¢ e

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, M 48106-1346 USA
800-521-0600

®

UMI

I







PROCESSING AND SECRETION OF HUMAN IMMUNODEFICIENCY

VIRUS GLYCOPROTEIN, GP120

A Thesis Submitted to the
School of Graduate Studies

University of Ottawa

In partial fulfillment of the Requirements for the Degree of
Doctor of Philosophy
Department of Microbiology and Immunology

Faculty of Medicine 2 d'o
251t
e ”o
S BiuoTHECUES @

By

prommarm e ——
: ¢, LIBRARIES &
Yan Li %, Wt
Orsity of O

" Yan Li, Ottawa, Canada, 1992




UMI Number: DC52465

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform DC52465
Copyright 2007 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346




ii

ABSTRACT

The natural signal sequence of HIV-1 gp120 cc;ntains an unusually long
hydrophobic domain and five positively charged amino acids. When the gp120 gene
was cloned into a baculovirus expression vector under the control of the
baculovirus polyhedrin gene promoter, it exhibit.d an extremely low level of
secretion. However, deletion of the signal sequence resulted in the production of
large quantities of a nonglycosylated form of gp120 and fusion of honeybee melittin
or murine interleukin 3 signal sequences, which contain only one or no positively
charged residues, respectively, resulted in a high level of expression as well as
glycosylation and secretion. Four charge-altered signal mutants were generated by
oligonucleotide-directed mutagenesis. Positively charged amino acids in the natural
signal sequence were substituted with neutral amino acids. The results of these
experiments showed that the expression and secretion of gp120 was progressively
increased by decreasing the positive charge in a stepwise fashion from +5 to + 3
+2, and +1. However, eclimination of all five positive charges (leaving a net
negative charge of -1 at the NH, terminus) caused accumulation of large amounts
of a nonglycosylated form of gp120 but decreased the amounts of glycosylated
forms of gp120. These signal peptide mutants clearly demonstrate that the
positively charged amino acids in the natural signal sequence of HIV-1 gp120 are
key factors determining its poor expression and secretion in insect cells. Analysis

of intracellular transport and folding of gp120 further indicates that the highly

[ ety e 2




iii
charged uncleaved signal peptide ‘rather than disulfide bond formation is an
important factor limiting transport of gp120 from the rough endoplasmic reticulum
(RER) to the Golgi apparatus; its presence affects gp120. folding and slows its rate
of transport to the cell surface.

The requirement for carbohydrate on HIV gp120 in CD4 binding has been
the subject of much debate. There have been conflicting reports regarding the role
of gp120 glycans in binding to CD4. An important question is whether the
carbohydrate itself plays an imp'ortant role in this interaction. Nonglycosylated and
glycosylated forms of gp120 from HIV-1 and HIV-2 were produced using the
baculovirus expression system and their CD4 binding properties were determined.
The nonglycosylated forms of gp120 generated by either deletion of the signal
sequence or synthesized in the presence of tunicamycin failed to bind to CD4. In
contrast, highly mannosylated recombinant gp120 bound well to soluble CD4.
Enzymatic removal of carbohydrate chains from glycosylated gp120 by
endoglycosidase H (endo H) or by a mixture of endoglycosidase F and N-glycanase
(endo FNG) in the presence or absence of SDS had little or no effect on the ability
of gp120 to bind CD4. The data indicate that carbohydrate chains per se do not
play a significant role in interaction between gp120 and CD4 molecules but that N-
linked glycosylation is required for correct protein folding that provides the proper
conformation for CD4 binding. Analysis of intracellular folding of gp120, using its
ability to bind CD4 as a functional assay for overall conformation, further supports
the hypothesis that N-linked glycosylation of HIV gp120 plays an essential role in

promoting either the correct folding of the protein or in its stabilization.
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CHAPTER 1: GENERAL INTRODUCTION

1. RETROVIRUS CLASSIFICATION

Retroviruses are RNA-containing viruses that replicate through a DNA
intermediate by virtue of a viral-coded RNA-dependent DNA polymerase, also called
reverse transcriétase (Weiss et al. 1982). Distinguishing characteristics of
retroviruses include the morphology and composition of virions and a single-
stranded, positive-sense RNA genome. While retroviruses represent a relatively
homogenous viral family, they have customarily been subdivided into three
taxonomic groupings primarily on the basis of in vivo and in vitro consequences
of infection (Weiss et al. 1982; Varmus and Brown, 1989). The oncovirus subgroup
includes retroviruses able to cause neoplastic disease in the infected host animal
but also includes some related, relatively benign viruses. The lentivirus subgroup
includes retroviruses that cause slow, chronic disease that generally, but not always,
lack a neoplastic component. Recognized members of the lentivirus subgroup
include visna-maedi virus, caprine arthritis encephalitis virus (CAEV), equine
infectious anaemia virus (EIAV), and the immunodeficiency viruses, including most
notably hu.man immunodeficiency virus (HIV), the causative agent of acquired
immunodeficiency syndrome (AIDS) (Haase, 1986). Simian (SIV-1) and feline (FIV)
immunodeficiency virus (Franchini et al. 1987a; Pedersen et al. 1987) are recent
additions to this expanding taxonomic group. The third subgroup, spumavirus,
consists of the foamy viruses, which induce persistent infections without any

clinical disease but cause vacuolization of cultured cells.
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2. DISCOVERY OF HUMAN RETROVIRUSES

