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My apologies for the brevity of this preface, but after managing to churn out a
tome of this size I tends to find myself with very little left to say. So if you were
expecting something erudite and entertaining, I would recommend a trip to the
nearest bookstore. I have endeavored to make the work presented here as
coherent as possible, although the scientific style presents some limitations that I
am sure I have not been able to overcome. This thesis touches on a good number
of topics, ranging from bacterial genetics to protein chemistry and, ultimately,
virology. I'have had the exceptional good fortune to spend the last five years in a
laboratory and an institution which has allowed me to draw from a wide variety
of disciplines to answer some fundamental questions about the human
immunodeficiency virus. I can also thank my undergraduate training at
Whitman College for helping me to appreciate the power of a broad-based and
multifaceted (dare I say Liberal Arts?) approach to investigating a given problem.

The nature of the problem we are facing with the human immunodeficiency
virus is, however, much broader than the issues which are addressed in this
thesis. The numerous scientific efforts which are being made to describe the
basic character and behavior of HIV are, I believe, essential to our understanding
of an infectious agent that will be with us for some time. But I would like to
emphasize here that any efforts which we make to understand how this virus
works will be meaningless without a corresponding effort to communicate what
we know. While I doubt the current epidemic represents some sort of universal
Armageddon, it is clear that it will leave us with a lingering harvest of misery
and personal disaster that will extend into the next century. Rather than waiting
for a cure, we need to emphasize prevention by educating our society and our
children so that the spread of this virus is curtailed. Past and present experience

suggests that this will certainly be no easy task, but it is ultimately the only road
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to true victory. I would encourage those of you reading this work to do
everything in your power to support efforts to prevent the spread of this disease.

When I look back on the years I have spent working here, there are more
people that come to mind than I have the space to thank. Specifically, I would
like to thank Charly for his direction and guidance, as well as for his willingness
to allow and encourage my wanderings into the various disciplines I have
sampled during my time here. I would also like to thank Robert, Judy, Henry,
Don, and the other faculty members here who have challenged me and taught
me how to think about science and research.

My thanks to my cohorts and fellow minions in the HIV project - Bethany,
Christopher, Dianne, Elaine, Fiona, Gian-Carlo, Nancy, Rafael and Sergio. You
have made this project much more interesting and some of the tasks a lot easier
with your insights and assistance. My thanks especially to Lilia, who has
supported and encouraged my work in virology. You have been a good freind,
collaborator, and instructor to me through the last year of this project.

To the other graduate students and post-docs in the Craik lab - Luke, John,
Ann, Scott, Chris, David, Qing, Cheng-I and Jeff, for making this enterprise as
colorful and entertaining as it has been, despite the tension and stress we've all
had to deal with. Thanks for putting up with my occasional hysteria and
perpetual hyperactivity. Guess what, it wasn't the coffee...

My thanks also go out to the people who have been a part of my life outside
of UCSF. For the friendship of Carolyn Willis, Paul and Mary Anthony, and my
brother Eric, who have been willing to stick with me through all the obsessive
behavior, the long silences, the demands that this place have made on me and I,
in turn, have made on them. To the Sunnyvale crowd - Paul, Elizabeth, Darlene,

Roy, Tim, Kathy, Carolyn, and especially Marie - although I haven't known you
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as long, your companionship and kindness has meant a lot to me over the last
three years. And to the members of the El Camino Bible Church, especially Rich
and Ilene Brown, who have taken me in and given me all the love and support
that a family could offer.

Last, but far from least, I want to acknowledge the work of the Lord in
guiding and directing my endeavors and my life in the last years of this project.

To quote from Isaiah 40,

29 He gives strength to the weary and increases the power of the weak.
30 Even youths grow tired and weary, and young men stumble and fall;

31 but those who hope in the Lord will renew their strength. They will soar on
wings like eagles; they will run and not grow weary, they will walk and
not be faint.

I offer this work as a tribute to the strength and wisdom you have given me.
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Understanding the role of HIV-1 protease in viral maturation:

Application of protein engineering to a target for antiviral chemotherapy.

Jason Robert Rosé

The human immunodeficiency virus type 1 (HIV-1) encodes a dimeric
aspartyl protease which plays a crucial role in the maturation of viral particles to
an infectious state. Our interest in this virus stems from the current drive
towards developing inhibitors of this protease as therapeutic agents to treat
acquired immune deficiency syndrome (AIDS). Current knowledge about the
structure and function of the HIV-1 protease, and proteases from related
retroviruses, was used, to engineer mutants with specific properties that could be
used to study the maturation process. In order to achieve this goal, a
heterologous expression system was developed in Escherichia coli which allowed
the proteases from HIV-1, HIV-2, and SIVp,c to be expressed at levels sufficient
for biophysical and biochemical analysis. To facilitate biochemical studies of
these proteases, protein engineering was used to modify the enzymes to
minimize autoproteolysis, a serious hindrance to both crystallographic and
enzymatic analysis. Site-directed mutagenesis was further used to engineer
protease variants in which overall catalytic activity was diminished 4-fold and
50-fold without altering substrate specificity. The genes for these variant
proteases were cloned into HIV-1 viral vectors to quantitate the effects of
diminished protease activity on viral function. Our results demonstrate that a
reservoir of protease activity exists in the HIV-1 virion, such that inhibition of as
much as 75% of the available protease has only a minor effect on viral maturation

and activity. A 50-fold reduction in infectivity blocked infectious particle



formation, suggesting that the protease need not be completely inhibited to
prevent spread of the virus.

In an attempt to develop an inhibitor capable of producing this level of
inhibition while avoiding resistance mutations, we examined a strategy in which
defective protease monomers could inhibit the HIV-1 protease. By expressing
inactive monomers of the protease in a target cell, inactive heterodimers are
formed between wild type and mutant protease monomers, resulting in an
inhibition of proteolytic activity and disruption of the viral maturation process.
This approach was successful in inhibiting infectious virus production in co-
transfection assays, where polyprotein processing could be inhibited by as much
as 90% when equal amounts of wild type and mutant-protease containing
genomes were used. The loss of proteolytic activity due to heterodimer
formation and the concomitant drop in infectious particle titer correlated with
the results from the mutational analysis of the protease. The defective monomer
was stably expressed in tissue culture cells and shown to reduce infectious
particle formation by 5-7 fold following transfection with wild type viral DNA.

By placing these mutant protease monomers in the appropriate gene-delivery
systems to achieve high levels of expression, a gene-therapy approach could be
developed which would disrupt the function of the protease in infected

individuals and limit the spread of HIV-1.
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Introduction. Retroviruses and Retroviral Proteases



History of Retroviruses

The discovery of the viruses now known as retroviruses began with the
identification of agents which transmitted cancers in various organisms. As early
as 1910, it was observed that a cell-free transmissible agent derived from chicken
solid tumors (sarcomas) was able to induce tumors in other chickens (Rous,
1910). This virus, now known as Rous sarcoma virus (RSV), was the first of a
number of strains of related viruses capable of causing tumors in chickens. Two
viruses capable of inducing tumors in mice were identified between 1935 and
1952. The mouse mammary tumor virus (MMTV) was identified initially by the
observation that the milk of a strain of inbred mice could induce cancers in other
mice (Bittner, 1936). This agent could be filtered and heat inactivated, properties
consistent with it being a viral agent (Anderwont and Bryan, 1944). A second
virus, the murine leukemia virus (MuLV), was identified in another strain of
inbred mice with a particularly high incidence of leukemia. Filtrates of these
leukemias were capable of inducing similar leukemias in otherwise healthy mice
(Gross, 1951). The presence of RNA viruses capable of causing tumors in
laboratory animals led to the search for similar viruses in other organisms. Viral
particles were found to be present in tissues from a wide variety of species,
ranging from cats to baboons and other primates.

The nature of the replicative cycle of RNA tumor viruses became clear in 1970
when the virally encoded enzyme reverse transcriptase (RT) was discovered
(Baltimore, 1970; Temin and Mizutani, 1970). This enzyme, isolated from MuLV
and RSV, was shown to transcribe viral RNA into a double-stranded DNA form.
Temin had proposed that RN A tumor viruses were capable of stably integrating
into host cell genomes, thus conferring inherited changes in the host cells (Temin,

1964). The discovery of reverse transcriptase gave credence to this hypothesis
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and helped to define some of the early events in the viral life cycle. The RNA
tumor viruses, now known as retroviruses, were defined as a family of viruses
having a membrane derived from the host cell, two copies of single-stranded
genomic RNA, and a virally encoded reverse transcriptase.

The current model for the major events in the life cycle of a prototypic
retrovirus are schematized in Figure i-1. They can be split into two sections -
events which take place after infection and lead up to integration of the viral
genome (early events), and events which result in the production of new virus
from integrated proviral genomes (late events). In the early stages of infection,
the virus gains entry into the cell by specific recognition of a cellular receptor by
the viral envelope glycoprotein. Upon internalization the viral core is
disassembled, freeing the genomic RNA-nucleoprotein complex for reverse
transcription. The viral RNA is converted to double-stranded DNA by the action
of reverse transcriptase, producing the viral long terminal repeats (LTRs) which
contain the transcriptional signals necessary for reactivation of the virus. The
proviral genome is integrated into the genome of the target cell through the
action of the virally encoded integrase.

When the provirus is reactivated, transcription from the viral LTR yields a
primary RNA transcript, used to direct synthesis of the viral structural (gag),
enzymatic (pol) and envelope (env) proteins. The gag and pol reading frames are
translated into two precursor forms: gag, in which only the structural proteins
matrix (MA), capsid (CA) and nucleocapsid (NC) are present, and gag-pol, in
which the enzymatic proteins reverse transcriptase (RT), integrase (IN), and
usually the protease (PR) are fused to the structural proteins by means of a

frameshift during translation of the viral RNA. The location of the viral protease



Figure i-1: Schematic of the retroviral replication cycle.

The virus enters the host cell by means of a specific receptor. Upon entry the
viral core is exposed and the genomic RNA is uncoated, allowing reverse
transcription to occur. The reverse transcription reconstructs the viral long
terminal repeats (LTR), which contain the viral promoters and integration sites.
DNA is integrated into the genome of the host cell to form a stable provirus.
Upon reactivation, messages for the viral gag, gag-pol, and env proteins are
transcribed from the viral long terminal repeat (LTR). Viral structural and
enzymatic proteins are synthesized in the cytoplasm and transported to the
membrane surface. Full length viral RNA is packaged by the viral gag proteins
during transit to the cell membrane. Virions bud from the surface of the infected
cell and acquire the envelope glycoprotein during budding. Activation of the
viral protease at this stage leads to maturation of the viral proteins and
condensation of the core into the mature morphology associated with infectious

particles.
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gene varies, sometimes being associated with the gag reading frame and
sometimes with the pol reading frame. The synthesis of gag-pol precursors takes
place by a number of mechanisms, involving translational read-through and
ribosomal frameshifting. These strategies ensure that the enzymatic proteins are
synthesized at levels between five and 10 percent of the gag proteins (Jacks, et al.,
1988; Jacks, et al., 1987; Jacks and Varmus, 1985) (Figure i-2).

Viral polyprotein precursors are directed to the plasma membrane by means
of an N-terminal myristoylation signal. During this transit process, the
nucleocapsid protein associates with full length viral RNAs which are packaged
as viral genomic RNAs in the mature virus. The envelope glycoprotein is
translated separately and targeted to the plasma membrane through the
endoplasmic reticulum, where it is glycosylated. Assembly of the gag and gag-
pol polyproteins at the membrane results in budding of an immature viral
particle, in which the viral protease is activated by dimerization of the
polyproteins. Proteolytic processing of polyproteins results in condensation of
the viral core to give a mature and infectious virion, which is schematized in

Figure i-3.

Human retroviruses and HIV

The search for retroviral pathogens associated with human cancers was
initiated as part of the ongoing search for new retroviral agents in the 1970's. This
endeavor was unsuccessful until 1980, when developments in tissue culture
techniques permitted the growth of human T-lymphocytes isolated from patients
with acute T-cell leukemia. These cells produced viruses with a morphology
similar to those of retroviruses from other mammalian species, and which

contained reverse transcriptase activity (Poiesz, et al., 1980). In addition, viral
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Figure i-2: General genomic organization for retroviruses.

The different organizations of the major viral proteins in the Rous sarcoma
virus (RSV), human immunodeficiency virus (HIV), visna lentivirus (VISNA),
and bovine leukemia virus (BLV) are shown. Each box represents a separate
open reading frame. The gene for the viral protease (PR) is shown in black. In
RSV-like viruses the protease is in frame with the gag genes and is synthesized as
part of gag (Schwartz, et al.,, 1983). In HIV-like viruses the protease is
synthesized as part of a gag-pol fusion generated by a frameshift which occurs
with approximately 10% efficiency and places the pol genes in the same reading
frame as the gag genes (Jacks, et al., 1988). In MuLV-like viruses the protease is
synthesized in a gag-pol precursor which is generated by suppression of the gag
stop codon (Yoshinaka, et al.,, 1985). In BLV-like viruses the protease is
synthesized as a gag-PR fusion generated by a frameshift readthrough of the gag

termination codon (Yoshinaka, et al., 1986).
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Figure i-3: Morphology of a retroviral particle.

A). Schematic of HIV-1. The core of the viral particle consists of a shell of the
capsid protein (CA) which surrounds the nucleocapsid (NC) coated genomic
RNA and the enzymatic proteins: protease (PR), reverse transcriptase (RT) and
integrase (IN). The core is surrounded by a second shell of matrix (MA) protein.
The virus is coated by a lipid bilayer derived from the host cell in which the
receptor-specific envelope glycoprotein (env), consisting of a surface component
(gp120) and transmembrane component (gp41), is embedded.

B, C) Thin section electron micrographs of mature (B) and protease-inhibitor
treated (C) HIV-1 virions released from COS-7 cells. Samples of cells producing
viral particles were fixed, thin-sectioned, stained with uranyl acetate, and
contrasted with Reynolds lead stain. Virions were examined on a JEOL 1200 EX
electron microscope operating at 80 kV. In mature viral particles the condensed
cores and outer layer of matrix protein are clearly visible. The thicker ring of
electron-dense material in immature virus samples corresponds to a layer of
unprocessed gag protein. Magnifications are x20,000 and x25,000 in B) and C),
respectively.
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particles could be isolated directly from T-cells in the peripheral blood of
patients, as well as in cultured cell lines. This virus, known as human T-cell
leukemia virus (HTLV) was joined in 1982 by a second virus which caused a T-
cell variant of hairy cell leukemia. This virus was clearly distinct from HTLV,
and was designated HTLV-II. The discovery of these viruses indicated that
retroviruses could clearly be considered as important human pathogens.

In the early 1980's a transmissible immunodeficiency syndrome was observed
in human patients. This syndrome resembled an immunodeficiency disease
present in cats infected with the feline leukemia virus (FeLV) (Jarrett, et al., 1964).
The then-recent isolation of human retroviruses associated with T-cell leukemias
led researchers to suspect that a retrovirus might be responsible. Using the tissue
culture methodologies developed during the discovery of HTLV-I and HTLV-II,
a retrovirus was identified in peripheral blood lymphocytes from patients with
acquired immunodeficiency syndrome (AIDS) (Barre-Sinoussi, et al., 1983; Gallo,
et al, 1983). This virus contained RNA and reverse-transcriptase activity,
suggesting it was a member of the HTLV family, although morphological and
serological analysis showed it was clearly distinguishable from these viruses
(Schiipbach, et al., 1984). Upon cloning and sequencing of the virus, tentatively
designated HTLV-III, it was apparent that the virus was clearly distinct from the
HTLVs in terms of the arrangement of its open reading frames and the presence
of a number of previously unidentified open reading frames at the 3' end of the
viral genome (Ratner, et al., 1985). In addition, the nature of the disease induced
by this virus was more similar to the slow immunodeficiencies associated with
the lentivirus subgroup of retroviruses than the cancers induced by the

oncoviruses. The lentivirus subgroup includes VISNA, equine infectious anemia
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virus (EIAV) and several simian immunodeficiency viruses (SIV) The virus was
renamed human immunodeficiency virus, or HIV (Coffin, et al., 1986).

