained by fitting data to the Michaelis-Menten equation using a nonlinear

regression computer program*.
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Over the past few years, a number of new methods have emerged that
make the total chemical synthesis of proteins and their analogues a viable
alternative to recombinant DNA-based protein biosynthesis. The chemical
synthesis techniques described in this body of work and elsewhere have
made it possible to construct proteins containing novel structures, which
allow the exploration of protein structure and function in an unprecedented
manner. By integrating organic chemistry with synthetic peptide chemistry,
these techniques have opened up a whole new world of protein structure-
function analysis not previously explored. The total chemical synthesis of
HIV-1 PR analogues described in this work illustrates the versatility inherent
in a chemical synthesis approach and gives some sense of the scope and

limitations of the method.

In Chapter II, two different methods for the total chemical synthesis of
the HIV-1 PR containing native backbone structure, stepwise SPPS and the
native chemical ligation of unprotected peptide segments, were compared.
Both methods produced high purity HIV-1 PR in good yield. Synthetic
HIV-1 PR possessed activities characteristic of the native enzyme active in
viral maturation. The K41C mutation present in the native ligated HIV-1 PR
did not have a negative effect on the activity. In addition, this form of the
HIV-1 PR could be produced consistently, in high purity and yield. This
method simplifies the synthesis of HIV-1 PR analogues in allowing for their
construction via a modular or "cassette" approach, where modified peptide

segments can be combined so as to produce the desired mutant.

Chapter III describes the modular construction of drug-resistant forms

of the HIV-1 PR. These drug-resistant forms were tested for inhibiton by
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three different types of inhibitors. The work in this chapter illustrates the
utility of a chemical synthesis approach to the study of resistant forms of the _
HIV-1 PR, in addition to providing a good system for the production of (.
multiple variants for biochemical characterization. In the future, rapid
chemical synthesis could be used to explore the properties of resistant

variants produced from exposure to different types of inhibitors in order to =~

gain a better understanding of the effects the different mutations have on o
HIV-1 PR activity. In addition, this work could be extended by subsequent [
crystal structural analysis of the variants constructed in order to gain an G
understanding of the structural basis of resistance (see Baldwin et al."). !
The work described in Chapter IV demonstrated the use of molecular -

modelling and chemistry in engineering rational changes in the HIV-1 PR
structure. Unnatural amino acids were incorporated into the S1 and S1'
positions of the substrate binding pocket of the HIV-1 PR in order to probe ~

the molecular basis of substrate recognition. The aim was to design changes

Ly

in the HIV-1 PR with predictable consequences. Contrary to our
expectations, the engineered enzyme retained a remarkably robust ability to -
cleave at the native processing sites. This study, however, demonstrated that L |

it is not all that simple to design "rational" changes in a molecule that will ,

produce predictable effects. Ultimately, the investigation of single-site , «; :
mutations in a chemically synthesized tethered dimer form of the HIV-1 PR N
should be explored to see what effect an asymmetric change in the binding 1’
pocket will have on the specificity of the HIV-1 PR. AN

......

135 S



Table 5.1 Summary of HIV-1 protease analogues
produced by total chemical synthesis.

1. autolysis-resistant HIV-1 PR*
2. (Cys4l) autolysis-resistant HIV-1 PR*
. (Cys41/M90) autolysis-resistant HIV-1 PR*

3

4. (Cys41/v48/M90) autolysis-resistant HIV-1 PR*
5. (COS)31-52 HIV-1 PR ("backbone engineered")
6

. (COS)51-52 (Pro1)81,181 HIV-1 PR
7. (COS)31-52 (Pro2)81,181 HIV-1 PR

All enzyme analogues contain l-o-amino-n-butyric acid at positions 67
and 95 as isosteric replacements for native cysteine residues.

* Autolysis-resistant mutations were incorporated where indicated at
positions 7 (Q7K) and 33 (L33I) of the HIV-1 PR.

A summary of all the HIV-1 PR analogues examined in this body of
work is provided in Table 5.1. The 99-amino acid monomer of HIV-1 PR
was synthesized by stepwise SPPS and using two different chemoselective
ligation methods. These HIV-1 PR analogues can be divided into two
groups, those which could have been produced by conventional means (i.e.,
recombinant DNA technology) [analogues 1-4], and those only accessible by
total chemical synthesis [analogues 5-7]. The various forms of HIV-1 PR
characterized in this body of work demonstrate that the HIV-1 PR is a very
robust enzyme that can tolerate a number of changes in its primary structure.
It is quite remarkable that so many changes could be introduced into this
molecule, either in the backbone and/or at the amino acid level, and still lead
to high levels of enzymatic activity. Due to its essential nature in the viral
lifecycle, it may be that the HIV-1 PR has evolved to maintain a certain level