Human retrovirology is a young but rapidly advancing scientific discipline.
The earliest description of animal retroviruses came early in the 20th century from
the work of Ellerman and Bang (1908) and from Rous (1911), who showed that
cell-free filtrates fr‘om leukaemic chickens could induce leukaemia and sarcomas
in normal animals. Some 40 years later, Ludwik Gross isolated the first
mammalian retrovirus from an inbred strain of mice infected with murine
leukaemia virus (Ludwik, 1951), which provided the first reproducible
experimental system to study viral leukaemogenesis. In the ensuing period,
retroviruses were shown to cause lymphomas, leukaemias, sarcomas and various
other cancers in species ranging from chicken, mice, and cattle to subhuman
primates (Weiss, 1982). The discovery of reverse transcriptase in 1970 by Temin
and Mizutani (Temin and Mizutani, 1970) and independently, by Baltimore
(Baltimore, 1970) substantiated the "provirus hypothesis" proposed by Temin in
1964 (Temin, 1964) and also established a genetic and biochemical basis for the
classification of retroviruses (Weiss et al. 1982).

With the role of retroviruses in carcinogenesis firmly established in animal
models, massive efforts were then directed towards the search for human
retroviruses in similar diseases (Vaishnav and Wong-Staal, 1991). Unlike most
animal models where abundant virus replication and viraemia are usually present,

retroviruses could not be easily isolated from tissue or fluids of patients with
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malignant disorders. Progress in cell culture techniques, above all, the discovery
of interleukin-2 (IL-2; Morgan et al. 1976), made long—term culture of human T-
lymphocytes possible and thus paved the way for the discovery of the first human
retrovirus, human T-cell leukaemia virus type I (HTLV-I) (Poiesz et al. 1981).
HTLV-I was soon identified as the causative agent of adult T-cell leukaemia (ATL).
In 1982, a seconci ‘human retrovirus, HTLV-II, was isolated from a patient with a T
cell variant of hairy cell leukaemia (Kalyanaraman et al. 1982a).

In spite of HTLV-1 and HTLV-II, human retroviruses would probably have
remained relatively obscure in the United States and Europe had it not been for the
sudden emergence of another retroviral disease that reached epidemic proportions.
In 1981, several groups reported an outbreak of severe opportunistic infections
among previously health male homosexuals (Gottlieb et al. 1981; Masur et al.
1981).  This newly described syndrome, subsequently termed acquired
immunodeficiency syndrome (AIDS), spread rapidly into several other risk groups,
including intravenous drug abusers and recipients of contaminated blood or blood
products. The pattern of disease transmission observed for AIDS strongly
suggested that the causative agent was a blood-borne viral pathogen. This
expectation was fulfilled in 1983 with isolation of a novel retrovirus frocm the
lymphocytes of a patient with lymphadenopathy, a frequent prodrome of AIDS
(Barre-Sinoussi et al. 1983). This virus was designated as LAV (lymphadenopathy-
associated virus). Repeated isolation of similar viruses, the discovery of a cell line

permitting their large-scale production, and serological studies consequently led to
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the identification and characterization of the AIDS agent (HTLV-III; Popovic et al.
1984; Gallo et al. 1984; ARV; Levy et al. 1984). Later. on, HTLV-III, LAV, and ARV
were found to be variants of the same AIDS virus (Ratner et al. 1985). In 1986, an
international committee recommended the name human immunodeficiency virus
(HIV) for all isolates of the AIDS virus (Coffin et al. 1986).

To date, tw;)‘ related but distinct types, HIV type 1 (HIV-1) and HIV-2 have
been identified. HIV-1 refers to retroviruses which cause AIDS in the United States,
Europe, Central Africa, and most other countries worldwide (Wong-Staal, 1990).
Seroepidemiological studies suggested Central Africa to be the cradle of HIV-1 and
the current AIDS epidemic. HIV-2 refers to another AIDS retrovirus identified in
West Africa (Clavel et al. 1986). This virus was found to be more closely related
to the simian immunodeficiency virus isolated from macaques in captivity (SIV,,,.)
than to HIV-1 (Alizon et al. 1986). Nonetheless, HIV-1 and HIV-2 clearly share a
relatively recent progenitor. The major biological and genetic features are entirely
parallel. Both are associated with immunodeficiencies, although the degree of
virulence may be less for HIV-2 (Wong-Staal, 1990).

Since the bulk of information has come from studies of HIV-1, the following

description will pertain to that virus.

3. VIRION MORPHOLOGY
Like all retroviruses, HIV-1 is a spherical particle with virion diameter of

slightly larger than 100 nm. It has a dense, cylindrical nucleocapsid containing two
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copies of single-stranded genomic. RNA encapsidated with core proteins and viral
enzymes (reverse transcriptase, integrase and protease) (Fig. 1). The major
structural core protein of HIV-1 is the p24 gag protein. This, and the myristylated
protein p17 (which forms the outer shell) comprise the major gag structural
proteins. Surrou.nding the viral core is a lipid membrane derived from the outer
membrane of the host cell. Studding the outer membrane of the virus are the
envelope glycoproteins, gp120 and gp41, which exist in the form of a noncovalent
complex. These ultrastructural features of HIV are indistinguishable from those of
another lentivirus, visna virus, and quite different from the human type C

retroviruses, HTLV-1 and HTLV-II (Gallo et al. 1984).