Following the discovery of HIV another human retrovirus was identified and
isolated from patients in West Africa (Clavel, et al., 1986). This virus, now
known as HIV-2, had similar morphological and biological properties to the
original virus, now named HIV-1, but was serologically distinct and contained a
different organization of the open reading frames downstream of the pol genes.
HIV-1 and HIV-2 are approximately 50% identical at the nucleic acid level, and
share approximately 60% identity at the amino acid sequence level in the gag and
pol regions (Guyader, et al., 1987). It was also noted that HIV-2 was very closely
related to a simian retrovirus STLV-IlIinac (SIVmac) (Daniel, et al., 1985; Kanki, et
al., 1985), which was shown to cause an AIDS-like disease in captured rhesus
macaques (Letvin, et al., 1985). It is clear that HIV is one of a large family of
primate retroviruses which share similar cell tropism, pathogenesis, and genetic

organization (Desrosiers, et al., 1989; Doolittle, et al., 1990).

Early studies on retroviral proteases

Original work on the retroviral proteolytic maturation process was carried
out in the avian oncogenic retroviruses RSV and avian myeloblastosis virus
(AMYV), and the murine viruses MuLV and MMTV. As early as 1977 a major
component of the RSV structural proteins, p15, was shown to be associated with
the ability to process the p76828 precursor into the mature p27, p19, and p12/15
proteins (von der Helm, 1977). Virion lysates were also shown to contain this
processing activity, suggesting that the responsible protease was packaged in
virions. Similar results were observed in MuLV, in which a soluble, low

molecular weight processing factor could be purified from virion lysates
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(Yoshinaka and Luftig, 1977). Unlike RSV, however, the protease was not a major
component of the virus.

Studies of the avian viral processing enzyme were facilitated by the large
amounts of p15 protein in isolated virions. The processing activity purified from
these virions was found to be highly specific for viral polyprotein substrates, and
the processing reaction appeared to proceed optimally at low pH (4-7) and high
ionic strength. When the in vitro processing reaction was probed with protease
inhibitors it was found that it could be blocked by sulfhydryl modifying reagents
and metal ions. Initial conclusions from these studies were that the viral
proteases were similar to the papain family of cysteine proteases (Dittmar and
Moelling, 1978; Sen, et al., 1980).

Genetic analysis was used to demonstrate that the p15 protein was the viral
protease. In polyproteins from which p15 had been deleted no processing was
observed, but mature forms of the polyprotein could be generated by addition of
wild type viral lysates (Vogt, et al., 1979). By 1983, methodologies had been
developed which permitted the expression of the RSV gag genes in E. coli. It was
shown that bacteria producing the p76828 gene product contained only mature
forms of the viral proteins. Disruption of the p15 coding region resulted in the
accumulation of the precursor protein (Mermer, et al., 1983). This confirmed that
p15 could process the viral proteins in a heterologous system, and established the
use of bacterial expression as a means of probing viral protease function.

Concurrent genetic studies in the MuLV system led to the discovery that in
this virus the protein containing protease activity was found not as part of the
gag genes, but rather as part of the pol coding region (Figure i-2) (Levin, et al.,
1984). Although deletions in this region did not affect particle formation or

assembly, they prevented particle maturation and blocked infectivity at an early
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stage in infection (Crawford and Goff, 1985; Katoh, et al., 1985). Examination of
the amino acid sequences of the protease region showed that a high degree of
homology existed with these sequences and the protease sequences from
retroviruses of feline and simian origin (Yoshinaka, et al., 1985). The identity of

the active site residues, however, remained unclear.

Analysis of the HIV-1 protease

When HIV-1 was originally sequenced, a protease-like sequence at the 5' end
of the pol gene was readily identified by comparison with the sequences of other
retroviruses (Ratner, et al., 1985). The prediction that this was the viral protease
was borne out by the observation that deletion of nucleotide sequences at the 5'
end of the HIV-1 pol gene blocked processing of recombinant p16082g-Pl in a
yeast expression system (Kramer, et al., 1986). Expression of smaller fragments
of the gag-pol reading frames in Escherichia coli resulted in the production of a
10kDa protein which was competent to authentically process the p558238
precursor protein (Debouck, et al., 1987; Giam and Boros, 1988; Graves, et al.,
1988) Protease was purified from virus and shown to contain the same amino
terminus as material expressed in recombinant expression systems (Lillehoj, et
al., 1988), indicating that the protease could be efficiently and authentically
processed in heterologous organisms as had been seen for other retroviral
proteases. The processing sites for the HIV-1 protease have been determined and
are shown in Figure i-4.

With the addition of the amino acid sequences from the human retroviruses
HTLV-I, HTLV-II, and HIV-1, as well as a number of retroviruses from other
species, Toh, et al. (Toh, et al., 1985) were able to identify the consensus sequence

Asp-Thr/Ser-Gly which aligned with the active site of the cellular aspartyl

14



Figure i-4: Protease cleavage sites in the HIV-1 polyproteins.

The sites identified as cleavage sites for the viral protease in the p55838 and
p160828-Pol precursor proteins are shown by arrows. The white arrow in reverse
transcriptase (RT) identifies a site between the reverse transcriptase and
ribonuclease H domains which is cleaved only once in the dimeric reverse
transcriptase/RNAse H precursor to form a heterodimer with two reverse
transcriptase domains and one RNAse H domain. MA = matrix (p17); CA =
capsid (p24); NC = nucleocapsid (p9); LI = linker (p6); PR = protease; IN =

integrase.
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protease pepsin (Toh, et al., 1985). Based on the assumption that the pol encoded
protease was an aspartyl protease, a structural model was derived suggesting
that the protease would function as a dimer of two 99-amino acid monomers,
each contributing one of the two catalytic aspartic acid residues (Pearl and
Taylor, 1987). Using recombinantly produced HIV-1 protease it was
demonstrated that the enzyme was, in fact, functional as a dimer. It was
inhibited efficiently by 1,2-epoxy-3-(4-nitrophenoxy) propane (Meek, et al., 1989),
a specific inhibitor of aspartyl proteases (Tang, 1971), confirming its identity as a
member of this family. The X-ray crystallographic solution of the structures of
virally purified RSV (Miller, et al., 1989) and recombinant HIV-1 protease (Navia,
et al., 1989; Wlodawer, et al., 1989) confirmed both the dimeric nature of the
retroviral enzymes and clearly demonstrated their similarity to the mammalian
and microbial aspartyl proteases. It has since been demonstrated that metal ions
can bind at the active site of the HIV-1 protease and inhibit its activity (Zhang, et
al., 1991). Although HIV-1 protease can be inactivated by specific modification of
sulfhydryls remote from the active site (Karlstrom, et al., 1993), not all retroviral
proteases contain these sulfhydryls, calling into question some of the data which
originally suggested the proteases were papain-like cysteine proteases.

The aspartyl proteases are so-named by virtue of the two aspartic acid groups
which serve the primary catalytic role during the cleavage of the peptide bond.
The low pH optimum for these enzymes, which ranges from 1.5 to 5.5, creates a
situation at the active site where one aspartic acid is protonated while the other is
deprotonated. As shown in Figure i-5, a water molecule situated between the
two catalytic aspartates serves as the nucleophile following abstraction of a
proton by the negatively charged aspartic acid. Unlike the cysteine and serine

proteases, the intermediate is not covalently associated with the enzyme.
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Figure i-5: Proposed catalytic mechanism of the HIV-1 protease.

The binding of a peptide substrate in the binding pocket of the HIV-1
protease generates the enzyme-substrate complex (ES). In the presence of the
peptide bond, Asp 25' acts as a general base to remove a proton from a water
molecule positioned between the two catalytic aspartates. A simultaneous
proton transfer from Asp 25 assists the hydration of the peptide bond to form the
enzyme-bound amide hydrate intermediate shown in ES*. The cleavage process
is completed through the concerted action of Asp 25', which now acts as a
general acid to donate a proton to the amide nitrogen, and Asp 25, which acts as
a general base and deprotonates one of the OH groups at the scissile bond. This
results in the collapse of the hydrated carbonyl and elimination of the amine
moiety to generate the enzyme-product complex (EP). Product release frees the
enzyme to continue its catalytic function. Mechanism shown adapted from

(Hyland, et al., 1991).
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Donation of a proton to the amide nitrogen of the peptide bond results in the
collapse of the hydrated intermediate and cleavage of the peptide bond, followed
by product release (Hyland, et al., 1991).

The structure of the HIV-1 protease reveals some of the novel features of this
enzyme (Figure i-6). The interface between the two monomers is a four-stranded
anti-parallel B-sheet composed of two B-strands from each monomer. These
strands represent the N- and C-terminal 5 amino acids of each polypeptide and
interdigitate to form a specific and high-affinity interaction. The second novel
feature of this enzyme is a pair of B-strands, comprising residues 43-58, which
form a "flap" covering the top of the substrate binding site. Upon substrate
binding these flaps exhibit a considerable conformational change, moving
approximately 7 A to close down upon the substrate, leading to a structure with
a smaller active site cavity. The catalytic aspartic acid residues are located at the
base of the active site cavity in a large hydrophobic channel which forms the
substrate binding pocket.

The binding pocket of the HIV-1 protease can be conceived of as a
hydrophobic tube with a length of approximately 25 A and a diameter of 8 A.
This pocket is long enough to accommodate 8 amino acids in an extended
conformation, which gives the protease a large specificity determinant (Darke, et
al., 1988). In order to facilitate discussion of substrate binding and recognition,
the nomenclature of Schechter and Berger will be used (Schechter and Berger,
1967). In this nomenclature system, the amino acids in a substrate are labeled Py,
where n indicates the distance from the scissile bond. Residues on the C-terminal
side of the scissile bond are designated Py'. Thus, as shown in Figure i-4, the

substrate sequences extend from P4 to P4' around the scissile bond. The subsites
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Figure i-6: Structural features of HIV-1 protease.

The central figure shows an a-carbon backbone trace of the HIV-1 protease
dimer, with the C; symmetric axis of the dimer lying vertically in the plane of the
page. The side chains for the catalytic aspartate residues are displayed, and lie in
the base of the active site cavity. The dimer interface is shown in an end-on view
below the dimer, and is composed of four B-strands, two from each monomer.
The N- and C-terminal residues (1 and 99, respectively) are numbered, with
primes (') indicating residues from one monomer. The flap regions from amino

acids 43 to 58 are shown in end-on view above the dimer.
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on the enzyme which recognize these residues are labeled S, where S,
corresponds to the pocket which binds the Pp residue. The interactions between
a model peptide and the HIV-1 protease binding pocket are shown in Figure 1.7,
with the residues colored differentially to indicate interactions with different

subsites.

HIV-1 protease as a therapeutic target

The essential role of the HIV-1 protease in producing infectious virus was
demonstrated by specific mutagenesis studies, in which the active site aspartic
acid was mutated to alanine or asparagine (Kohl, et al., 1988; Mous, et al., 1988).
Viruses containing these mutations were nonviable and exhibited no processing
of the viral polyproteins. Morphological analysis of viruses harboring protease
mutants showed that virions displayed an aberrant morphology, in which the
condensed central core was not visible (Géttlinger, et al., 1989; Peng, et al., 1989).

The essential nature of this protease makes it a possible target for
chemotherapeutic intervention, and the development of inhibitors has been
pursued successfully. At present, inhibitors exist which are capable of blocking
HIV-1 replication in both in vitro and in vivo model systems (Martin, et al., 1994;
Tomasselli, et al., 1991; Wlodawer and Erickson, 1993). Recent reports suggest,
however, that the protease will tolerate a number of mutations in its active site
which decrease inhibitor binding and affect proteolytic activity, but permit viral
replication to continue (El-Farrash, et al., 1994; Ho, et al., 1994; Otto, et al., 1993;
Sardana, et al., 1994).

Chemotherapy of HIV-infected individuals with anti-reverse transcriptase
agents has revealed that mutation yields resistance to small molecule inhibitors

rapidly in a clinical setting (Larder, 1993). This rapid mutation rate raises the
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Figure i-7: Peptide binding site in the HIV-1 protease.

Structure of the peptidomimetic inhibitor JG-365 bound at the active site of
the HIV-1 protease (Swain, et al., 1990). The sequence of the inhibitor is Ac-Ser-
Leu-Asn-Phe-y[CH(OH)CH,N]-Pro-Ile-Val-OMe. The inhibitor is shown as a
van-der Waals surface representation. The residues are shown in colors as
follows: P1, P1' in green; P2, P2' in yellow; P3, P3' in magenta, P4, in gray.
Aspartates are shown in red at the base of the binding pocket. The protein
backbone is shown as a blue chain tracing connecting the amide nitrogen, alpha

carbon, and carbonyl carbon of each amino acid.
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specter of resistance mutations arising in the viral protease during therapy with
protease inhibitors. We have hoped to use the HIV-1, HIV-2 and SIVmac
proteases as starting points from which to conduct structure-function analyses to
understand more about the biology and specificity of the retroviral aspartyl
proteases. With specific regard to the issue of enzyme inhibition, we intended to
study the requirement of the human immunodeficiency virus for proteolytic
processing: what level of protease activity is necessary and sufficient to produce
an infectious virus? We feel that answers to this question will play a key role in
determining the nature and application of inhibitors which target the protease as
a means of preventing the maturation and spread of the virus.

To answer this question we have attempted to use current knowledge about
the structure and function of the HIV-1 protease to engineer mutants with
specific properties that could be used to study the maturation process. In order
to do this, a heterologous expression system was developed which allowed the
proteases from HIV-1, HIV-2, and SIVm;,c to be expressed and purified at levels
sufficient for biophysical and biochemical analysis. To facilitate biochemical
studies of these proteases, a protein engineering approach was used to modify
the enzymes to minimize autoproteolysis, a serious hindrance to both
crystallographic and enzymatic analysis. Site-directed mutagenesis was further
used to engineer protease variants in which overall catalytic activity was
diminished without altering substrate specificity. The genes for these proteases
were cloned back into viral vectors in order to quantitate the effects of
diminished protease activity on viral maturation and infectivity. In the last part
of this project we describe a genetic approach in which infectious virus

production may be blocked in a highly efficient manner by expressing inactive
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Chapter 1. Expression of the HIV-1, HIV-2 and SIV Proteases
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Abstract

In order to study the structure and function of retroviral proteases an
expression system was needed which could produce reagent quantities of wild
type and mutant proteases. This precluded the use of a fusion protein expression
system, in which high level translation of the fusion partner directed the
production of a polyprotein from which the protease was freed by
autoproteolytic processing. A bicistronic gene arrangement was constructed to
taking advantage of the high translation rates of fusion partners without
requiring a translational fusion between the fusion partner and protease. In this
arrangement, ribosomes translating the highly expressed fusion partner (primary
cistron) terminate and are recaptured by a synthetic ribosome binding site (RBS)
at the end of the gene. These ribosomes then translate the second gene, which
consists of the selected protease gene. This arrangement was shown to be
capable of directing high levels of expression of the HIV-1 protease as a 99-amino
acid polypeptide. Expression levels could be varied five to seven-fold by varying
the distance between the RBS and the protease gene, and two to three-fold by
changing the expression level of the primary cistron. The expression system
could be extended to the expression of the related proteases from HIV-2 and
SIVmac, although it was discovered that the A:T content of the 5' ends of these
genes could affect expression levels as much as four-fold. The bicistronic
expression system should not only provide a means for expressing wild type and
mutant forms of the retroviral proteases, but also other proteins which would
ordinarily require post-translational processing to yield native material for

structure-function studies.
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Choice of an organism for heterologous expression.