of activity even in the presence of a diversity of point mutations. This seems
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quite likely, especially in light of the fact that the viral reverse transcriptase
enzyme has a high rate of mutation and can generate any number of
mutations in a variety of locations the HIV genome, including the protease

coding region, during viral replication?3,

The observations reported in this body of work may offer important
insights into the structural origins of drug-resistance in the HIV-1 PR. These
drug-resistant forms of the HIV-1 PR are produced in response to exposure
to protease inhibitors. A number of drug-resistant variants of the HIV-1 PR
have been described which contain mutations in the substrate binding pocket
(Refer to the analysis of the drug-resistant variants described in Chapter III
and see Erickson?, Mellors et al.5, Gulnik® and references contained within.).
These variants tend to display both varying degrees of reduced catalytic
activity and less efficient binding of substrates, as demonstrated by reduced
kcat/Km values. Therefore, the (Pro1)81.181 and (Pro2)81.181 HIV-1 PR
analogues could be considered analogous to the "active-site" escape mutants
of the HIV-1 PR produced by exposure to different protease inhibitors in that
these variants can still recognize and cleave substrates, but just less
efficiently due to the effect of the mutation. Given the enormous changes
introduced into the molecular structure of the HIV-1 PR by the incorporation
of Prol and Pro2 with minimal impact on specificity and catalysis, it is
likely that the problem of inhibitor-resistant mutant forms of HIV-1 PR will
be an intractable one. Crystal structures of these active site HIV-1 PR
analogues would likely aid in our understanding the structural basis for our

kinetic observations, as it has for some resistance mutants#’.
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It is my hope that the work described in this thesis will contribute to a
better understanding of the molecular basis of specificity and catalytic
activity of HIV-1 PR and, in addition, demonstrate the applicability and
versatility inherent in a total chemical synthesis approach to the study of

proteins.
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Appendix A

A General Method for the Synthesis of Thioester Resin

Linkers for Use in the Solid Phase Synthesis of Peptide-
o-Thioacids

Published 1995, Tetrahedron Letters 36, 1217-1220.
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Abstract: A generalized procedure for the synthesis of thioester linkers for use in stepwise solid phase

7
peptide synthesis is reported. The linkers are compatible with Boc chemistry and, upon cleavage in HF, /
generate peptide C-terminal thioacids.

Peptides of up to 60 amino acids can be efficiently produced using stepwise solid phase peptide
synthesis (SPPS).! Beyond this range, the accumulation of low level by-products makes purification of :
substantial amounts of the desired peptide dif! ficult.2 Recently, techniques for the chemical ligation of .
unprotected peptide segments have been developed that overcome the length limitations of sPPS.3-7 This
approach uses chemoselective reaction between two unique, mutually reactive functionalities to join
unprotected peptide segments and gives the target product directly in final form. Several examples of :
functional proteins made by chemical ligation employ a C-terminal thioacid as a reactive functionality on one ,(“ '
of the peptide segments to be reacted.3-5:8 r

The generation of peptide C-terminal thioacids in Boc chemistry SPPS requires the use of a special .
thioester linker between the peptide and the resin (l).g'IQ The appropriate amino acy! form of this linker is -
coupled to the resin support via the indicated carboxyl group. The desired peptide is then assembled in a "
stepwise fashion from the C-terminal amino acid which was incorporated into the linker prior to coupling to -

i
C-Terminal CoMH

amino acid T Resin coupling &
g0 Q e 1

N ~
Boc S

"] "
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Scheme 1

0\/ CO,H 0\/ CO,H*DCHA '

1. Thiourea 1.B -AA 0S -

2 AqNaOH o . -
» 1°DCHA -

3. DCHA 2. DCHA o

the resin. Acidolytic cleavage in HF generates a peptide with a C-terrhinal -aCosH.3-5.8-10
We report a generalized, more convenient version of the Blake? and Yamashiro!0 procedure for the
synthesis of thioacid-producing linkers. The Blake and Yamashiro method requires the conversion of Boc-