4. GENOMIC ORGANIZATION AND FUNCTION OF VIRUS PROTEINS

The HIV has a single-strand positive sense RNA genome which is reverse
transcribed by the virion enzyme to form a proviral DNA. The HIV-1 proviral DNA
has been well characterized (Hahn et al. 1984; Ratmer et al. 1985; Muesing et al.
1985). It is about 9200 bp in length and is flanked by long terminal repeat (LTR)
sequences (Fig. 2). In common with other retroviruses, the 5’ LTR contains a
series of DNA target sequences for cellular transcription factors and functions to
promote transcription of the initial genome length viral mRNA. The 3’ LTR is

required for the appropriate polyadenylation of this viral transcript (Varmus and

Brown, 1989).
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Figure 1. Schematic cross-section of a HIV-1 particle. gpl120 is the major
extracellular envelope glycoprotein, gp41 is the transmembrane envelope
glycoprotein, p24 is the major core antigen, p17 is the myristylated gag protein,
and p9 is the RNA-binding protein, RT, reverse transcriptase. Taken from Wong-
Staal (1990).
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Figure 2. Genomic organization of HIV-1. HIV-1 contains nine known genes. The
nomenclature and known properties of these genes are descried in the text. Both
tat and rev are coded by noncontiguous gene segments.
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In addition to three essential sets of structural genes, which respectively
encode the virus internal structural proteins (gag), the reverse transcriptase (pol),
and the envelope glycoproteins (env), HIV-1 carries. at least six other genes
encoding the proteins that regulate viral gene expression (tat, rev, and nef) and
proteins of uncertain function (vif, vpu, and vpr) (Wong-Staal, 1990) (Fig. 2). A
schematic representation of what is currently known about their interaction is given
in Fig. 3. |

In general, the viral regulatory proteins (tat, rev, and nef) are encoded by
multiple spliced mRNA species about 2.0 kb in length while the viral structural
proteins including viral enzymes are translation products of unspliced (gag, pol)

or singly-spliced (env, vif)y mRNAs (Greene, 1990).

The structural genes of HIV-1

The gag gene codes for various structural components of virus particles. It is
translated from full-length viral mRNA to produce a polyprotein precursor Pr558
which consist of NH,-p17-p24-p9-p7-COOH (Veronese et al. 1988). This precursor
is then cleaved to produce the p24 (phosphorylated), p17 (myristylated), p9 and
p7 gag proteins. These polypeptides form the nucleocapsid of HIV-1. p24 is the
quantitatively predominant protein of the virion and the major capsid antigen. The
p9 protein contains a "zinc finger" domain that may be involved in direct interaction
with the viral RNA (Veronese et al. 1988). Like most myristylated proteins, p17 is
associated with membrane structures and may serve to stabilize the exterior and

interior components of the virion (Veronese et al. 1988) (Fig.1).




Figure 3. Summary of the early and late phases of HIV-1 gene expression. During
early HIV-1 gene expression, transcription of the HIV provirus results
predominately in the expression of the multiply spliced 2.0 kb class of viral mRNA.
encoding the various regulatory proteins tat, nef, and rev. Tat transactivites the
expression of all viral genes via its action on the TAR element located in the
regulatory region (R) of the LTR of RNA. Nef has been proposed as a negative
regulatory factor. Rev promotes the transition from early expression of the
regulatory proteins to late expression of the viral structural and enzymatic gene
products (e.g., gag, pol, env). Taken from Greene (1990).
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The pol gene product of HIV-1 is translated from the full length message as

the gag proteins but in a different overlapping reading frame as a result of
ribosome frameshifting (Jacks et al. 1988). Pol encodes three proteins that are
cleaved from a larger precursor polypeptide. These proteins include NH,-
protease(p10)-reverse transcriptase(p66/p51)-endonuclease (p32)-COOH (Jacks et
al. 1988). The p66 contains both reverse transcriptase and RNase H activities (Hu
and Kang 1991). The viral protease cleaves gag and pol precursor polypeptides
into functionally active proteins. The RNase H activity is required for removal of
the RNA template by digesting the RNA template portion of RNA-DNA hybrids
during the synthesis of the double-stranded DNA (Varmus. 1988). Because of the
lack of proof reading, HIV-1 RT seems to be significantly more error-prone than
other RTs, with a frequency of misincorporation ranging from 1:1700 to 1:4000
nucleotides (Preston et al. 1988). This appears to partly account for the high
mutation rate of HIV-1 in vivo. The endonuclease or integrase, is important in

proviral integration as shown with other retrovirues (Varmus, 1988).

The env gene encodes a glycosylated polypeptide precursor (gp160) that is
processed to form the external glycoprotein (gp120) and the transmembrane
glycoprotein (gp41). It is the viral envelope that possesses important functional
domains responsible for CD4 binding, fusion, and epitopes primarily involved in

virus-host interaction, which will be discussed in detail in Section 1.6.
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The regulatory genes of HIV-1

HIV-1 encodes a powerful transactivator protein termed tat that dramatically
increases the expression of all genes linked to the retroviral LTR (Greene, 1990)
(Fig.3). The tat gene is absolutely essential for viral replication (Greene, 1990;
Vaishnav and Wong-Staal, 1991). It is synthesized from two exons which will code
for a protein of 86 aﬁino acids (Fig. 2). The tat protein is primarily localized in
the nuclei of HIV-infected cells and contains two important functional domains: a
cysteine-rich central portion and a positively charged segment (Greene, 1990). The
cysteine rich domain appears to form a metal-linked tat dimer. The positively
charged segment acts as a nuclear localization signal. Tat functions in a sequence-
specific manner. The target sequence for tat, the trans-activation response (TAR)
element, is a 59 nucleotide RNA stem-loop located at the 5’ end of all viral mRNA
species (Feng and Holland, 1988) (Fig. 3). At present, the precise mechanism of
tataction remains unsolved. However, experimental evidence supports that tat may
act at the transcriptional and/or posttranscriptional level as an antiterminator of
transcription (Cullen and Greene, 1990).