Biochemical studies of the HIV-1, HIV-2, and SIV proteases require that
amounts of protein in the milligram range be available for kinetic analysis and X-
ray crystallography. Since it is not feasible to purify these proteases from
infected cells or purified virions, it is necessary to pursue methods of expressing
the enzymes recombinantly. A number of host systems currently exist for the
production of recombinant proteins: Escherichia coli, the yeasts Saccharomyces
cerevisiae and Pichia pastoris, and the insect-cell based baculovirus.

We chose to attempt expression in Escherichia coli for several reasons.
Detailed work has been done in E. coli regarding genetic manipulation. Over 150
promoters have been identified in the course of studying prokaryotic expression
(Hawley and McClure, 1983) and the molecular mechanisms of regulation have
been extensively characterized for several of them. By exploiting past research in
E. coli on promoter function, genetic background, and growth conditions, it is
possible to produce proteins at levels as high as 10 - 40% of the cell mass. This
amplification greatly improves our ability to obtain reagent quantities of pure
protease for study.

From the standpoint of optimizing protein expression, E. coli has the
advantage of being easy to engineer at the genetic level using the technology
currently available. The rapidity with which recombinant technology can be
applied to this organism allows for the consideration and manipulation of a wide
array of genetic factors influencing protein expression. As an organism, E. coli
has advantages which make it a preferred expression host. Bacteria are not only
easy to grow, but their maintenance is very inexpensive relative to eukaryotic
hosts. Its simple growth requirements also mean that scale-up to high level

production is feasible. Many fermentation devices are available which can be
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used to maximize the growth and expression potential of the organism in high
density fermentations. Since these allow for the production of very large
quantities of bacteria in small volumes, even a low-level expression system can

provide significant amounts of material for study.

Factors influencing expression in Escherichia coli.

In the course of planning the production of the HIV-1, HIV-2, and SIV
proteases we considered a number of factors which affect the level of expression
of heterologous genes in E. coli. Listed below are a number of these factors which
appear to be most important for expressing a heterologous gene, and current
opinions as to how they can be manipulated to enhance production of a desired
protein. Some or all of these factors could initially be assumed to play a role in

affecting the level of protease production in our system.

Regulation of transcription. Prokaryotic promoters are simpler than their
eukaryotic counterparts, and generally consist of two consensus sequences at -10
(Pribnow box) and -35 relative to the start of transcription. These sequences
interact with the bacterial polymerase complex, and consequently their exact
sequence regulates the affinity of the polymerase for the promoter and the ability
of the bound polymerase complex to initiate transcription. The identification of
high-affinity promoters has been a major step in developing heterologous
expression systems.

The trp and lac promoters are endogenous E. coli promoters which are
considered "strong" in that they are capable of directing the synthesis of a gene
product to levels between 10 and 40% of total cellular protein. The primary

difference between the two lies in the ability of the lac promoter to be tightly
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repressed by virtue of a nucleotide sequence located downstream of the
transcription start site. This sequence, the lac operator, functions by binding the
lac repressor, coded by the lacl gene, in the absence of lactose and blocking the
polymerase complex (Straney and Crothers, 1987). Repression can be relieved
either by the addition of lactose or other synthetic chemical inducers. Although
the trp promoter also contains repressor sequences, its activation is mediated by
tryptophan starvation which is slower and not as readily inducible as the lac
promoter. The high inducibility of the lac promoter has been conferred upon
hybrid promoters by combining the -10 and operator sequences of lac with the
-35 regions of other promoters. The tac promoter is one such hybrid which
contains the -35 region of trp, and has become widely used in heterologous
expression (deBoer, et al., 1983).

Host background may also play a significant role in affecting promoter
function. Bacterial strains such as JM-101 and DH-1 (Hanahan, 1983; Yanisch-
Perron, et‘al., 1985) have been developed which contain an overexpressor
mutation of the lacl gene, known as lacli. The presence of this gene provides
increased repression of promoters containing the lac operator, and additional

copies may be added to plasmids to achieve higher levels of repression.

Post-transcriptional regulation of messenger RNA levels. One of the
simplest means of regulating translation is by affecting the population of a
messenger RNA (mnRNA) in the cell. This seems to be accomplished primarily by
affecting the half-life of the transcript in question. The half-life of an average
mRNA in E. coli is on the order of 2-6 minutes but genes have been identified
whose transcripts have much longer half-lives (~15-20 min). Some messages

exhibit cell growth control; having long half-lives under conditions where
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growth is rapid and short half-lives when growth is slow (Nilsson, et al., 1984).
Messenger RNA degradation occurs by exo- and endonucleolytic attack, which
occurs at structured regions in the 5' or 3' ends, as well as at internal sites in the
transcript. Degradation promoting sites detected at the 5' and 3' ends of the
transcript can be disrupted by simple site-directed mutants. In addition, Kennell
and Riezman have demonstrated that the rate of message degradation of the
three cistrons of the lac operon is inversely related to the frequency of translation
(Kennell and Riezman, 1977). From this, it seems that the best way to stabilize
mRNAs which contain internal endonuclease cleavage sites is by an indirect

method such as the maximization of ribosome binding and translation.

Regulation of translation. Translation is initiated by a series of binding
events which assemble the ribosomal subunits on a messenger RNA. The mRNA
initially binds to the 30S ribosomal subunit in the presence of a formyl-
Methionine charged transfer RNA (f-Met-tRNA) to form the 30S ternary
complex. (see Figure 1-1) This complex then associates with the 50S ribosomal
subunit to form the 70S initiation complex. Following the loss of various
initiation factors the 70S complex is competent to carry out the initiation and
elongation steps of polypeptide synthesis.

Initial association of the mRNA with the 30S subunit is proposed to occur by
means of a nucleotide sequence (5-GAUCACCUCCUUA-OH-3) on the 3' end of
the 16S ribosomal RNA (Shine and Dalgarno, 1974), a structural RNA found in
the prokaryotic ribosome. This sequence has a complementary consensus
sequence on the mRNA known as the Shine-Dalgarno (SD) sequence, which

makes up part of the ribosome binding site (RBS). The SD sequence is located at
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Figure 1-1: Diagram of the prokaryotic translation process.

A. The mRNA associates with the 30S ribosomal subunit and f-Met tRNA
complex by virtue of interactions between the 165-rRNA and Shine-Dalgarno
sequence. B. The 50S ribosomal subunit associates with the ternary complex to
form a competent translation complex. C. Peptide synthesis by the translation
complex is terminated at the stop codon and the polypeptide chain is released.

The translation complex dissociates following termination.
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approximately -10 relative to the start AUG and typically consists of 3-5
contiguous bases from the consensus sequence AGGAGGU.

a. Regulation of Ribosome Binding | pre-initiation complexes. Genes cloned from
organisms other than E. coli will most likely not contain optimal SD sequences.
Ribosome binding site optimization should take into account the observation that
even well-expressed E. coli genes do not contain long, highly complementary SD
sequences. Ribosome binding in E. coli is optimized for both capture of pre-
initiation complexes and release of translation-competent ribosomes. The current
perception in the literature is that very long SD sequences hinder ribosome
release and therefore decrease the frequency of polypeptide chain initiation.

Additional sequences around the ribosome binding site appear to be
important regulators of expression. A systematic analysis of the nucleotide
spacing between the SD sequence and the initiating AUG (Shepard, et al., 1982)
indicates that the optimal spacing is 9 + 2 nucleotides. Deviation from this
spacing can affect expression as much as 200-500 fold. This might be expected,
given the constrained structural environment of the ribosome-mRNA initiation
complex. As discussed by Stormo, the sequence of the spacer region appears to
be biased heavily in favor of A and U, perhaps in order to reduce self-
complementarity and unambiguously define the SD sequence (Stormo, et al.,
1982).

Ribosome binding to the SD sequence may also be affected by the formation
of local secondary structures which occlude the site. A number of well-studied
mRNAs contain predicted stem-loops which encompass the SD and/or initiator
AUG and are, in general, poorly translated. Mutations which reduce the self-
complementarity in the stem-loop can increase the translation of these genes by

as much as 20-100 fold (Hall, et al., 1982). Consequently, genes cloned into
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expression vectors should be examined for possible secondary structures which
may be formed by nucleotide sequences around the SD site and start codon
which could inhibit ribosome binding.

b. Regulation of polypeptide elongation. Once a ribosome initiates a polypeptide
chain there are a number of factors which appear to affect its ability to efficiently
complete the elongation process. The first of these is the nucleotide bias in
codons immediately downstream of the initiator AUG. Taniguchi originally
demonstrated that mutation of the second codon from GCA to ACA had a
dramatic effect on translation (Taniguchi and Weissmann, 1978), suggesting that
the codons immediately downstream of the start codon could affect translation
efficiency. In keeping with this suggestion, it has been observed that G:C rich
genes, such as those cloned from parasites, are poorly translated in E. coli
(Button, et al., 1991). Maximizing the first four codons after the AUG for A:T
usage without affecting the amino acid sequence resulted in a 20-30 fold increase
in expression. Although the presence of G:C rich codons may promote the
formation of secondary structures which could block elongating ribosomes, no
general correlation has been made between the effect of A:T substitutions in the
5' region on protein expression and disruption of predicted stem loops.

¢. Regulation during polypeptide elongation. The choice of codons which are
most heavily used for a given amino acid differs between prokaryotes and
eukaryotes, an observation which is thought to be tied to the relative levels of
aminoacyl-tRNAs inside the host organism. Codons which are used infrequently
by an organism are referred to as "rare". A good deal of information has been
published with respect to the role of rare codons in affecting translational
efficiency. In many cases, changing codon usage of a foreign gene to match that

of the expression host leads to an improvement in expression levels of at least 2-
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20 fold (Kotula and Curtis, 1991; Williams, et al., 1988). Certain regulatory genes
of E. coli have provided evidence that rare codons are used to modulate
expression levels (Konigsberg and Godson, 1983). In many other cases, however,
heterologous genes with high percentages of rare codons (15-25%) are able to be
expressed to very high levels (Devlin, et al., 1988; Nassal, et al., 1987). It is likely
that rare codons modulate gene expression by affecting the rate at which proteins
are synthesized, rather than the final levels which may accumulate ina cell. This
represents a level of regulation which is subordinate to those mentioned

previously.

Environmental factors.

Although much is known about the specific mechanisms by which protein
expression can be manipulated at the transcriptional and translational level, there
are other factors which may significantly influence the ability to recover
recombinant proteins. Heat shock proteases in E. coli can be stimulated by
expression of recombinant proteins, reducing overall expression levels. Strains in
which these proteases have been deleted (known as lon-) have been constructed
and found to be more tolerant to overexpression (Goff and Goldberg, 1985).
Variations in the temperature at which bacteria are grown may not only affect
expression level, but also the partitioning of a recombinant protein between the
soluble and insolube fraction of the cell (Browner, et al., 1991).

It has been observed that the same plasmid may vary widely in its ability to
direct recombinant protein production when tested in several different strains of
E. coli. This variation in host background is often unanticipated, and in most

cases is not linked to a known genetic feature. For this reason, it is often a good
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strategy to test several strains of E. coli for expression when initially attempting

to express a protein (Browner, et al., 1991; Frorath, et al., 1992)

Specific considerations for HIV and SIV proteases.

Expression of the HIV-1 protease has generally been pursued by means of
expressing a precursor polypeptide from which the protease is liberated by
autoproteolytic processing (Debouck, et al., 1987; Giam and Boros, 1988; Graves,
et al., 1988). In the Craik lab, HIV-1 protease expression has been achieved by
fusion of human superoxide dismutase (hSOD) to a fragment of the HIV-1 pol
gene (Babé, et al., 1990; Pichuantes, et al., 1989). Gene transcription was directed
by the tac promoter, which permitted tight regulation in the presence of the lac
repressor. Upon induction by the chemical inducer isopropyl-thio-B-d-galacto-
pyranoside (IPTG) the fusion protein was produced within 5 to 10 minutes.
Mature protease was produced from this fusion by autoproteolytic processing
and reached a peak level in two to four hours.

Given this past history and the considerations for expression in E. coli
described previously, we were faced with three specific requirements for
optimizing expression. First, it was important that the protease gene be highly
expressed to facilitate purification. Second, that expression be both tightly
controlled to prevent leakage of the protease, which is toxic to E. coli (Baum, et
al., 1990; Darke, et al., 1989; Korant and Rizzo, 1991) in the absence of induction,
and rapidly expressed following induction. Third, we wanted to be able to
design an expression system which would not rely upon the protease activity
itself for processing to the mature 99-amino acid protein, thus allowing us to

make variant proteases with altered activities or specificities.
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Materials and Methods

Strains, plasmid constructions, and oligonucleotides. Restriction enzymes,
T4 DNA ligase, T4 DNA polymerase, and T4 polynucleotide kinase were
purchased from New England Biolabs Inc. and used according to the conditions
recommended by the supplier. DNA fragments for ligations were purified after
separation in 1% agarose gels using the Geneclean® Kit (Bio 101 Inc., La Jolla,
CA).

The E. coli strains used for cloning and mutagenesis were JM-101 (supE, thi-1,
A(lac-proAB), [F' traD36, proAB, lac 14ZAM15] and LE112 (F' lac 14, lacZ::Tn5,
proAB/dutl, ungl, relA1) (15). Vectors containing the tac promoter were
constructed and tested for HIV protease activity in E. coli X90 (F' lac 19, lacZY,
proAB/ Alac-pro), ara, nalA, argE(am), thi, riff).

The gene for the HIV-1 protease (HIV-99Y) was obtained as a fusion between
hSOD and a synthetic gene encoding the 99-amino acid protease using codons
biased for yeast expression (Pichuantes, et al., 1989). The HIV-2 protease gene
was obtained from pSOD/HIV2PR113 (Pichuantes, et al., 1990) as an Nco I - Sal 1
fragment coding for a 113-amino acid pol precursor. The SIV protease gene
(strain macp39) was obtained from plasmid SOD/SIVPR (Rosé, et al., 1993) as an
Nco I- Sal 1 fragment coding for the 99-amino acid protease with a Met-Ala
extension on the amino terminus. The gene for CheY was obtained from the
plasmid pCHEY15LOX (Sigal, et al., 1990).

Protease genes were subcloned into a Bluescript KS (-) plasmid from
Stratagene (La Jolla, CA) to generate single-stranded templates for mutagenesis.
Oligonucleotides used were synthesized on a 308B DNA synthesizer (Applied

Biosystems, Inc., Foster City) and purified on Nensorb prep columns (NEN
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Research Products, Boston). Site directed mutagenesis was carried out using the
protocol of Kunkel (Kunkel, et al., 1987). Phosphorylated oligonucleotides were
annealed to single stranded uracil-laden template in 20 mM Tris-HCl, pH 7.4, 10
mM MgCl; by boiling for 2 minutes and cooling to room temperature over 30
minutes. Complementary strands were synthesized and ligated by T4 DNA
polymerase and T4 DNA ligase in the presence of 20 mM Tris-HCl, pH 7.4, 5 mM
MgCly, 35 mM NaCl, 0.4 mM dNTPs, 1 mM ATP and 1.5 mM DTT. Following
transformation, mutants were screened by restriction endonuclease digestion and
dideoxy sequencing from double stranded templates using the Sequenase 2.0

enzyme and protocols (United States Biochemical Corp., Cleveland, OH).