P
amino acid succinimide esters to the corresponding Boc-amino thioacids with hydrogen sulfide. We have i
developed an altemnative method, based on that of Hojo and Aimoto, 11 that uses the Boc-amino acid iy .
succinimide esters directly, avoiding the inconvenience and hazards of hydrogen sulfide gas. In this method o
(Scheme 1), thiol 3 is generated from the reaction of chloride 210 with thiourea, followed by - ;
Table 1. Boc-L-Amino thioester linkers. < _
OCH,CO,H*DCHA -y
-1
i /7
>y
OR “H o
1 A
Starting material Product (1) % yield of 1 Product (1) J »
@14 R based on 3 formula? L
a. Boc-L-Gly-OSu -HI5 57 C34H48N206S
b. Boc-L-Ala-OSu -CH316 74 C35H50N206S
c. Boc-L-Aba-OSub -CH2CH317 70 C36H52N206S -
d. Boc-L-Leu-OSu -CHzLCH(CH3)213 65 C38H56N206S -
3Compounds were analyzed for C, H, N, S. Values were within £0.4% of the theoretical value for the i
indicated molecular formula. PAba = a-amino-n-butyric acid.
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hydrolysis of the resulting thiouronium salt in aqueous base. 12 Thiol 3isa general intermediate which can
then be reacted with any of a wide range of Boc-amino acid succinimide esters (4) to produce the desired
thioester linker (1) which is conveniently isolated as the dicyclohexylamine (DCHA) salt.

This method has been employed in the synthesis of several different Boc-amino thioester linkers,
examples of which are shown in Table 1. This convenient new method is a simple and safe alternative to the
previously published procedurcs.9' 10 and in combination with new chemical ligation strategies3»3,13,19 will
find a wide application in peptide chemistry.

Experimental Procedures

4-(a-Mercaptobenzyl)phenoxyacetic acid, DCHA (3). A mixture of 210 (7.5 g, 27 mmol), thiourea
(2.3 g, 30 mmol), and ethanol (100 mL) were heated to reflux. 12 After4 hours, conversion to the thiouronium
salt was essentially complete as shown by TLC (90:5:5 CHCI3:MeOH:AcOH). 10N NaOH (30 ml) was
added and the reflux continued for 2-3 hours. After cooling to room temperature, the reaction mixture was
concentrated in vacuo to approximately half the original volume, acidified with concentrated HCI (to pH 2.0),
and extracted with EtOAc (4 x 30 mL). The combined EtOAc extracts were washed with saturated NaCl (1 x
30 mL) and dried over MgSO4. The volatile materials were removed in vacuo. The resulting oil was
dissolved in EtOAc (100 mL) and any insoluble material filtered. DCHA (6.0 mL, 30 mmol) was added to the
filtrate with stirring. Within a few minutes, a white solid began to precipitate. Et20 (150 mL) was added and
the suspension cooled at -20 °C for several hours. The resulting white solid was filtered, washed with Et20,
and dried under vacuum to give 3 (10.3 g, 23 mmol, 84%): 1H NMR (CDCl3): §7.30 (m, 7H), 6.82 (d, 2H,
J=8.7 Hz), 5.39 (br s, 1H), 4.40 (s, 2H), 2.81 (m, 2H), 2.23 (br s, 1H, ex D20), 1.88-1.02 (comp m, 20H);
FAB MS (cesium ion): calc for [C27H37NO3S, H+] 456.2572, found 456.2572. Anal. Calcd for
C27H37NO3S: C,71.17; H, 8.18; N, 3.07; S, 7.04. Found: C,71.11; H, 8.41; N, 3.08; S, 7.09.

General Synthesis of Boc-amino thioester linker (1), DCHA salt. A mixture of 3 (3.67 mmol), Boc-
AA-OSu (4) (3.68 mmol), DIEA (5.74 mmol), DMF (35 mL) and CH2Cl2 (4 mL) was stirred at room
temperature. After several hours, the initial white suspension completely dissolved to give a clear, colorless
solution. After 24 hours, the reaction mixture was poured into IN HCI (150 mL) and extracted with EtOAc (4
x 35 mL). The combined EtOAc extracts were washed with IN HCI (2 x 30 mL), H20 (1 x 30 mL), saturated
NaCl (1 x 30 mL) and dried over MgSO4. Volatiles were removed in vacuo. The resulting oil was purified
by flash chromatography (925:50:25 CHCl3:MeOH:AcOH) to give an oil contaminated with AcOH. To
remove residual AcOH, the oil was dissolved in CHCI3 (40 mL) and washed with 0.1 N HCI1 (7 x 10 mL),
saturated NaCl (1 x 10 mL) and dried over MgSO4. Volatiles were removed in vacuo to give 1 as an oil. This
oil was dissolved in Et20 (10 mL) to which was addéd DCHA (1 equiv). Hexane (100 mL) was added with
stirring to separate the DCHA salt of 1 as a thick oil from any unreacted DCHA. Solvents were decanted from
the oil and the oil dissolved in CH2Cl2 (30-40 mL). The resulting solution was concentated in vacuo to give
the DCHA salt 1 as a white foamy solid.
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