Rev is the second regulatory protein of HIV-1 that is essential for viral

replication (Cullen and Greene. 1990). It is a 19-kDa protein (116 amino acids)
predominantly located in the nucleolus of HIV infected cells. Recent studies
suggest that rev acts, at least in part, by activating the transport of unspliced or
partially spliced viral mRNAs from the cell nucleus to the cytoplasm where they are

then translated (Malim et al. 1988), and consequently, down-regulates expression
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of the 2-kb multiply spliced mRNAs (Fig. 3). Thus, rev inhibits its own production

as well as the expression of the tat and nef mRNAs. Rev also functions in a
sequence-specific manner acting through a rev response element (RRE) located
within the env gene (Cullen and Greene. 1990). It is now clear that a 66 nucleotide
stem-loop subdomain of the RRE is both necessary and sufficient for high affinity
binding of rev (Malirh, 1990). Two distinct domains have been identified in Rev;
a stretch of arginine-rich sequence and a leucine-rich sequence. Thus, rev appears
to have a modular structure with a basic region acting as a "specificity" domain
responsible for interaction with RRE-containing transcripts and an "activation”
domain responsible for inducing nuclear export of such transcripts as a
consequence of the binding event.

The nef gene is contained in a single open reading frame at the 3’ end of the
genome overlapping the env gene and the 3' LTR (Fig. 2). Nef is a 27-kDa
myristylated protein that is associated with cytoplasmic membrane structures in
cells (Guy et al. 1987). In contrast to tat and rev, nef may act as a transcriptional
silencer to inhibit activation of the HIV-1 LTR (Fig. 3) and viral replication by
binding to a negative regulatory element (NRE) (Ahmad and Venkatesan, 1988).
However, these negative effects of nef remain controversial as others have observed
no effect of the nef protein on either viral replication or gene expression (Kim et

al. 1989b).
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Viral genes with uncertain function

The vif (viral infectivity factor) gene appears to play a role in virion
morphogenesis but is not absolutely required for viral reblication (Greene, 1990).
Proviral clones containing mutations in the vif gene yield only low levels of
infectious particles; however, cell-to-cell transmission of virus may be unperturbed.
The vpu gene also abpears to be involved in virion morphogenesis by promoting
efficient assembly and release of the virus (Cullen and Greene. 1990). Although
no clear function has yet been elucidated for the vpr gene, it may play a role in

accelerating virion assembly (Greene, 1990).

5. REPLICATION CYCLE OF HIV-1

The first step in infection is the binding of a virus particle to a specific
receptor on the surface of the target cell. In the case of retroviruses and other
enveloped viruses, the interaction with the cell receptor is mediated by the
envelope glycoprotein. The interaction between HIV-1 and a cell has been shown
to be due to specific high affinity binding of the viral gp120 molecule and the target
cell CD4 molecule (Dalgleish et al. 1984; Klatzmann et al. 1984; McDougal et al.
1986; Lasky et al. 1987). CD4 is not only the first retrovirus receptor to be
identified, but also has been extensively studied. After HIV-1 binds to the CD4
molecule, the virus is internalized and uncoated (Fig. 4). The precise mechanism
of virus entry into target cells is unclear. It has been suggested that receptor-

mediated endocytosis plays a role in this process (Maddon et al. 1986). However,
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Figure 4. Schematic summary of the life cycle of HIV-1. Events depicted include
HIV-1 binding to the CD4 receptor, virion internalization, reverse transcription of
the RNA genome, integration and establishment of the HIV-1 provirus, proviral
transcription involving inducible host factors and viral regulatory proteins, virion
assembly, and the budding of infectious particles. Taken from Greene (1990).
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it has recently been demonstrated that pH-independent fusion of the
transmembrane portion (gp41) of the virus envelope with the cell membrane is
required for virus entry (Stein et al. 1987). In addition, the inability of mouse cells
transfected with the CD4 gene and expressing the human CD4 protein on the cell
surface to be productively infected with HIV (Maddon et al. 1986) suggested that
other proteins expressed on human T4* cells may be required for virus
internalization.

Once internalized, HIV begins its life cycle by conversion of the RNA genome
into a duplex proviral DNA. The regulatory sequences flanking the viral RNA have
to be duplicated, leading to the formation of complete LTRs (U3-R-U5) at either end
of the viral DNA (Fig. 4). This process is dependent upon the action of the
retrovirus reverse transcriptase as well as on various ill-defined cellular factors
(Varmus, 1988). The proviral DNA, which can exist in a linear or cirqularized
form, is integrated into the host DNA in a process dependent on an integrase
encoded by the viral pol gene (Varmus 1988), thus establishing the proviral form
of HIV-1 (Fig. 4). An unusual feature of HIV-1 infection compared to most other
retroviruses is the accumulation of large amounts of unintegrated viral DNA in the
infected cells, which may be an important factor in the cytopathogenicity of HIV-1
(Shaw et al. 1984).