Induction and Analysis of Expression. E. coli harboring expression plasmids
were diluted ten-fold from saturated cultures into 3 mL of LB/AMP (60 pg/ml)
and allowed to recover at 37°C for 1.5 hours before induction with 500 pM IPTG.
Cells were pelleted by centrifugation at 2 hours post induction and sonicated in
lysis buffer (100 mM Tris-HCI, pH 8.0, 1 mM EDTA, 1 mM DTT) to generate
crude lysates. Samples were centrifuged at 14,000 rpm in an Eppendorf 5415 C
microfuge to clarify lysates. Volumes of clarified lysate corresponding to 0.045
ODgqo for the HIV-1 protease or 0.1 ODgqy for the SIV and HIV-2 proteases were
analyzed for protease activity using a discontinuous HPLC assay described
previously (Pichuantes, et al., 1990). Lysates were incubated in activity buffer (50
mM NaOAc, pH5.5,1 M NaCl, 1 mM EDTA, 1 mM DTT) at 37°C in the presence
of 250 uM substrate peptide NH-ATLNFPISPW-COOH (Peptide I). Reaction
products were separted by reverse-phase HPLC and detected at 280 nm. Percent
substrate cleavage was determined by division of the area under the product

peak by the total area under the product and substrate peaks.
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SDS-PAGE and immunoblot analysis. Lysates of induced cells representing
0.2 ODgqo of cells were resuspended in 40 pL of 1X Laemmli buffer and boiled for
5' prior to separation by SDS-PAGE (Laemmli, 1970). Proteins were separated on
15% polyacrylamide gels and either stained with Coomassie Brilliant Blue or
electroblotted onto 0.2 pum nitrocellulose. Proteins were immunblotted using
polyclonal rabbit antisera against the HIV-1, HIV-2, or SIV proteases. The
secondary antibody used was a goat anti-rabbit antibody conjugated to
horseradish peroxidase (Pierce, Rockford, IL). Blots were developed using 4-
chloro-1-naphthol or 3,3'-diaminobenzidine in the presence of hydrogen

peroxide.

Results

Fusion and native constructions for increasing HIV-1 protease expression.
As an initial attempt to increase expression, the hSOD-HIV-1 PR gene fusion was
cloned into the pTacTac expression vector to generate the plasmid pT2SOD HIV-
1. The pTacTac vector (Appendix I) has been used for the high level expression
of lysozyme and contains a unique promoter box, consisting of two serial tac
promoters preceded by a lac UV5 promoter. The presence of multiple promoter
elements presumably allows for the attraction of large numbers of transcription
complexes, leading to high level production of mRNA. Three copies of the lac
operator in this plasmid ensure strong repression until transcription is induced.
Although the vector contains a gene for the lac repressor (lac4), it is necessary to
use strains of E. coli which also contain the lacl9 to compensate for the multiple
copies of the lac repressor binding site.

Induction of the plasmid T2SOD HIV-1 led to the accumulation of large

amounts of fusion precursor, but no mature, soluble HIV-1 protease (Figure 1-2).
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The precursor and some intermediate processing forms were present in the
insoluble fraction of the cell, suggesting that high-level expresion had led to
aggregation during processing. When the gene for the 99 amino acid protease
(HIV-99Y) alone was cloned into the vector no expression of the protease was
observed by Western blot or activity assay. A synthetic protease gene containing
optimized E. coli codons, as defined in (Reznikoff and Gold, 1986), was also tried
(HIV DG - provided by AIDS Research and Reagent Program from Michael
Hauser and Eun Hwang) but also did not direct the production of any HIV-1
protease.

The lack of protease expression was puzzling in light of the previous success
with the fusion construct. Since the gene could be expressed by fusion to hSOD
it was possible that a block to translation existed at the 5' end of the protease
genes. By comparison to other studies on protein expression, it was predicted
that the problem involved a secondary structure which blocked ribosome
binding or translation initiation. RNA folding predictions generated by the
computer program RNAfold (Biocomputational Laboratory, UCSF) from the
sequences at the 5' end of the HIV-1 gene indicated a potential stem-loop
structure with an energy of -12.3 kcal encompassing nucleotides +2 to +23
(Figure 1-3). Such a stem loop would prevent a ribosome from initiating
translation, even though it could bind to the Shine-Dalgarno sequence (Baim, et
al., 1985; Liebhaber, et al., 1992; Schoner, et al., 1984; Tomich, et al., 1989). Due to
amino acid codon restrictions, it was not possible to alter the nucelotide sequence
in such a way as to disrupt the predicted stem loop. Although the hSOD-fusion

construction was useful for overcoming the translation initiation problems, it
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Figure 1-2: Expression of HIV-1 protease in pTacTac.

E. coli harboring the fusion plasmids pSOD/PRT5 and pT2SOD HIV-1 and
the bicistronic vector pT2b(4)HIV-1 were grown to approximately 1 ODggp and
induced with 500 uM IPTG. After two hours, cells were harvested and
fractionated by sonication into soluble (S) and pellet (P) fractions. Proteins were
analyzed on 12.5 % SDS-PAGE and immunoblotted with anti-HIV-1 protease

antibodies. Total lysate from noninduced cells (-) was run as a negative control.
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Figure 1-3: Diagram of predicted stem-loop in HIV-1 protease gene.

A stretch of 38 nucleotides, including the Shine-Dalgarno sequence and the
first 9 codons of the HIV-1 protease gene (in bold) were analyzed for self-
complementarity using the RNAfold program (Biocomputational Laboratory,
UCSF). Complementary sequences in the HIV-1 protease gene were predicted to
form a strong stem loop, AG = -12.3 kcal, which would encompass the start

codon.
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could not be expressed in a soluble form at high levels, and would complicate the
expression of proteins which could not autocatalytically release themselves from
the fusion protein. An alternative method had to be identified to prevent

secondary structure formation around the start of the protease gene.

The theory behind bicistronic expression. A method has been described
which uses a bacterial regulatory process to affect secondary structures at the 5'
ends of mRNAs (Schoner, et al., 1986). In this method, genes are fused
transcriptionally in a bicistronic arrangement, such that the gene of interest is
downstream of a highly expressed protein: the primary cistron. This gene is
chosen for efficient translation initiation, and contains a termination codon and
second Shine-Dalgarno sequence (SD2) at its 3' end. The gene of interest is
placed to take advantage of the SD2. As shown in Figure 1-4, ribosomes
terminating from the primary cistron are recaptured by the SD2 and directed to
translate the gene of interest. Since ribosomes cover approximately 30
nucleotides of an mRNA when paused (Steitz, 1979), it is thought that the
ribosome can melt out inhibitory secondary structures in the 5' end of the second
cistron, freeing it for translation (Berkhout, et al., 1987). In this way the protein
of interest can be produced without making a true translational fusion which
would require further processing. This system has been used by a number of
investigators to overcome difficulties associated with poor intrinsic translation
initiation (Guzman, et al., 1992; Makoff and Smallwood, 1990; Schoner, et al.,

1986; Spanjaard, et al., 1989).
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Figure 1-4. Function of a bicistronic expression system.

A. Initiation at the primary cistron is followed by translation and release of
the polypeptide chain. Terminating ribosomes are recaptured by a second Shine-
Dalgarno sequence at the site of termination, and directed to initiate translation
of the HIV-1 protease gene. Termination of the HIV-1 protease results in
dissociation and release of the translation complex. B. Sequence inserted into
hSOD-HIV-1 PR fusion to generate a bicistronic expression plasmid. The second
Shine-Dalgarno sequence (SD2) is complementary to 9 nucleotides at the 3' end of

the 165 rRNA and contains the stop codon for the primary cistron.
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Bicistronic constructions for HIV-1 protease expression. Using the hSOD-
HIV-1 PR gene fusion as a starting point, the sequence in Figure 1-4B was
inserted between the hSOD and HIV-1 protease sequences. The chosen ribosome
binding site contained a 9 nucleotide SD2, which was a perfect complement to
the end of the 16S rRNA, and a 4 nucleotide spacing between the SD2 and the
ATG of the HIV-1 protease. This construction was cloned into the pTacTac
vector, generating the bicistronic expression vector pT2b(4)HIV-1.

Cells harboring the bicistronic vector, the parent fusion vector pT2SOD HIV-
1, and the original vector pSOD/PRTS5 were induced and harvested at two hours
post-induction. Analysis of the soluble and insoluble cellular fractions yielded
the results shown in Figure 1-2. The bicistronic construction expressed levels of
soluble, mature HIV-1 protease which were comparable to those obtained from
pSOD/PRTS5, while the pTacTac-based fusion vector produced only the 28kDa
hSOD-HIV-1 PR fusion protein. By activity analysis of crude lysates of E. coli, the
bicistronic construction expressed approximately 60% the amount of active

protease as the pSOD/PRTS5 vector.

Manipulation of intergenic spacing. Improvement of expression from the
bicistronic construction was attempted by altering the sequences directing re-
initiation. Based on the observation that SD-ATG spacing could significantly
affect expression (Shepard, et al., 1982), a series of vectors, pT2b(n)HIV-1, was
constructed in which the spacing (n) was varied from two to nine nucleotides.
Efficiency of expression was analyzed by quantitating protease activity in
induced bacterial lysates (Table 1-1). Detectable protease activity was maximal at
a spacing of 3 nucleotides, and dropped off quickly below this number.

Expression decreased slowly as the spacing increased from 3 nucleotides, finally
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Table 1-1. Effect of spacer length variations on HIV-1 protease

expression from hSOD-bicistronic constructions.

spacer plasmid rel. activity
none pSOD/PRT5 1.0
AC pT2b(2)HIV-1 0.11
ACC pT2b(3)HIV-1 0.71
AGCC pT2b(4)HIV-1 0.64
AGCAT pT2b(5)HIV-1 0.58
AGCATAT pT2b(7)HIV-1 0.40

AGATAACAT pT2b(9)HIV-1 0

Activities determined by HPLC assay of clarified lysates are

reported relative to the initial fusion construction.
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reaching undetectable levels at 9 nucleotides. In the best construction,
pT2b(3)HIV-1, protease activity reached 70% of that observed from the
pSOD/PRTS vector.

Influence of the primary cistron on protease expression. A second strategy
was adopted to maximize HIV-1 protease expression in the bicistronic
arrangement (Figure 1-5). Since the level of expression of a downstream cistron
is ultimately determined by the number of ribosomes which are recaptured (i.e.
the translation level of the primary cistron), a more highly expressed protein was
sought to replace hSOD. The CheY protein, a bacterial protein which functions
as part of the chemotactic machinery (Matsumura, et al., 1984) had been used
previously as a high-level fusion partner in our lab (Eakin, et al., 1992; Sigal, et
al., 1990) and was readily available.

Using the polymerase chain reaction (PCR) a stop codon and Shine-Dalgarno
sequence were inserted after the 91st amino acid of the CheY gene and the
fragment was cloned into pT2b(4)HIV-1 to replace the hSOD gene, generating
pT2Cb(4)HIV-1. A series of spacer mutants was constructed in which the
spacing was changed from 2 to 5 nucleotides in order to assess the sensitivity of
this construction to SD-ATG distance relative to the hSOD-bicistronic
constructions. The results obtained with the pT2Cb(n)HIV-1 series of plasmids
are shown in Table 1-2. The optimal spacing was 3 nucleotides, at which point
expression was nearly twice that of the comparable pT2b(3)HIV-1 vector, and
40% higher than that of the pSOD/PRTS vector. Expression dropped off as SD-
ATG spacer distances varied, in a similar manner to the hSOD-bicistronic
constructions, although overall expression remained higher. It was apparent by

Western blot that some of the protease expressed from the CheY-bicistronic
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Figure 1-5: Summary of vectors used to develop bicistronic expression
system.

Nde 1 - Sal I cassettes used for probing efficiency of bicistronic plasmids were
cloned into the pTacTac vector as shown. Black bars indicate the position of the
ribosome recapture sequences. A. Bicistronic constructions based on human
superoxide dismutase (hSOD), in which the spacing between the second Shine-
Dalgarno sequence (SD2) and start ATG (n) varied from 2-9 nucleotides (as
detailed in Table 1-1). B. CheY-based bicistronic constructions in which SD2-
ATG spacing (n) varied from 2-5 nucleotides (as detailed in Table 1-2). C.
Bicistronic construction based on a synthetic gene fragment cloned between the
Nde I and Pst I sites of the CheY constructions. SD2-ATG spacing was held at 3

nucleotides.
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Table 1-2. Effect of spacer length variations on HIV-1 protease

expression from CheY-bicistronic constructions.

spacer plasmid rel. activity
none pSOD/PRT5 1.0
AC pT2Cb(2)HIV-1 0.21
ACC pT2Cb(3)HIV-1 1.40
AGCC pT2Cb(4)HIV-1 0.96
AGCAT pT2Cb(5)HIV-1 0.71

Activities determined by HPLC assay of clarified lysates are

reported relative to the initial fusion construction.
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vectors had precipitated. Thus the activity measurement gives an indication of
the amount of protease that remained soluble, which is an underestimation of the
total expression level. The insoluble fraction also contained an immunoreactive
band which corresponded in size to a CheY-HIV-1 PR fusion protein. This may
have been due to some low-level read-through of the stop codon in the second
ribosome binding site, leading to the synthesis of an insoluble CheY-HIV-1 PR
fusion. Athough this effect could be corrected through the addition of more
efficient stop codons, or stop codons in other reading frames, it represented only
a small amount of the expressed protein and we chose not to pursue it.

Changing the identity of the primary cistron appeared to have an effect on the
rate at which protease activity accumulated in induced cells (Figure 1-6).
Western blots of induced pT2b(3)HIV-1 lysates with anti-hSOD and anti-HIV-1
PR antibodies, showed that although hSOD was present in the cell at 15 minutes,
no protease was present (data not shown). Thus, the fifteen minute lag observed
in the appearance of HIV-1 protease in the hSOD bicistronic construction was
likely due to a slow delivery of ribosomes to the re-initiation site.

A final change was made in the primary cistron in an attempt to improve
expression levels. A synthetic 57 base oligonucleotide was designed which
obeyed the rules for high level expression mentioned previously: 1) optimal E.
coli codon usage, 2) high A:T usage, and 3) absence of predicted mRNA
secondary structure. This synthetic operon was cloned into the pT2b(3)HIV-1
vector in place of hSOD, generating the plasmid pT2op(3)HIV-1 (Figure 1-5).
Upon induction in small scale cultures this plasmid was capable of directing the
expression of approximately 20% more protease than the pT2Cb(3)HIV-1
construction (data not shown). Further analysis, however, indicated that bacteria

harboring the plasmid were poorly viable and rapidly lost the ability to express
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Figure 1-6: Effect of primary cistrons on the rate of protease expression.

E. coli harboring the bicistronic vectors pT2b(3)HIV-1, pT2Cb(3)HIV-1, and
pT20p(3)HIV-1 were grown to approximately 1 OD600 and induced with 500 uM
IPTG. At0, 15, 30, and 60 minutes post-induction samples were taken and crude
lysate generated by sonication. Protease activity in crude lysates was measured
as described in Materials and Methods. Data was plotted as % substrate cleaved

per minute per ODggg to normalize activity to cell density.
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the protease. This was presumably due to low level expression of the protease in
the absence of induction, which selected for non-expressing bacteria. Because of
the instability of this construction, plasmids containing the synthetic operon were

abandoned.

Bicistronic expression of SIV protease. Having developed an effective
system for HIV-1 protease expression, we turned to test its applicability to
expressing other viral proteases. A summary of the constructions obtained
during the development of SIV and HIV-2 expression vectors is presented in
Table 1-3.

The protease from SIVmac239 was expressed efficiently from a construct
pSODSIVPR built by Sergio Pichuantes, in which the SIV protease gene replaced
the HIV-1 protease gene in pSOD/PRTS. By measuring activity, protease
concentrations in induced cells were calculated to be approximately 5
mg/L/ODggp. To examine the potential for bicistronic expression, the HIV
protease genes in pT2Cb(3)HIV-1 and pT20p(3)HIV-1 were replaced by the SIV
protease gene. By virtue of the cloning sites used to transfer the SIV gene, the
protease cistron encoded the protease with a Met-Ala extension on the amino
terminus. Expression of SIV protease activity from pT2Cb(3)SIV and
pT20p(3)SIV was compared to that from pSODSIVPR. Activity levels were
considerably lower than those observed in the fusion system, being decreased
nearly two- and four-fold in the synthetic operon and CheY bicistronic
constructions, respectively.

The poor performance of the bicistronic system expressing the SIV protease
had not been anticipated. A possible explanation for the effect was that the SIV

protease gene itself contained sequences which hindered expression from the
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bicistronic system. It was observed upon closer analysis that the 5' end of the
protease gene contained a large number of G and C nucleotides immediately
downstream of the start codon, a factor which has been observed to inhibit
translation initiation (Devlin, et al., 1988; Tomich, et al., 1989). In our case, this
effect did not appear to correlate with predicted stem-loop structures, suggesting

that nucleotide usage itself played a role in limiting translation initiation.

Analysis of nucleotide usage effects at the 5' end of the SIV protease gene.
In order to express the protease with only a methionine extension on the amino
terminus, and to test the effect of 5' nucleotide sequences on expression, a mutant
(S/SIV) was constructed?. In this construct, the N-terminal codons were altered
to increase A:T usage from 9 to 11 out of 18 positions. A second mutant, in which
Ser4 was changed to His (S/SIV S4H), also contained 11/18 A or T nucleotides
although they were positioned in a different arrangement. Further mutations to
increase A:T usage were not possible due to codon usage restrictions. The
sequences of these genes and corresponding protease activity levels are shown in
Table 1-4. The increase in A:T usage resulted in a two to three-fold increase in
expression of the SIV protease in the context of the CheY-bicistronic arrangement
and three to four-fold increase in the synthetic operon constructions. Unlike the
HIV-1 protease, the synthetic operon construction was stable and was
maintained for the expression of the SIV protease. With all constructions, the

expressed protease partitioned only into the soluble fraction of induced cells,

All S/ constructs were built by cutting the original bicistronic vector with Nco I
and blunting with T4 ligase to generate a blunt ended ATG, which served as the
start codon. The A:T optimized protease genes were cut with StuI at the 5’ end
to yield a blunt end which started with CCT, the codon encoding Prol. The
ligation of these two fragments yielded protease genes in bicistronic constructs
with only Met amino-terminal extensions.
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Table 1-4. Effect of 5' nucleotide sequences on SIV protease expression

clone sequence of 5' end (aa 1-7) % clvga
pT2Cb(3)SIV ATGGCCCCTCAATTCTCTCTT 3.1+05
pT2Cb(3)S/SIV ATGCCTCAATTCTCTCTTTGG 7.610.2

pT2Cb(3)S/SIVS4H  ATGCCTCAATTCCATCTTTGG 105%1

pT20p(3)SIV ATGGCCCCTCAATTCTCTCTT 4.7%0.7
pT20p(3)S/SIV ATGCCTCAATTCTCTCTTTGG 144+06
pT20p(3)S/SIV S4H ATGCCTCAATTCCATCTTTGG 16.1+£0.2

2 % clvg measured by incubating 0.1 OD600 equivalents of clarified lysate with

250 pM substrate for 15 minutes at 37°C in activity buffer.
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suggesting that activity assays were an accurate measure of total expression
level.

Expression of the HIV-2 protease. Expression of the HIV-2 protease was
initially attempted in the pTacTac vector using a fusion between hSOD and a
precursor of the HIV-2 protease which included 13 amino acids of the pol gene
upstream of the HIV-2 protease (Pichuantes, et al., 1990). The fusion product was
well expressed without becoming insoluble, and mature HIV-2 protease was
released by autoproteolytic processing. Levels of mature protease were
calculated to be approximately 1 mg/L/ODgoo (Rafael Salto, personal
communication).

The pol-precursor form of the HIV-2 protease (115 amino acids in length) and
a mutant in which the precursor region had been deleted (S/H2) were cloned
into the pT2Cb(3)HIV-1 construction to generate the plasmids pT2Cb(3)H2/115
and pT2Cb(3)S/H2. These plasmids expressed active HIV-2 protease at levels
approaching those seen for the fusion construction. A second set of plasmids
based on the synthetic operon were also constructed (see Table 1-5). The pattern
of protease expression was very similar to what had been observed for SIV, in
that the genes containing a less G:C rich amino terminus were more highly
expressed. The use of the synthetic operon increased expression of the 115-
amino acid precursor form of the HIV-2 protease, but all attempts to isolate
clones expressing the mature, 99-amino acid form were unsuccessful because of
toxicity problems. The construction pT2Cb(3)S/H2 was retained for expression

of inactive mutants (Table 1-3).

64



Table 1-5. HIV-2 protease expression from fusion and bicistronic constructions

clone relative activity
pT2HIV2 1.0
pT2Cb(3)H2/115 0.78
pT2Cb(3)S/H2 0.92
pT2op(3)H2/115 1.54
pT20p(3)S/H2 unstable
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Discussion

The expression of the HIV-1 protease proceeded by two major steps. The first
was the use of the hSOD-HIV-1 protease gene fusion to assess the strength of the
pTacTac promoter relative to the promoter in the parent pSOD/PRT5 vector.
Although results were positive in that larger amounts of precursor protein were
expressed from the pTacTac promoter, overexpression led to precipitation of the
precursor protein and thus prevented the liberation of native HIV-1 protease.
Attempts to express the HIV-1 protease gene as a single entity, rather than a gene
fusion, were unsuccessful even in the context of the stronger promoter system.

Our intention to study the effects of site-directed mutants on the activity and
specificity of the HIV-1 protease required that we be able to produce the enzyme
in the absence of autoproteolytic processing. The second step of the expression
involved determining a means of expressing the HIV-1 protease free of fusion
partners, taking into account the initial failure of attempts to express the gene by
itself. Among the known factors which might be influencing prokaryotic
translation we felt that rare codon usage could be ruled out, since both protease
genes contained codons optimized for E. coli, or yeast, which are efficiently
utilized by E. coli. Furthermore, the presence of a sequence which rendered the
mRNA unstable was unlikely, as messages containing these genes in the context
of a fusion construction were efficiently expressed. We assumed that some block
to translation was present in the HIV-1 protease gene when it was placed by itself
behind a strong promoter; placing the protease gene in the context of a fusion to
hSOD relieved this block.

In order to utilize the apparent ability of a gene fusion to overcome
translation-inhibiting factors, we turned to the development of a bicistronic

expression system. Bi- or multi-cistronic expression is widely used in bacteria,
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and involves translating several independent polypeptides from a single mRNA.
Synthesis of discontinuous polypeptides is achieved by an arrangement in which
termination of one polypeptide chain leaves the ribosome at the initiation site of
the second polypeptide. Presumably, the presence of the ribosome at the second
translation-start site facilitates binding and initiation of translation by melting
out inhibitory secondary structures in the RNA at the ribosome binding site.

Two factors were studied and found to be crucial in modulating protease
expression: the identity of the primary cistron and the spacing between the
second Shine-Dalgarno (SD) sequence and the protease gene. The ribosome
termination and recapture sequences were derived from the sequences used by
Schoner, et al. (Schoner, et al.,, 1986). We decided to use a maximally
complementary SD sequence (9 nucleotides) to promote efficiency of ribosome
recapture. In fact, truncation of this sequence by 2 nucleotides on the 5' or 3' end
dramatically decreased translation of the protease gene (data not shown).

The distance between the SD and the start codon is thought to be involved in
fine-tuning the positioning of the AUG at the "A" site of an initiating ribosome.
A spacing of 3 nucleotides was optimal for expression of the protease, although
constructs with spacings of up to 7 nucleotides still generated some protease
activity. When the spacing was less than 3 nucleotides, however, expression
decreased drastically. This suggests that flexibility exists in the ribosomal
structur or the mRNA which will accomodate longer than optimal spacings but
not shorter ones.

Altering the primary cistron had as much as a two to three-fold effect on
protein expression levels. The kinetics of protease expression were dramatically
altered by changing the primary cistron. Whereas protease activity could not be

detected in hSOD-based bicistronic constructions until nearly 15 minutes after
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induction, CheY based constructions produced protease almost immediately.
Our interpretation of this result is that the CheY gene is more efficiently
translated and was able to deliver ribosomes to the secondary cistron with
greater speed. Although an optimized synthetic cistron appeared to improve
upon this delivery rate and increased expression yet again, the constructs were
unstable and cells harboring them appeared to suffer from the effects of protease
toxicity when expanded to large scale cultures. This was probably due to a low
level of leakage of lac repression, which allowed the production of a small
number of mRNA transcripts from which protease was efficiently synthesized.

This observation highlighted an important issue when dealing with the
pTacTac vector. The toxicity of the expressed gene products played a major role
in isolation of clones, requiring that a high lacl background strain of E. coli be
used for all cloning manipulations. Upon induction, protease expression
increased until approximately 2 hours after induction. At this point the
measurable levels of protease activity were at their peak, and beyond this point
activity declined steadily. The growth rate of cells harboring active protease
constructs declined (as measured by ODggp) and generally began to fall between
1 and 2 hours post induction relative to cells which had not been induced.
Induced cells were harvested at 2 hours post induction to maximize protease
accumulation and minimize cell death. Constructs which harbored inactive
protease mutations (HIV-1 PR D25N) were highly stable and induced cells
exhibited no decline in growth rates.

The ability of a bicistronic system optimized for the HIV-1 protease to direct
the expression of related proteases was examined. The genes for the HIV-2 and a
macacque strain of the SIV protease were both expressed from this system, but at

somewhat lower levels than the parent fusion constructions. The increase in
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protease expression with variation of the primary cistron was similar to that
observed for the HIV-1 protease. By manipulation of the 5' sequences in the HIV-
2 and SIV protease genes, it was possible to demonstrate that the identity of the
nucleotides at the 5' ends of the genes was another important determinant of how
well the proteases were expressed. Increasing A and T nucleotide usage
increased expression as much as three to four-fold. Although this manipulation
was limited by codon usage restrictions, it suggests that this is an important
factor to be considered when expressing other genes in this system.

It was clear from this analysis that the bicistronic arrangement was a useful
and efficient method for producing retroviral proteases. Expression levels were
mostly limited by the toxicity of the protease, which rendered some constructs
unstable and impaired growth of E. coli following induction. Each protease gene
cloned into this system had slightly differing characteristics and required some
systematic fine-tuning to optimize expression. The method developed here
minimized both insolubility problems and post-translational modification
requirements by expressing only the mature forms of the proteases. The N-
terminal methionines were removed efficiently by endogenous methionine
amino peptidase activity (Ben-Bassat, et al., 1987). These features rendered the
system ideal for the expression of mutants with altered activities or substrate

specificities.
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Chapter 2. Engineering Retroviral Proteases for Increased Stability

Part of this material has been published. See Rosé, J.R., Salto, R., and Craik C.S.
1993. Regulation of Autoproteolysis of the HIV-1 and HIV-2 Proteases with
Engineered Amino Acid Substitutions. J. Biol. Chem. 268: 11939 - 11945.
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Abstract

Autoproteolysis of the retroviral aspartyl proteases is a major obstacle to
purification and analysis of these enzymes. A mutagenic approach to rendering
autolytic cleavage sites less labile was applied to the primary cleavage site
between Leu5 and Trp6 in HIV-1 PR. From predictions based on known
substrates it was concluded that amino acids Lys or Ser in place of Gln at
position 7 would prevent cleavage at the Leu5-Trp6 peptide bond, therefore
stabilizing the protein. Autoproteolytic stability was enhanced at least 100-fold
by these mutations. At longer time points the protease was degraded at
secondary sites which contained adequate substrate sequences but were
conformationally restricted. Conversely, a mutation in HIV-2 PR which changed
Lys7 to GIn rendered the protein 3-fold less stable and shifted the position of the
initial autoproteolytic cleavage from Phe3-Ser4 to Leu5-Trp6. The HIV-2 PR
contained too many additional cleavage sites to allow stabilization with a small
number of amino acid substitutions. The SIV protease, however, could be
stabilized by approximately 4-fold through the replacement of Ser4 with His in
the amino terminus. The effects of these mutations demonstrate that small
changes in protein sequence can have a major impact on their autoproteolytic
stability. The work described here suggests a general method for stabilizing

proteases, and perhaps other recombinantly produced proteins, to autolysis.
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General issues in proteolysis

Uncontrolled proteolysis is a problem frequently encountered when purifying
proteins. In most cases, however, specific protease inhibitors or other
compounds may be employed to prevent unwanted proteolysis during
purification (North, 1989). When purifying and storing proteases, however,
these strategies may complicate subsequent analysis of the enzyme. Proteases
are often more susceptible to autoproteolysis when purified, being free of
contaminating polypeptides that can serve as alternate substrates. In such a case,
a protein may be stored at a sub-optimal pH to reduce proteolytic activity in a
reversible fashion as can be done with the digestive enzymes trypsin,
chymotrypsin, and elastase. Alternatively, a recombinant approach can be used
to regulate or to stabilize the proteolytic activity. A metal activated switch has
been engineered into trypsin to permit control of proteolysis by varying the
concentration of copper in solution (Higaki, et al., 1990). Conformationally
flexible loops in subtilisin have been immobilized and stabilized to autolysis
through the creation of calcium binding sites in the loops (Braxton and Wells,

1992).

Autoproteolysis in the HIV and SIV proteases.

It was noted as early as 1989, that the retroviral aspartyl proteases were prone
to activity loss during purification and storage (Strickler, et al., 1989), and a major
contributing factor to the loss of activity was autoproteolytic degradation. Loss
of activity and increased sample heterogeneity due to autoproteolysis can be a
significant problem when performing kinetic and crystallographic analysis. The
amino terminus of the HIV-1 protease appears to contain an efficiently cleaved

sequence: PQITLWQRP, in which the Leu5-Trp6 bond is the bond cleaved.
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Cleavage at this site results in the formation of a truncated species (HIV-1 PR Al-
5) which has no intrinsic activity (Babé, et al., 1991). The crystal structure of HIV-
1 PR reveals that this site occurs on an exposed surface loop following the first g-
strand of the dimer interface. We observed that the HIV-2 and SIV proteases
were more stable to autolytic degradation than HIV-1 protease and were not
cleaved at the L5-W6 bond. Although there should be no change in accessibility
of the site between the three enzymes, changes in primary sequence around this
bond may affect the ability of the HIV-2 and SIV proteases to recognize the site.
Simple options to overcoming autoproteolysis, such as those described
previously for stabilizing other proteases, were not readily available for the
retroviral proteases. These enzymes exhibit a wide pH range for proteolytic
activity (Hyland, et al., 1991) and the HIV-1 protease in particular is sensitive to
extreme pH conditions. Furthermore, the highly compact structure of the
protease homodimers make them less amenable to the mutations required for the
aforementioned engineering approaches. It was crucial for us to identify a means
of stabilizing these enzymes in order for us to perform biochemical analysis on
mutants engineered for the purpose of studying structure-function relationships.
The proteolytic stabilization of HIV-1 protease was explored using a general
method that sought to render known cleavage sites less labile by altering their
amino acid sequences. This process was greatly facilitated by a knowledge of the
substrate specificity of the HIV-1 and HIV-2 enzymes. Based upon data from
many proteins and peptide substrates, algorithms have been constructed to
predict the ability of the proteases to cleave substrates containing specific amino
acids (Poorman, et al., 1991). Poorman's predictive algorithms and comparisons
between HIV-1, HIV-2, and SIV protease sequences were used to design single-

site mutants with the intent of preventing autoproteolysis in all three enzymes.
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Materials and Methods

Site-directed mutagenesis. Mutagenesis was performed using the procedure
described previously (see Chapter 1). The oligonucleotide 5'-CACCTTGTGG
AAGAGACCACT AG-3', was used to replace GIn7 in HIV-1 protease with Lys.
Mismatches are indicated by underlined nucleotides. Mutants were screened by
sequencing through the site of mutation. The oligonucleotide 5'-CACCTTGTGG
TCTAGACCACTAG-3', replaced GIn7 in HIV-1 protease with Ser and
introduced a unique Xba I site (TCTAGA) which was used to screen mutants.
The oligonucleotide 5'-CTCTCTTTGGCAGCGCCCGGTGGTCACCGC-3'
replaced Lys7 in HIV-2 protease with Gln and introduced a unique Nci I site
(CCCGG) which was used to screen mutants. The oligonucleotide 5'-CCTCA
ATTCCATCTTTGGAGAGACC-3' was used to replace His4 of SIV protease with
Ser, and mutants were identified by sequencing through the site of mutation. All
mutants were later confirmed by sequencing the entire protease gene. Genes
with the desired mutations were cloned into the bicistronic vectors
pT2Cb(3)HIV-1, pT20p(3)S/SIV, and pT2op(3)H2/115 for the expression of the
HIV-1, SIV, and HIV-2 proteases, respectively.