Once integrated, the provirus behaves as a resident cellular gene. The
infection may assume a latent phase with restriction of the cycle until the infected

cell is activated.

For most retroviruses, the expression of integrated provirus results from the
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action of host cell transcription factors (Varmus and Brown. 1989). The expression
of HIV-1, however, is additionally controlled by viral regulatory proteins.
Transcription is a complex process involving interplay between cis-acting regulatory
sequences present in the viral LTR and trans-acting cellular transcription factors as
well as viral transactivators (e.g. tat and rev) (Fig. 3). This interaction results in a
rather low but sigﬁiﬁcant level of viral mRNA synthesis. It has been demonstrated
that this initial population of genome length RNA transcripts reaches the cytoplasm
exclusively as a class of multiply spliced 2.0 kb viral mRNAs that encode the HIV-1
regulatory proteins tat and rev (Cullen and Greene. 1989). The tat protein acts as
a potent activator of HIV-1 LTR-specific transcription and therefore establishes a
strong positive feedback loop. This action of tat results in the accumulation of a
critical level of the rev protein which then inhibits further synthesis of the muldply
spliced mRNAs and instead activates the expression of unspliced (gag-pol) and
single spliced (env) mRNAs that encode the virus structural proteins. The action
of rev divides HIV-1 gene expression into two temporal phases, an early, regulatory
phase and a later, structural phase (Cullen and Greene, 1989) (Fig. 3).
Transcribed viral mRNAs are subsequently translated into virus-specific
proteins, and new virions are assembled at the cell surface where viral RNA,
reverse transcriptase, structural and regulatory proteins, and envelope proteins are

assembled in a highly organized fashion to produce infectious progeny (Fig. 4).
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6. THE ROLE OF HIV-1 ENVELOPE GLYCOPROTEIN IN INTERACTION

BETWEEN VIRUS AND HOST CELLS

Structure of HIV-1 env protein

The HIV-1 envelope consists of two glycoprotein subunits: the external gp120
and the membrane-associated gp4l (Allan et al. 1985). These proteins are
synthesized from an 856-amino-acid precursor, gpl160, which is cleaved
intracellularly to produce the mature gp120-gp41 complex (Allan et al. 1985,
Veronese et al. 1985). The envelope glycoprotein complex is anchored to the
virion envelope and infected cell membranes through gp41, while gp120 is attached
to gp41 through noncovalent interactions (Allan et al. 1985; Veronese et al. 1985).
The envelope glycoprotein complex of HIV-1 mediates three functions critical for
virus infectivity and pathogenesis: (1) attachment of virions to target cells by its
binding to CD4 (Dalgliesh et al. 1984; Klatzman et al. 1984; McDougal et al. 1986),
(2) fusion of the HIV-1 envelope to the plasma membrane of CD4+ target cells to
transfer the viral genome into cells (Kowalski et al. 1987; McCune et al. 1988; Stein
et al. 1987), and (3) fusion of the plasma membrane of HIV-1-infected cells with
those of uninfected CD4+ cells to form multinucleated syncytia (Kowalski et al.
1987; Lifson et al. 1986; Popovic et al. 1984; Sodorski et al. 1986).

The HIV-1 env protein contains as many as 30 potential glycosylation sites and
23 cysteine residues, with the majority (21 and 18, respectively) located in the

gp120 (Myers 1988); carbohydrate and cysteines are expected to play roles in the
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formation and accessibility of both.binding sites and neutralizing epitopes as well
as in maintaining a proper three-dimensional structure of the envelope protein.
Computer analysis shows that there are several highly conserved regions (C1-C4)
that are interspersed with regions of high variability (V1-V5) within gp120
(Mordrow et al. 1987) (Fig. 5). Despite the considerable variability of the HIV-1
envelope glycoprétein, hydropathic analysis (Muesing et al. 1985) and functional
studies (Kowalski et al. 1987; Lasky et al. 1987; Berman et al. 1988) have revealed
that HIV-1 envelope glycoprotein (gpl60) possesses the following functional
domains (Fig. 5): (i) an amino-terminal signal sequence (residues 1 to 30) that
directs the nascent env gene product into the secretory pathway of the infected cell,
(ii) a dibasic amino acid protease-processing site (residues 510 and 511) that is
cleaved to generate gp120 and gp41 from the 160-KDa precursor, (iii) a domain
(residues 397 to 439) capable of binding to the CD4 receptor, (iv) a fusogenic
domain (residues 512 to 541) which mediates syncytium formation, (v) a stop
transfer sequence (e.g. transmembrane domain; residues 687 to 706) that binds the
protein to the surface of virions and virus-infected cells, and (vi) a cytoplasmic tail
(residues 707 to 856) of unknown functioh which might interact with other viral

proteins (e.g. p17) during virion assembly.