Production and purification of recombinant proteins. Saturated cultures of
E. coli (strain X90) were diluted 10-fold into fresh LB medium plus 50 pg/ml
ampicillin and incubated for 1.5 hours at 37°C. IPTG was added to 500 uM to
induce expression. Cultures were allowed to grow for two hours and then
harvested by centrifugation at 7,000 rpm in a GSA rotor. Cell pellets were
resuspended in 5 volumes of lysis buffer (50 mM HEPES, pH 7.5, 1 mM EDTA,
ImM DTT) and lysed by sonication. Lysates were clarified at 4°C by

centrifugation at 14,000 rpm for 30 minutes in an S5-34 rotor.
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a. HIV-1 protease: The clarified supernatant was treated with 0.5% (w/w cell
pellet) protamine sulfate and spun at 42,000 rpm for 30 minutes in a Ti-45 rotor to
remove nucleic acids. After adjusting the conductance of the supernatant to 2.8
millisieverts (mS) it was loaded onto a DEAE Sepharose column at pH 7.5. The
protease was collected in the flow through. This material was adjusted to pH 6.0
with 2 M MES and a conductance of 2.2 mS by dilution with water, and loaded
onto an S-Sepharose column equilibrated in 50 mM MES, pH 6.5, 1 mM EDTA, 1
mM DTT. The protease was retained on the column and eluted with a gradient
of 0to 1 M NaCl. Active fractions from this elution were pooled and loaded onto
a Pepstatin-A Agarose affinity column equilibrated in 50 mM HEPES, pH 7.5, 1
mM EDTA, ImM DTT. Protease was eluted with a buffer containing 100 mM e-
amino caproic acid, pH 10.5, 50 mM NacCl, 5% glycerol, 5% ethylene glycol, 1 mM
EDTA, 1 mM DTT. Active fractions were neutralized with 2 M HEPES and
frozen for storage. These fractions were analyzed by SDS-PAGE on 13%
polyacrylamide gels and stained with Coomassie Blue. Purified protease was
shown to contain a small amount (<2%) of a 14kDa contaminant. Yields were
approximately five milligrams of purified protease from 10 grams of E. coli.

b. HIV-2 protease: Clarified supernatant generated by sonication was
precipitated with 57.5% ammonium sulfate overnight, followed by centrifugation
for 45 minutes at 12,500 rpm in an SS-34 rotor. The pellet was resuspended in 50
mM HEPES, pH 7.5, 1 mM EDTA and loaded on a column of Pepstatin-A
Agarose. The protease was eluted with a buffer containing 250 mM e-amino
caproic acid, pH 10.5, 5% glycerol, 5% ethylene glycol and 1 mM EDTA. Active
fractions were pooled and loaded on a DEAE Sepharose column at pH 10.5.
Following extensive washing, the protease was eluted with 50 mM HEPES, pH
7.5,1 mM EDTA. HIV-2 PR K7Q was purified in essentially the same way as
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HIV-2 protease except that elution from the DEAE Sepharose column required a
gradient of 0 to 0.5 M NaCl in 50 mM HEPES, pH 7.5 buffer following the change
of pH. Yields were between three and ten milligrams of purified protein from 17
grams of E. coli. The purified protease was shown to be of single-band purity by
Coomassie Blue stained SDS-PAGE (13% polyacrylamide).

c. SIV protease: This enzyme was purified using essentially the same protocol
as HIV-2 protease. Protease eluted from the DEAE Sepharose column with 50
mM HEPES, pH 7.5, 1 mM EDTA was found in fractions containing the pH
change from 10.5 to 7.5. Material with the highest activity:A280 ratio was frozen
at -70°C. These fractions were analyzed by SDS-PAGE on 13% polyacrylamide
gels and shown to be of single-band purity by Coomassie Blue staining. This

protocol yielded eight milligrams of purified protease from five grams of E. coli.

Kinetic analysis of proteases. Protease activity was measured by the method
of Pichuantes et al. (Pichuantes, et al., 1990). Samples were incubated in activity
buffer (50 mM sodium acetate, pH 5.5, 1 M NaCl, 1 mM DTT, 1 mM EDTA) in the
presence of the decapeptide substrate NH>-ATLNFPISPW-COOH (Peptide I).
Cleavage products were separated on a reversed-phase C18 Pecosphere column
(Perkin Elmer). kst and Ky determinations were performed in triplicate using
Peptide I concentrations up to 2.5 mM in order to bracket Kyp. Purified protein
concentrations were determined by active site titration (Tomasselli, et al., 1990)

using inhibitor U85548 (a gift of Dr. A. Tomasselli, Upjohn Laboratories).

Cleavage site identification. The identity of the first cleavage site in each
protease was determined as follows. Approximately 5 pg (HIV-1 protease) or 10

ng (HIV-2 protease, SIV protease) of purified protease was incubated in activity
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buffer at 37°C as in the time course assays mentioned previously. At a time
corresponding to one half life, the sample was heated briefly at 75°C to inactivate
the enzyme and frozen at -70°C. The contents of the solution were bound to a
PVDF membrane by spinning the digested solution through a Pro-Spin column
(ABI). Sequential Edman degradation was performed on the membrane using an
Applied Biosystems model 470A gas-phase protein Sequencer equipped with an
on-line phenylthiohydantoin-derivative analyzer. The phenylthiohydantoin-
derivatives were separated by reverse phase chromatography on a Brownlee C-
18 column (Hunkapillar, et al., 1983). Sequencing was carried through five cycles
and the identified sequences matched to the known protease sequence. In order
to identify all of the cleavage sites in each protease, reactions were set up as
before, but digestions were extended to five half-lives before the reaction was

stopped and transferred to PVDF for analysis as previously described.

Autoproteolysis. Time courses of protease decay were performed as follows.
Purified proteases were incubated at 37°C in activity buffer at concentrations of
five ug/ml (HIV-1 protease) or 10 pg/ml (HIV-2, SIV protease). At periodic
intervals 10 pl aliquots were withdrawn and assayed for proteolytic activity as
described. Decay curves were generated by comparing the remaining activity at
a given time (Ay) to the initial activity (Ap). Curves were fit to either a first order
rate equation Ay = Agekt or a simple second order rate equation Ay = Agp/(1 +

Aogtko*t), where t is time and k, k> are the rate constants for inactivation.

Results

Identity of Cleavage Sites. N-terminal sequencing of endpoint digestions of

HIV-1, HIV-2 and SIV proteases yielded the identities of the cleavage sites listed
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in Table 2-1. These sites are shown graphically in Figure 2-1. The HIV-1 protease
was cleaved in three locations: the N-terminal site L5-W6 and two additional
sites at L.33-E34 and P63-V64. The SIV protease was also cleaved at an N-
terminal site, F3-54, and at two additional sites G35-I36 and G52-F53. The HIV-2
protease was cleaved at the same positions as SIV protease, as well as at three
additional positions at Y14-115, M76-T77 and L90-T91.

By using N-terminal sequence data from early time points in the digestion it
was possible to identify sites which were clearly cleaved first, labeled "primary
sites" in Table 2-1. Cleavage at these sites is correlated directly with the
inactivation of the enzyme. The sites which are listed as secondary in Table 2-1
are sequences which were detected only after the primary cleavage event had
occurred. Although cleavage at these sites appears to be sequential, the order of

the autoproteolysis reaction has not been extensively analyzed.

Design of autoproteolysis mutants. A statistical algorithm has been written
for predicting the tendency of a protein sequence to be a substrate of HIV-1
protease based on data accumulated from natural protein substrates (Poorman, et
al., 1991). This algorithm assumes that the preference of a given pocket of the
enzyme for a given amino acid in a substrate is independent of the identity of the
other residues in the substrate. By observing the frequency with which residues
appear at given positions in the substrate, tables of probabilities have been
constructed which indicate the apparent specificity of the enzyme for a given
residue at a given position. The probability (h) that a peptide will be a substrate
is determined as a ratio which compares the products of the specificity values (s)
for the eight amino acids in a substrate to the same value plus a scaling factor

(1/PS) which corrects for occurrences where a random octapeptide is a substrate.
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Figure 2-1: Autoproteolysis sites in retroviral proteases.

Cleavage sites were identified by incubating 5 pug of HIV-1 proteases or 10 pug
of HIV-2 or SIV proteases in activity buffer for a time approximately equal to five
half lives. Arrows indicate sites identified by N-terminal sequencing of digested

samples transferred directly to PVDF membranes.
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Table 2-1. Cleavage sites identified in retroviral proteases.

HIV-1PR HIV-1Q7KPR HIV-2PR HIV-2K7QPR SIVPR

L5-Wé L33-E34 F3-S4 L5-Wé6 F3-54

L33-E34 P63-V64 Y14-115 Y14-115 G35-136

P63-Vé64 G35-136 G35-136 G52-F53
G52-F53 G52-F53

M76-T77 M76-T77

L90-T91 L90-T91

Sites at which cleavage is associated with initial activity loss (primary

sites) are shown in bold.
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The values for PS are enzyme- and case-specific.

8
[Ts
(Equation 2-1) h= 4!
[Isi + 1/Ps
1

The specificity data for the twenty amino acids in an HIV-1 or HIV-2 protease
substrate is reproduced in Appendix B. The PS values used for HIV-1 and HIV-2
predictions were 0.006 and 0.004, respectively. Using this data, the Poorman
algorithm predicts the probability of cleavage (h) at the L5-W6 bond to be 0.46.
The analogous HIV-2 sequence (QFSLWKRP), which is not cleaved by the HIV-2
protease, is calculated at h = 0.020, suggesting that it would also not be cleaved
by HIV-1 protease. The reason for this block of cleavage would appear to be the
presence of Lys at position 7 (Py' relative to L5-W6), which has a probability of
occurrence in an HIV-1 substrate of 0.09 and causes the single greatest drop in
cleavage probability for this sequence. Previous mutagenesis data suggested that
lysine at P’ in an otherwise native processing site is sufficient to prevent
proteolytic processing (Margolin, et al., 1990).

It was our intention that autoproteolysis stabilization mutations should have
minimal effects on protein function. Mutation of GIn7 to Lys in HIV-1 protease
should have minimal effects on protein structure, as this residue is fully solvent
accessible and distant from the vicinity of the active site. Concern for the effect of
increased positive charge on the activity of HIV-1 PR Q7K prompted the
construction of HIV-1 PR Q7S. The presence of Ser7 in the N-terminal cleavage
site also reduces the cleavage probability to 0.020.

The mutant HIV-2 PR K7Q was designed to test the effect of an HIV-1

protease sequence substitution at position 7 on the rate of autodegradation and
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position of the initial cleavage site for HIV-2 protease. Given the number of
cleavage sites in the HIV-2 protease we decided not to attempt stabilization of
this enzyme. A mutant was designed for the stabilization of the SIV protease,
however, which appeared to have a manageable number of sites. The mutation
S4H was designed based on the observation that a point substitution of His in
SIV protease for Tyr in HIV-2 protease was sufficient to prevent cleavage at an

otherwise identical sequence from amino acids 11-18.

Autoproteolysis of wild type and mutant HIV-1 protease. To make accurate
comparisons among the mutant enzymes it was important to assess any effect of
the mutations on their kinetic characteristics. As shown in Table 2-2, HIV-1 PR
Q7K differed from the wild type enzyme by increases of 20 - 25% in kcat and K,
but the overall specificity as measured by kcat/KM was identical within
experimental error. HIV-1 PR Q7S had kinetic values which varied considerably
from wild-type enzyme, showing an overall 14% decrease in specific activity as
measured by kcat/KM. Although there was a moderate (7%) decrease in Kuy, the
majority of the activity difference arose from a 30% decrease in k¢at. This loss of
activity implies that even though position 7 is remote from the active site, the
choice of amino acid substitution may have a significant effect on activity. HIV-1
PR Q7K displayed a lower solubility in E. coli than wild type protein and HIV-1
PR Q7S, presumably due to its increased positive charge. The decreased
solubility of this mutant was also evident with purified material.

The stability of the wild type and mutant enzymes is shown in Table 2-3.
Replacing GIn7 with Lys or Ser resulted in a stabilization of the proteolytic
activity at 37°C of at least 15-30-fold. Time course SDS-PAGE of wild type HIV-1

protease correlated the loss of proteolytic activity with formation of a truncated
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Table 2-2. Kinetic parameters for wild type and mutant proteases.

kcat KM kcat/ I<M
protein min’! uM minpM!
HIV-1PR 815120 990 + 50 0.82+0.04

HIV-1 PRQ7K 1030+ 30 1280+ 60 0.81+0.03

HIV-1 PR Q7S 580 50 820+ 40 0.70x0.07
HIV-2 PR 180 £10 74070 0.24+0.02
HIV-2 PRK7Q 26015 950 £ 100 0.26 £ 0.02
SIV PR 220+ 20 1030 £50 0.22 £ 0.02
SIV PR S4H 277 £ 30 1500 £ 250 0.18+0.04

k_, and K, were determined using substrate I (NH,-ATLNF-PISPW-
COOH) in standard assay buffer (50 mM NaOAc, 1 M NaCl, 1 mM
EDTA, 1 mM DTT).



Table 2-3. Inactivation kinetics for wild type and mutant proteases.

protein sequence ng'min’! (10ng/ul)
HIV-1PR PQITI.TWQRP 2.6+0.1x107° 3813

HIV-1PRQ7K* PQITLWKRP  228+1x10% 3100200

HIV-2 PR PQlfr’SLWKRP 59+0.2x10 1703
HIV-2 PRK7Q PQFSL’FVQRP 2.4+0.1x10° 42+2
SIV PR PQETSLWRRP 1.9+0.1x 10 530 £ 30

SIV PR S4H* PQFHLWRRP  5.0%0.1x10™* 1300 + 100

Rates of inactivation determined in standard assay buffer (50 mM NaOAc, 1
MNaCl,1 mMEDTA, 1mM DTT) at37°C. k, represents the apparent second
order rate constant for activity loss taken from the equation describing the
decay of each protease. Arrows indicate sites of autocleavage associated with
the loss of activity. Asterisks indicate probable first order decay processes,

rate constants reported are therefore k, with units of min’.
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species (Figure 2-2). N-terminal sequencing of digestion products of HIV-1
protease identified this truncated species as being identical to HIV-1 PR a1-5.

When attempting to identify the site of degradation responsible for the loss of
activity in HIV-1 PR Q7K, it was discovered that the loss of activity did not
correlate with the appearance of a truncated form of the protease, as only native
N-terminal sequences were identified. Due to the length of the assays needed for
examining the stability of HIV-1 PR Q7K and HIV-1 PR Q7S, reversible or
irreversible oxidation of cysteine 67 and/or 95 may have occurred. This has been
observed to cause a loss of proteolytic activity (Strickler, et al., 1989). When
additional DTT was added during the digest, the protein recovered nearly 80% of
its initial activity following 88 hours of incubation at 5 ng/ul (Figure 2-2). Our
initial estimation of the protein stability probably represented the rate of
inactivation by cysteine oxidation under the conditions reported. N-terminal
sequencing of HIV-1 PR Q7K digestions carried out with higher concentrations of
reducing agent for 4 days (~90 hours) identified fragments generated by cleavage
at L33-E34 and P63-V64.

Autoproteolysis of wild type and mutant HIV-2 protease. HIV-2 protease is
initially inactivated by a cleavage event taking place at the F3-54 bond, as shown
in Table 2-1 and Figure 2-3. Presumably this cleavage event occurs because the
N-terminal region is still accessible for cleavage but the Lys at position 7 prevents
cleavage at L5-W6. To demonstrate that the L5-W6 bond cleavage was affected
by sequence and not a change in accessibility, the Lys at position 7 was
substituted with GIn. The presence of an HIV-1 protease-like sequence at
position 7 on HIV-2 protease was expected to destabilize the enzyme. The kcat of

HIV-2 PR was increased 23 - 30% relative to the wild type enzyme but again the
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Figure 2-2: Activity decay curves for HIV-1 protease (A) and
HIV-1 PR Q7K (B).

HIV-1 protease was assayed at 5 ng/pl, HIV-1 PR Q7K at 10 ng/ul. A/Aq
represents the ratio of active protein at a given time (A) to the total active protein
at time = 0 (Ag). Decay curves were generated by assaying remaining protease
activity at various time points (0). Numbered arrows indicate samples analyzed
by SDS-PAGE and stained with Coomassie Blue (see figure insets). Sample times
for inset in (A) are 0 (0), 45 (1), 75 (2), 130 (3), 240 (4) and 480 (5) minutes. For
HIV-1 PR Q7K, 5 mM DTT was added to the reaction mixture at 4000 minutes
prior to final sampling. A/Ag at this time point was 0.8 following addition of
DTT (data not shown). Sample times for inset in (B) are 0 (0), 1450 (1), 3400 (2),
and 4380 (3) minutes.
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Figure 2-3: Activity decay curves for HIV-2 protease (A) and
HIV-2 PR K7Q (B).

Starting concentrations of HIV-2 protease and HIV-2 PR K7Q were 10 ng/pl.
A/Ag represents the ratio of active protein at a given time (A) to the total active
protein at time = 0 (Ap). Decay curves were generated by assaying remaining
protease activity at various time points (0). Numbered arrows indicate samples
analyzed by SDS-PAGE and stained with Coomassie Blue (see figure insets).
Sample times for inset in (A) are 0 (0), 60 (1), 120 (2), 240 (3), 480 (4), and 780 (5)
minutes. Sample times for inset in (B) are 0 (0), 15 (1), 30 (2), 60 (3), 120 (4), and
240 (5) minutes.
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overall specificity was identical within experimental error (Table 2-2). The half
lives of the two enzymes showed that the mutation destabilized HIV-2 PR K7Q
three-fold relative to HIV-2 protease (Table 2-3). SDS-PAGE analysis of samples
of the proteases taken during a time course showed the formation of a truncated
species with a mobility very similar to the initial material (Figure 2-3). N-
terminal sequencing showed that the truncated species of HIV-2 PR K7Q was
degraded exclusively at the L5-W6 bond; no species suggesting cleavage at F3-54
was detected. Complete digestion of the protease showed that changing the N-

terminal autolysis site had no effect on downstream sites.

Autoproteolysis of the SIV protease. The expression and purification system
developed for the SIV protease allowed for the production of this protease at
considerably higher levels than the HIV-1 and HIV-2 proteases. Since this
enzyme differs from HIV-2 protease by only 9 amino acids, its kinetic parameters
and degradation profile were examined relative to HIV-2 protease. This enzyme
has kinetic constants very similar to those of HIV-2 protease, shown in Table 2-2,
as suggested by previous analysis (Grant, et al., 1991). The half life for this
enzyme, however, is three-fold longer than the half life of HIV-2 protease (Table
2-3). A time course of decay for this enzyme on SDS-PAGE identified several
truncated species resulting from autoproteolytic degradation. N-terminal
sequencing of the earliest observed species indicated that it was generated by
cleavage at the F3-54 bond.

The mutant SIV PR S4H was made and analyzed for stability to autolysis.
The mutation had only minor effects on the kinetic parameters of the enzyme,
decreasing kcat/KM by approximately 20 percent. A comparison of the decay

curves for the wild type and mutant enzymes was made at 40 ng/ul due to the
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very slow decay rate of the SIV PR S4H mutant (Figure 2-4). As had been
observed for HIV-1 PR Q7K, the S4H enzyme lost activity considerably more
slowly than wild type SIV PR, with an approximately six-fold increase in half life.
Activity loss was not directly correlated with the detection of cleavage products,

suggesting that another process was responsible for the observed loss of activity.

Analysis of Reaction Order. A mechanism for inactivation of these enzymes
can be proposed based on the order of the reaction. Autoproteolysis could
involve an intermolecular cleavage of one protease by another, a second order
process, or one protease cleaving itself in a first order process. In the first case,
the half life of the active species would be sensitive to protease concentration,
whereas an intramolecular cleavage event would be insensitive to concentration.
Wild type SIV protease was used to examine the order of the autoproteolytic
reaction because of its relative ease of production and comparable activity to the
other two enzymes. Decay curves were generated using three different
concentrations of protease, and the half lives measured for each concentration
(Figure 2-5). The observation that the half life varied as a function of
concentration suggested that the decay process is second order, and therefore
represents an intermolecular cleavage event. At lower concentrations, an
apparent first order component to activity loss became more significant. It is
probable that this component represents activity loss due to dimer dissociation.
This first order component was seen at concentrations predicted to be 50-60 nM
for HIV-1 protease and 15 - 30 nM for HIV-2 and SIV proteases, which is within
the range of the dimer dissociation constant observed under these assay
conditions (Babé and Craik, 1992).

The inactivation of HIV-1 PR Q7K and HIV-1 PR Q7S did not follow the
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Figure 2-4: Activity decay profile for SIV protease (A) and SIV PR S4H (B).
Starting concentration of SIV protease was 10 ng/ul. A/Ag represents the
ratio of active protein at a given time (A) to the total active protein at time = 0
(Ap). Decay curves were generated by assaying remaining protease activity at
various time points (0). Numbered arrows indicate samples analyzed by SDS-
PAGE and stained with Coomassie Blue (see figure inset). Sample times are 0 (0),
120 (1), 360 (2), 645 (3), 840 (4), and 1040 (5) minutes. In panel (B) both SIV

protease and SIV PR S4H were assayed at 40 ng/pl.
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Figure 2-5: Effect of SIV protease concentration on decay curve.

Initial concentrations of SIV protease were 10 (a), 20 (Q) and 40 (0) ng/pul.
Active protein concentration was determined by assaying activity at the
indicated time points and normalizing it to the activity at T = 0. Half lives are
indicated by arrows on each curve and corresponding intersections at the X-axis.
The endpoint of the 10 ng/ul curve was fit to a data point at 1440 minutes which

was omitted from the graph.
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second order pattern described above. Samples at 5 and 10 ng/pl displayed
approximately the same rate of activity loss (data not shown). This concentration
independence and the ability of additional DTT to restore activity suggest that
these enzymes lose activity primarily through a first order process, probably
cysteine oxidation. It is also likely that during the course of an extended assay
(>72 hours) the protein undergoes irreversible thermal denaturation. This would
be a likely explanation for the loss of activity of the SIV PR S4H mutant, which

has no cysteine residues.
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Discussion

The regulation of protease activity is often achieved by autoproteolytic
cleavage events. In the case of bovine chymotrypsin, the precursor
chymotrypsinogen undergoes activation to a-chymotrypsin through a series of as
many as nine proteolytic intermediates which are stable and have been isolated
and characterized (Sharma and Hopkins, 1981). These intermediates represent
pathways for either slow or rapid activation of this enzyme. Autoproteolytic
cleavages also play a role in inactivating these digestive enzymes. Fully
activated bovine o-trypsin undergoes autolytic cleavage at K176-N177 which
destroys the affinity of the enzyme for its substrates (Smith and Shaw, 1969),
although disulfide bonding keeps most of the native structure intact.

Total autoproteolytic degradation of the HIV-1, HIV-2, and SIV proteases is
restricted to cleavage at three to five sites whose identities are dictated by the
particular sequence specificity of these proteases. The initial cleavage events
occur at an N-terminal strand or loop which is exposed and likely to be accessible
to an attacking protease. Mutation of amino acids around these cleavage sites
may render them non-optimal substrates, thus stabilizing the enzymes to
autolysis. Of the three proteases, HIV-1 protease is an ideal model for type of
manipulation because it has been extensively studied. A large database of
mutants of HIV-1 protease (Loeb, et al., 1989) allows for the identification of
amino acid positions which are sensitive to engineered stabilization mutations.
These positions can be avoided when selecting residues around a known
cleavage site as targets for substitution.

In addition, extensive studies on substrate specificity of HIV-1 protease have

provided information on substrate specificity determinants. This includes data
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on nonviral protein substrates summarized by Poorman (Poorman, et al., 1991),
as well as directed mutants of natural viral substrates (Jupp, et al., 1991;
Margolin, et al., 1990; Partin, et al., 1990). These studies provide information as
to which amino acids can be positioned at defined sites in a peptide sequence to
render a substrate less labile. In this study we showed that the identity of
residues which will prevent cleavage at a given position could be determined by
which amino acids caused the greatest drop in the cleavage probability of the
target sequence.

Cleavage at the HIV-1 PR L5-W6 bond in the N-terminal sequence
QITLWQRP occurs very rapidly and is sufficient to inactivate the enzyme. This
sequence, consequently, was an initial target for stabilizing mutations. The HIV-
2 protease, which is not cleaved at the L5-W6 bond, differs significantly from
HIV-1 protease in having a Lys at position 7. This residue was predicted by the
Poorman algorithm to make the N-terminal sequence of HIV-1 protease a poor
substrate. A mutation from GIn to Ser at position 7 was predicted to have a
similar effect without affecting the isoelectric point of the enzyme. In HIV-1
protease, replacement of GIn7 (P7' relative to the 5-6 bond) with Lys or Ser
decreased the rate of proteolytic inactivation by greater than 100-fold at 37°C.
Under normal reaction conditions HIV-1 PR Q7K and HIV-1 PR Q7S lost activity
in a concentration independent manner (i.e. a first order process). SDS-PAGE
analysis indicated that this loss of activity did not correlate with the generation of
truncated forms of the protease. It was concluded that oxidation of cysteine
residues, which has been reported to inactivate the enzyme (Strickler, et al., 1989)
was the major cause of inactivation. Autolysis experiments performed under
conditions of low oxygen and high reducing agent concentrations generated

truncated forms of the protease at very long time points (>72 hrs) identified as
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the results of proteolysis at either the L33-E34 or P63-V64 bond. Sequencing data
was sufficient to identify the sites, but not the order in which they were cleaved.
Both of these sites may be structurally occluded: L33-E34 by two B-strands
formed from amino acids 76 - 79 and 82 - 88, and P63-V64 by a strand formed by
amino acids 69-79. The length of time required to generate these species suggests
that cleavage at such "secondary sites" may be restricted by conformational
accessibility and may only occur as a function of denaturation of the enzyme.
Recently, it has been reported that engineering of the two secondary sites as well
as the primary site to include non-optimal residues stabilizes the protease even
further than the Q7K mutation alone (Mildner, et al., 1994).

HIV-2 PR K7Q was made to confirm that the lack of cleavage at the L5-Wé6
bond of HIV-2 protease was not due to conformational differences between HIV-
1 and HIV-2 proteases. The half life of HIV-2 PR K7Q was approximately the
same as that of HIV-1 protease, having been destabilized three-fold relative to
HIV-2 protease. Furthermore, the site of the original cleavage event shifted from
F3-54 to the better substrate L5-W6, recapitulating the pattern of cleavage in the
N-terminus of HIV-1 protease.

The stabilization of SIV protease was effected by manipulation of the P1'
residue at the cleavage site F3-S4. The P1' residue, Ser4, pointed away from the
dimer interface and was not involved in any interactions involved in holding the
dimer interface together. Although kinetic analysis suggested that the mutation
affected the specific activity of the enzyme by approximately 20%, part of this
may have arisen from difficulties which occurred during kinetic analysis. We
were unable to measure substrate concentrations substantially above Ky, thus
increasing the error in the measurement. SIV PR S4H was stabilized

approximately 3-fold by this mutation, although the loss of activity which was

100



observed during time courses with the mutant enzyme was not consistent with a
second order autoproteolytic degradation process. The absence of detectable
degradation products by N-terminal sequencing suggested that the SIV PR S4H
might also have lost activity through thermal denaturation or methionine
oxidation. This stabilized mutant was highly useful in providing stable protease
for crystallization trials, and eventually yielded diffraction quality crystals (Rose,
et al., 1993). It was noted that the pl of the SIV PR S4H enzyme was shifted to
6.3, relative to the wild type pI of 5.2 (Todd Richmond, personal communication),
which may also have facilitated crystallization. Analysis of the crystal structure
indicated that, as expected, the histidine at position 4 made no contacts with the
other residues of the dimer interface (Robert Rose, personal communication).
The SIV and HIV-2 proteases have amino terminal sequences which differ
only by R or K, respectively, at position 7 (P4' relative to the 3-4 bond). The
observation that the rate of cleavage at F3-54 differs by three-fold between these
proteases suggests that the P4' residue may affect substrate specificity. This
implies that there are sites other than P2' which may be useful sites for mutations
which affect the lability of a cleavage site. The final autodigestion products of
the HIV-2 and SIV enzymes differ in another manner. The efficient cleavage of
HIV-2 protease at Y14-I15 is not observed in SIV protease, which is most likely
due to the substitution of His for Tyr at position 14 in SIV protease. The absence
of two other sites identified in HIV-2 protease (M76-T77, L90-T91) may be due to
insensitivity of the assay and is being investigated. This type of comparison
between related HIV and SIV proteases may identify other potential cleavage
sites and provide independent confirmation of predicted stabilizing mutants.
The approach to stabilization outlined above may be pursued along two

routes, reflecting two different mechanisms for overall degradation. In the first, a
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primary cleavage event (for instance, in the N-terminus) results in a change in
conformation of the protein. This allows for exposure of other cleavage sites
which, in the native form, may be conformationally inaccessible. In this case,
identification and elimination of the primary cleavage site should have a
considerable impact on stabilization of the protein. This strategy may, however,
expose a new primary cleavage site which would ordinarily not be observed due
to a more rapid cleavage at the original site. This is the case observed with HIV-2
PR K7Q and HIV-2 protease. There are two potential cleavage sites available at
the N-terminus in HIV-2 PR K7Q: F3-54 and L5-W6. Autolysis occurs rapidly
and exclusively at L5-W6, unless the site is made non-labile by a Lys at position 7
as is seen in the wild type enzyme. Autolysis of HIV-2 then occurs at the F3-54
bond, although at a slower rate. Elimination of all cleavage sites in the amino
terminus should stabilize the enzyme to a large extent.