Biosynthesis of HIV-1 env protein

The HIV-1 env gene is transcribed as a singly spliced viral mRNA species that

is translated, as are most membrane-spanning or secreted proteins, on membrane-
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‘Figure 5. Functional organization of HIV-1 envelope glycoprotein. Conserved

(open) and variable (shaded) regions within the gp120 and gp41 portions of the
env reading frame are indicated. S, signal sequence; CTL, T cell epitope; F,
fusogenic domain; TM, transmembrane domain; CD4, CD4 binding site; Me,
macrophage tropism determinant; T, T cell tropism determinant; and PND+F,
principal neutralizing determinant (V3 loop) and fusogenic domain. Small arrows
indicate the sites of protease cleavage.
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bound polyribosomes. The initial step thgt introduces the nascent polypeptide into
the secretory pathway is mediated by the interaction of a sequence of amino acids
(the signal sequence) located at the N-terminus of the nasceht polypeptide with a
component of the cellular transport machinery-the signal recognition particle
(SRP)/docking protein complex (Walter and Lingappa, 1986). After docking,
cotranslational transloc;;ltion of the polypeptide across the membrane of the
endoplasmic reticulum is accomplished. The signal sequence is removed
cotranslationally by a host protease-mediated cleavage event and is not present in
the mature protein (Walter and Lingappa, 1986).

Although the exact nature of the translocation complex through which
membrane and secreted proteins are moved into the lumen of the rough
endoplasmic reticulum (RER) is not known, it was demonstrated that deletion of
signal peptides led to the synthesis of cytoplasmically located and nonglycosylated
proteins that were rapidly degraded (Gething and Sambrook, 1982; Sekikawa and
Lai. 1983). These experiments demonstrated the importance of the signal peptide
for the translocation of viral membrane proteins. Furthermore, the driving force
for translocation also remains obscure. Studies on the paramyxovirus fusion
protein and Rous sarcoma virus (RSV) env gene product have suggested that the
forces involved in folding the molecule into its final tertiary structure might be
responsible for pulling the nascent molecule through the membrane (Hunter, 1988,
Paterson and Lamb, 1987).

After insertion into the RER, HIV env protein is transported from .the RER
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through the Golgi complex to the plasma membrane. During transport, co- and
post-translational modification occurs including glycosylation, disulfide bond
formation, and proteolytic cleavage. |

Initially, the envelope glycoprotein of HIV-1 is synthesized as an 88-kDa
precursor inserted into the RER, where the addition of high-mannose N-linked
carbohydrate chains as- well as folding take place (Allan et al., 1985; Fennie and
Lasky, 1989; Stein and Engleman, 1990). After transport of the oligomeric gp160
precursor to the Golgi complex, two major modifications occur (Willey et al.,
1988b; Stein and Engleman 1990): (a) the attached mannose-rich carbohydrate side
chains are "trimmed" by specific carbohydrate-modifying enzymes. Some of the
associated carbohydrate is processed to more complex type by acquiring fucose
and siaiic acid residues in the medial and trans-Golgi cisternae, but only after
8p160 is cleaved to produce gp120 and gp41 (Stein and Engleman, 1990). (b)
precursor molecules are cleaved by a host-mediated protease into gp120 and gp41
(McCune et al. 1988; Geyer et al. 1988). This processing of gp160 appears to be
essential for HIV-1 infection and syncytium formation (McCune et al. 1988).

The extensive oligosaccharide processing leads to the production of a mature
gp120 which contains high-mannose and complex carbohydrate structures (Geyer
etal. 1988). Following this complex series of modifications, the mature gp120 and
gp41 are transported from the trans-Golgi reticulum to the plasma membrane

where they can be incorporated into budding progeny virions.
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Cell tropism

One of the chief clinical hallmarks of AIDS is a selective depletion of CD4-
bearing (helper/inducer) T-lymphocytes (Gottlieb et al. 1981). This observation
first suggested that the CD4 molecule might be the receptor for the virus. This
suggestion was supported by in vitro demonstration that purified CD4+ T-cell lines
preferentially support_fhe replication of HIV (Klatzman et al. 1984) and that syncytia
and cell death are frequently associated with infection. Furthermore, it was shown
that both infection and syncytium formation could be blocked by monoclonal
antibodies directed against certain epitopes of the CD4 molecule (Dalgleish et al.

1984, Klatzman et al. 1984; McDougal et al. 1985). The HIV-1 gp120 binds to CD4

‘as indicated by their coprecipitation by antibodies directed against either of the two

proteins (McDougal et al.1986). Measurements of the affinity constant for this
reaction have been shown that gp120 and CD4 form a high affinity complex with
a dissociation constant of approximately 4 x 10? M/l (Lasky et al. 1987). The
definitive proof that CD4 is a receptor for HIV was provided by Maddon et al.
(1986), who demonstrated that transfection and expression of the cDNA for human
CD4 rendered nonpermissive CD4- Hela cells, permissive for HIV infection.
Interestingly, expression of human CD4 is not sufficient to confer susceptibility to
murine cells, suggesting a second component present in human cells but not in
murine cells is required for postbinding events in the infection process (Maddon
et al. 1986).

In addition to helper T-cells and monocyte-macrophages, other cells such as

I
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Langerhans cells (Tschachler et al. 1988), follicular dendritic cells (Rappersberger

etal. 1988), glial cells (Cheng-Mayer et al. 1987, Tschachler et al. 1987), and certain
tumour cell lines (Adachi et al. 1987) are susceptible to HIV infection. These cells
express low levels of CD4 on their surface. Similarly, five hepatoma cell lines have
been shown to be infected productively by HIV-1 despite the absence of detectable
CD4 expression (Cao e‘.tval. 1990). Soluble CD4 and monoclonal antibodies against
CD4 failed to block HIV-1 infection in these cell lines. However, the nature of an
alternative receptor suggested by these studies remains to be determined.