Within the limits of detection of our experiments the N-terminal cleavage site
was the only cleavage site associated with the initial loss of activity. If alow rate
of cleavage is occurring simultaneously at other sites, then the rate of
degradation at these sites also contributes to the observed rate of inactivation.
This suggests a second general mechanism of degradation, where all potential
cleavage sites are accessible in the native protein and the timing of cleavage at
each site represents how well each sequence is recognized as a substrate. Thus,
the observed half life for loss of protease activity represents the rate of cleavage
at the bond which is the best substrate for the protease. In this case, elimination
of autoproteolytic degradation requires mutation of all sites shown to exist by
total degradation analysis. Although this is a more thorough approach, the
number of mutations required may result in a dramatic effect on the structure or

activity of the enzyme.
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The effect of autoproteolytic cleavage on the activity of HIV-1 protease in vitro
is quite dramatic, and the stabilized enzyme has provided a useful reagent for
biophysical analysis. HIV-1 PR Q7K has consistently yielded large, diffraction
quality crystals (Rutenber, et al., 1993). Although current efforts have focused on
regulating the autoproteolysis of retroviral proteases, a similar strategy may be
applied to the targets of a protease. Degradation of recombinant proteins can be
a serious complication in expression and purification. By identifying the sites
which are cleaved and determining the substrate specificity of the degrading
protease, methods similar to those described in this report may be used to
produce a more stable form of the expressed protein.

It is intriguing to consider the possibility that the autoproteolytic cleavage
sites are actually utilized as a means of regulating protease activity. Following
processing of the viral proteins and complete maturation of the virion the
protease may undergo autoproteolytic cleavage as a means of downregulating its
own activity. The situation may be considered analogous to the regulation of the
activity of digestive serine proteases. It is possible that the presence of high
levels of active protease inside a virion may be detrimental, as it increases the
chances for degradation of crucial viral proteins. Using the vector system
described in the next chapter we introduced the HIV-1 Q7K mutant protease into
the viral genome. We did not observe any effects on the efficiency of virus
production, or any decreases in viral infectivity, which suggests that the stablized
protease activity is not detrimental to the virus. The ability to engineer proteases
with variable half lives for in vivo as well as in vitro studies, however, may allow

us to address the role of protease activity at later stages in the life cycle.
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Chapter 3. Structure and Function and Virology of Catalytic
Mutants of the HIV-1 Protease

Portions of this chapter have been submitted for publication. Rosé, J.R., Babé¢,
L.M., and Craik, C.S. (1995) Defining the Level of HIV-1 Protease Activity
Required for HIV-1 Particle Maturation and Infectivity. J. Virol., in press.
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Abstract

The human immunodeficiency virus type-1 (HIV-1) protease is the enzyme
required for processing of the gag and gag-pol polyproteins to yield mature,
infectious virions. Although the complete absence of proteolytic activity
prevents maturation, the level of activity sufficient for maturation and
subsequent infectivity has not been determined. Amino acid substitutions have
been engineered into the active site of the HIV-1 protease that reduce catalytic
activity without affecting substrate recognition. The catalytic efficiency (kcat) of
the HIV-1 protease is decreased 4-fold when threonine 26 is replaced by serine,
and approximately 50-fold when alanine 28 is replaced by serine. Genes
containing these mutants were cloned into a proviral vector for analysis of their
effect on virion maturation and infectivity. The results show that virions
containing the T26S protease variant (T26S PR), in which only 25% of the
protease is active, are very similar to wild type virions, although slight
reductions in infectivity are observed. Virions containing the A28S protease
variant (A28S PR) are not infectious, even though a limited amount of
polyprotein processing does occur. There appears to be a linear correlation
between the level of protease activity and particle infectivity. Our observations
suggest that a threshold of protease activity exists between a 4-fold and 50-fold
reduction, below which processing is insufficient to yield infectious particles.
Our data also suggests that reduction of protease activity by 50-fold or greater is

sufficient to prevent formation of infectious particles.
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Proteolysis and the maturation process

The protease encoded in the HIV-1 genome plays a crucial role in the life
cycle of the virus, cleaving the p55838 and p160828-Po! precursors into their
mature and functional forms (Kohl, et al., 1988). Viruses in which the protease
has been mutated to remove the active site aspartic acid residues will assemble in
the absence of proteolytic activity, but the resultant virions are non-infectious
and morphologically aberrant (Géttlinger, et al., 1989; Kohl, et al., 1988; Peng, et
al., 1989). The development of inhibitors of the HIV-1 protease has been pursued
as a means of preventing viral replication, and many inhibitors now exist which
can block viral maturation in tissue culture (McQuade, et al., 1990; Tomasselli, et
al.,, 1991; Wlodawer and Erickson, 1993) and slow viral replication in vivo
(Martin, et al., 1994).

The exact requirements of the maturation step for protease activity are not
clear. Although it is known that elimination of activity prevents maturation,
detailed information regarding the minimal proteolytic activity required for
formation of an infectious virion is not available. This is an important issue in
determining how potent an inhibitor of the protease must be to prevent viral
replication. It has been reported that in the presence of limiting concentrations of
protease inhibitors it is possible to partially inhibit the protease, resulting in
virions with small defects in processing and large decreases in infectivity
(Kaplan, et al., 1993). We wished to study the effect of specific decreases in
protease activity on viral maturation and infectivity, and determine if a
correlation exists between protease activity and infectivity.

Site-directed mutagenesis has been carried out on the HIV-1 protease to
determine the effects of mutants on substrate specificity and activity. A general

rule derived from saturation mutagenesis of the protease is that the residues
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within the active site are highly sensitive to mutation and generally cannot be
substituted without severely compromising protease activity (Loeb, et al., 1989;
Louis, et al., 1989). More directed mutations within the active site have generally
been able to affect the protease's ability to recognize substrates (Sardana, et al.,
1994). Only one mutant (A28S) has been reported in which the primary effect has
been to alter the rate of proteolytic cleavage without significant effects on
substrate binding (Ido, et al., 1991).

We proposed to examine the requirement for protease activity in the
maturation process by studying protease mutants with specifically diminished
catalytic activity. Three mutants that resulted in reduced proteolytic activity
were engineered in the active site region of the protease (Figure 3-1). The A285
mutant has been characterized previously (Co, et al., 1994; Ido, et al., 1991) and is
thought to reduce proteolytic activity by making hydrogen bonding interactions
with the catalytic aspartates. A second mutation, T26S, was made after
comparison with the sequence of the active site of the RSV protease (Figure 3-2).
Tis residue is involved in a crucial hydrogen bonding array known as the
"fireman's grip" which is involved in holding the active site loops in their proper
orientation (Blundell and Pearl, 1989). A third mutant, D25N, replaced the active
site aspartic acids with asparagines and served as a negative control for protease
activity (Kohl, et al., 1988). These enzymes were expressed and characterized
using the systems described previously in this report.

For analysis of the effect of the protease mutants on viral function, genes
containing the single protease mutations were cloned into an HIV vector, pHIV-
gpt, which produced all of the viral gene products except envelope (Page, et al.,

1990). Transfection of this vector into mammalian cells permitted the formation
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Figure 3-1: Location of mutants in the active site of HIV-1 protease.
Model showing a-carbon backbone with side chains displayed at the sites of
mutation. Protease backbone is shown in blue with catalytic aspartates (D) 25 in

red, glutamines (Q) 7 in magenta, threonines (T) 26 and alanines (A) 28 in green.
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Figure 3-2: Alignment of viral protease active site sequences.

Model of the HIV-1 active site loop from residues 22-30. Backbone amide
nitrogens are shown in green and carbonyl oxygens in red. Side chains for D25
are colored magenta, T26 in blue, and A28S in white. The hydrogen bonds
between threonines 26 and 26', which form the fireman's grip, are shown as
dashed lines. Sequences of Rous sarcoma virus (RSV), feline leukemia virus
(FeLV) and bovine leukemia virus (BLV) are shown to the right to show sequence

variation at the active sites of several distantly related retroviruses.
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of viral capsids which were analyzed with regard to RNA content, polypeptide
composition, and degree of maturation. By co-transfection of envelope-encoding
plasmids, it was possible to generate infectious particles in order to analyze the
effects of altered polyprotein processing on viral infectivity. This plasmid-based
system was used for increased safety when dealing with viruses, since enveloped
particles could only undergo one round of infection and would not pose as great
a danger as virions in which the envelope gene was left intact. Our results
indicate that although lowering the protease activity does not appear to affect the
assembly process, reduction of activity by 50-fold or greater is sufficient to

prevent the formation of infectious virions.

Materials and Methods

Site-directed mutagenesis. Mutagenesis of the bacterially and viral encoded
HIV-1 protease genes was performed using standard methods (Kunkel, et al.,
1987). The olignucleotides used to make these mutations in both bacterial and
viral genes are listed in Table 3-1. Mutants were sequenced after identification
by restriction-site screening to ensure no other mutations had occurred in the

protease gene.

Purification of mutant proteases. Proteases carrying the HIV-1 Q7K
mutation had an increased pl relative to wild type (9.3 to 9.5 vs 8.7 to 9.0, Todd
Richmond, personal communication) and were purified using a protocol which
was significantly modified from that used for wild type protease. Cells were

grown and protein expression induced as described previously. For 10 grams of
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E. coli, cells were resuspended in 125 ml of PCB (50 mM Tris, pH 7.5, 5 mM
EDTA, 1 mM DTT, 1 mM PMSF) and sonicated in five minute bursts on ice until
clear. Cell lysates were clarified by centrifugation at 42,000 rpm for 30 minutes in
a Ti45 rotor. Clarified supernatant was added to 30 ml of P11 phosphocellulose
(Whatman, Maidstone, England) pre-equilibrated in PCB. The slurry was shaken
slowly at room temperature for thirty minutes and poured into a 2.5 cm column.
The resin was washed with approximately 4-7 column volumes of PCB until the
A»gp of the column wash fell below 0.05. Protease was eluted with a 100 ml
gradient from 0 to 750 mM NaCl in PCB. The active fractions were pooled and
mixed with 10 ml of Pepstatin-A Agarose equilibrated in 50 mM HEPES, pH 7.5,
0.4 M ammonium sulfate, 1 mM EDTA, 1 mM DTT. Following a twenty minute
incubation at room temperature the slurry was poured into a 1.5 cm column and
washed until the Ajgg fell below 0.05. Protease was eluted with a buffer
containing 100 mM e-amino caproic acid, pH 10.5, 50 mM NaCl, 5% glycerol, 5%
ethylene glycol, 1 mM EDTA, 1 mM DTT. Active fractions were neutralized with
2 M HEPES and frozen for storage or used fresh for crystallization trials. The
final yield from this procedure was 5-7 mg of purified protease from 10 grams of

E. coli.

Crystallization of HIV-1 protease. Purified HIV-1 protease was concentrated
using Centricon-10 microconcentration units (Amicon, Beverley, MA) which had
been pre-rinsed with 2 ml of distilled water. The buffer volume was reduced
from 2 ml to approximately 500 pl and then diluted back to 2 ml with
crystallization buffer containing 20 mM NaOAc, 50 mM NaCl, 1 mM EDTA and 1
mM DTT. This solution was concentrated to 500 ul again and the buffer

exchange repeated with crystallization buffer to which the small molecule
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inhibitor UCSF-8 (Rutenber, et al., 1993) had been added at a final concentration
of 200 uM. After the buffer exchange process was completed the concentration of
the protease was determined by Bio-Rad Bradford assay, using bovine serum
albumin (BSA) as a standard. In the final step the protease was concentrated to a
calculated concentration of 2.5 mg/ml. For further concentration, the protein
solution was transferred to a siliconized Eppendorf tube and the volume reduced
by passing a stream of dry nitrogen over the solution.

Crystals were grown using the hanging drop vapor diffusion method. The
well buffer used contained 20 mM NaOAc, 1 M NaCl, 1 mM EDTA, and 1 mM
DTT. Drops with a final volume of 5 pl were set up by mixing 2.5 pul of protein
solution with 2.5 pl of well buffer. Drops were set up at protein concentrations
between 2.5 and 3.5 mg/ml. Crystals appeared within 18 hours and grew over a
period of 3 days. Data was collected by Earl Rutenber and Robert Rose in the
laboratory of Dr. Robert Stroud (UCSF) on a multiwire detector (Siemens X-100)
using Cu Ka X-rays from a rotating anode generator (Rigaku Ru200) with a
graphite monochromator. Structure solutions were obtained as described

elsewhere (Rutenber, et al., 1993).

Mammalian cells and viral constructs. COS-7 and HeLaT4 cells were
maintained in Dulbecco's modified Eagle medium H21 (DMEM) supplemented
with 10% fetal calf serum (GIBCO, Long Island, NY), 100 U/ml penicillin, 100
ug/ml streptomycin. COS-7 cells were obtained through the American Type
Culture Collection. HeLaT4 cells from Prof. R. Axel and HIV-1 1B gp160
antiserum (HT3) from Repligen were obtained through the AIDS Research and
Reference Program, Division of AIDS, NIAID, NIH. HeLaT4 cells were grown in
the presence of G-418 (300 ug/m1l) to maintain CD4 expression.
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The HIV-gpt proviral vector consists of the HIV-1 HXB2 sequences (the env
gene, nucleotides 6402 to 7620 replaced with the drug selectable E. coli guanine
phosphoribosyl transferase (gpt) gene) cloned into the pBS plasmid (pBluescript,
Stratagene, San Deigo, CA) (Page, et al., 1990). The HXB2-env vector encodes the
gp160 envelope sequences from the HIV-1 HXB2 strain (nucleotides 5999 to 8896)
cloned into a simian virus (SV40) expression vector (Page, et al., 1990). These
plasmids were obtained from Prof. Dan Littman.

For introduction of mutants into the provirus, site directed mutagenesis was
carried out with the Bluescript (Stratagene) based phagemid pSPR, which
contains a 918 bp Bgl II - EcoR V fragment (nt 1639 to 2557) spanning the protease
gene. All mutants were sequenced through the protease gene prior to cloning
out of pSPR. Mutants were recovered from pSPR as shown in Figure 3-3. The
BglII - EcoR V fragment containing the mutant gene was excised and cloned into
the pSpol vector, which contains a 4315 bp Spe I - Sal I fragment encompassing
half of gag and most of pol. For the final step, the Spe I - Sal I fragment was
cloned back into HIV-gpt to generate proviruses harboring the protease mutant
of interest.

Transfection. Viral capsids were produced by transfection of COS-7 cells
using the calcium phosphate procedure (Graham and van der Eb, 1973) with the
following modifications. Thirty micrograms of HIV-gpt DNA was used per 10-
cm dish of approximately 30% confluent cells, and 100 uM chloroquine added to
increase transfection efficiency. After 14 hours, the cells were washed with
phosphate buffered saline (PBS) and fresh medium was added. To
produceinfectious particles, 60 pg of HXB2-env or 30 pg of pSV-A-MLV were
included with the HIV-gpt DNA.

INucleotide designations are based on the numbering system of (Ratner, et al., 1985)
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Figure 3-3: Vectors for constructing viral protease mutants.

Two shuttle vectors were built based on the pBluescript (Stratagene, San
Diego, CA) backbone. The ~3.8 kb pSPR vector contains a 918 bp Bgl I - EcoOR V
fragment (nt 1639 to 2557) spanning the protease gene and was used for
generating single stranded DNA. The second shuttle vector pSpol contains the
4315 bp SpeI- Sal I (nt 1051 to 5366) fragment of the HIV-1 HXB2 clone. The final
viral vector, pHIV-gpt, contains the HIV-1 HXB2 clone described in (Ratner, et
al., 1985) with a substitution of the envelope gene by an SV-40 driven gpt gene.
The Spe-I - Sal I fragment was then cloned back into HIV-gpt to generate mutant

proviral vectors.
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