A CD4-binding region within gp120 was defined by linker-insertion

mutagenesis (Kowalski et al. 1987) and by blocking monoclonal antibodies (Lasky

‘et al. 1987). These findings suggest that a conformational epitope composed of

domains within the carboxyl-terminal third of gp120 (residues 397 to 439) is

involved in CD4 binding (Fig. 5).

Antigenicity

The envelope glycoprotein of HIV-1 represents a major target of the humoral
immune response (Barin et al. 1985), and paradoxically, high titered antibodies to
this surface component of the virus (as assessed by membrane fluorescence or RIA)
are found even in patients with advanced AIDS (Weiss et al. 1985). However, the
titer of neutralizing antibody in the sera of these patients is generally quite low
(Weiss et al. 1985), may decline as disease progresses, and the presence of

neutralizing antibody does not result in the abrogation of viral persistence.
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A major strain-specific, immunodqminant neutralizing epitope (which is also
named the principal neutralizing determinant, PND) has been located near the
middle of gp120 (residues 303-330) (Lasky 1986; Rusche ét al. 1988; Putney et al.
1986; Matsusbita ct al. 1988; Palker et al. 1988) (Fig. 5). Antibodies directed
against the complete envelope predominantly recognize this particular epitope and
block both infectivity ahd virus-induced cell fusion. In contrast to the CD4-binding
domain that forms a pocket that is not accessible to antibodies (Wong-Staal, 1990),
this neutralizing epitope resides in hypervariable region 3 (V3) and putatively exists
as a loop (V3 loop) between two cysteine residues (amino acids 296-331)
connected by a disulfide bond (Putuey et al. 1986, Rusche et al. 1988) (Fig. 5).
Although most of the amino acids in the V3 loop are highly variable among
different strains of HIV-1, a Gly-Pro-Gly-Arg sequence at the tip of the loop is highly
conserved. The region encompassing this highly conserved tip forms the binding
site for antibodies that block HIV-1 infection and inhibit the fusion of HIV-1-infected
cells (Matsusbita et al. 1988; Palker et al. 1988; Rusche et al. 1988). A significant
percentage of sera from HIV-infected individuals react with peptides from this
region (Palker et al. 1988) (Fig. 5).

Less information is available on the cellular immune response to the HIV
envelope proteins. Studies from human volunteers vaccinated with a recombinant
vaccinia virus expressing gp160 of HIV-1 indicated that cytotoxic T lymphocytes
(CTL) capable of recognizing two regions of gp120 (residues 112-114 and 428-443)

predicted to be T-cell epitopes, were present (Berzofky et al. 1988) (Fig. 5). Similar
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studies in mice have suggested that,‘ at least in this host, a po‘rtion of the
immunodominant humoral epitope, the V3 loop (residues 307-322), is also a major
CTL epitope (Takahashi et al. 1988) (Fig. 5). |

Recently, the V3 loop sequence was determined for a large numbers of HIV
field isolates using PCR amplification and sequencing (Palker et al. 1988). Results
from this study revealed that variation in this region is much less than previously
thought (Palker et al. 1988). Of practical importance is the finding that antibodies
that bind the consensus peptide sequence Gly-Pro-Gly-Arg-Ala-Phe, the central
portion of the V3 loop, were able to neutralize 60% of random HIV isolates (LaRosa
et al. 1990). Furthermore, recent studies have identified the V3 loop as a fusion
domain in which single-amino-acid changes completely abolish or greatly reduce
the ability of the HIV-1 envelope protein to induce cell fusion (Freed et al. 1991).
This finding suggests that the V3 loop represents a region against which anti-HIV
therapeutic agents could be targeted.

Very recent studies (Shioda et al. 1991) have shown that a specific region of
gp120, amino acids 174 to 332, which also encompasses the V3 hypervariable
region, seems to determine macrophage tropism, whereas an over-lapping region,
amino acids 96 to 416 determines T-cell tropism (Fig. 5). These results provide a
basis for relating functional domains of the HIV-1 env gene to pathogenic potential

(Shioda et al. 1991).

Pathogenicity

Although the clinical hallmark of AIDS is a progressive deterioration of
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immune competence due to a progressive loss of CD4+ helper/inducer
lymphocytes (Fauci, 1988), the precise mechanisms involved in both cell
cytopathogenicity and immune cell depletion remain unclear. However, the viral
glycoproteins clearly play critical and probably multiple roles in these processes.
One possible mechanism is through syncytium formation, which involves
interaction of HIV-infected cells, expressing viral glycoproteins (gp120 and gp41)
on the cell surface, and uninfected cells expressing CD4 (Sodroski et al. 1986,
Lifson et al. 1986). The mutinucleated giant cells are unstable in culture, do not
proliferate, and usually die within 48 hours. In this way, a few infected cells may
be responsible for the death of many cells. However, syncytium formation does
not appear to be the main basis of cell killing since mutations within the env gene
can abrogate cell killing without affecting cell fusion (Fisher et al. 1986a) and HIV
is cytopathic in some cells in the absence of cell fusion (Somasundaran and
Robinson, 1987). Intracellular complexing of CD4 and gp120 or destruction of the
permeability of the membrane owing to profuse virus budding have also been
proposed to play a role in cell killing by HIV (Hoxie et al. 1986).

In vivo, additional mechanisms may be responsible for T helper/inducer cell
loss. Paradoxically, while only a very small portion of the circulating CD4+
lymphocytes perhaps (less than 1 in 10,000) express HIV mRNA or proteins at any
time during the course of the disease, there is progressive and eventually total
destruction of this cell type (Shaw et al. 1984). It has been suggested that

progressive recruitment of uninfected T cells into env expressing syncytia might be
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one of the mechanisms by which this could occur. In addition, it has been shown
that free gp120 (shed by infected cells) can bind to the CD4 molecule on cells
expressing this marker, making them targets for an aﬁtibody-dependent cell-
mediated cytotoxic (ADCC) response (Lyerly et al. 1987) or class II restricted T cell-
mediated cytolysis (Lanzavecchia et al. 1988).

A research team_.at the University of Brescia, Italy, has provided a new clue to
immune cell depletion (Imberti et al. 1991). A "superantigen" encoded by HIV may
cause progressive T cell depletion that leads to the collapse of the immune system.
One possibility that has been suggested is that gp120 might be involved in the T cell
depletion Imberti etal. 1991). However, definitive proof will require identification
of the superantigen.

In view of these findings, the envelope glycoprotein of HIV continues to be
a focus of AIDS research. Understanding how these highly variable molecules
modaulate cell surface marker expression, induce a cytopathic effect, and target both
beneficial and deleterious immune responses to HIV infection will clearly play a
major role in the development of therapeutic and preventative approaches for this

disease.

7. STATEMENT OF OBJECTIVES
However, because the amount of HIV-1 envelope glycoprotein produced by
virus-infected cells is low (Robey et al. 1986) and gp120 is readily shed from the

surface of purified virions (Robey et al. 19806), it is not practical to purify sufficient
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quantities of gpl60 or the gp120-gp41l complex for detailed‘ biochemical,
biophysical, and biological analysis. Recombinant DNA technology offers attractive
alternatives to virion-derived materials. Several expressioﬁ systems have been used
to produce the envelope glycoproteins of HIV-1 and to study their biosynthesis,
processing, and biological activity. These include E. ccli (Crowl et al. 1985), yeast
(Barr et al. 1987), and mammalian cells (Hu et al. 1986; Lasky et al. 1986). While
mammalian cell expression results in the production of fully modified, functional
protein, yields are often low. Proteins expressed in yeast are either in low yield or
inefficiently glycosylated so that their proper antigenicity or immunogenicity may
be affected. E. coli results in high yields of recombinant protein but the protein
is not modified and difficult to purify in a nondenatured state.

To circumvent these problems, the baculovirus expression system has been
developed to express a variety of proteins in insect cells (Luckow and Summers,
1988). The system takes advantage of the strong polyhedrin promoter, which
drives expréssion of the polyhedrin gene or foreign genes to high levels (Luckow
and Summers, 1988). Besides the high level of expression, this system offers the
opportunity to study the processing and the biological properties of proteins of
mammalian cells or viruses in insect cells. Recently, several groups have expressed
the HIV-1 glycoprotein using the baculovirus expression system and studied its
biosynthesis and biological activity. However, the processing and secretory

pathiwvays of the HIV-1 protein in insect cells are still not well understood.
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Therefore, the objectives of my research have been:

1).

2).

3).

4).

To study the role of the signal sequence of HIV-1 »gp120 in expression and
secretion of gp120 in SF9 cells.

To test the ability of heterologous signal sequences to increase expression
and secretioh«of gp120 in SF9 cells.

To examine the role of positively charged amino acids within the natural
signal sequence in the secretion of gp120.

To investigate the role of glycosylation of gp120 in the interaction between
gp120 and CD4 by comparing the ability of glycosylated, nonglycosylated,

and deglycosylated forms of gp120 to bind CD4 molecules.
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CHAPTER 2:  MATERIALS AND METHODS

1. CLONES, CELLS, AND VIRUSES

Clones

The full length clones pHXB-2D and p1BM representing HIV-1,,5, and HIV-
2nmz genomes, respectively, were kindly provided by Dr. R. Gallo (National
Institutes of Health, Bethesda, MD) and were used as the sources of the HIV-1 and
HIV-2 envelope glycoprotein coding sequences (Fisher et al. 1986b; Franchini et al.
1987b). Convenient restriction sites flanking the envelope genes were not available
to delete the upstream sequence containing alternative initiation codons and
premature downstream translational termination codons. Therefore, multiple steps
were used to subclone the envelope genes with deletion of the non-coding flanking
sequences at both termini. A description of the subcloning and specific deletions

will be discussed in the results section.

Cells

Spodoptera frugiperda (SF9) cells were provided by Dr. M. D. Summers
(Texas A & M University, College Station, TX) and maintained as monolayer
cultures in TNM-FH medium (Summers and Smith, 1987) containing antibiotics
(penicillin 100 u/ml, streptomycin 100 mg/ml, kanamycin 100 mg/ml) at 27°C. The
medium was supplemented with 10% heated-inactivated FBS and 2 mM glutamine

(Gibco).
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Virus
Autographa californica nuclear polyhedrosis virus (AcNPV) was obtained

from Dr. D. H. L. Bishop (NERC Institute of Virology, Oxford, U. K.).

Virus infection and production

A virus plaqué ‘was picked and resuspended in 1 ml of TNM-FH medium.
Approximately 3 x 10° SF9 cells, in a T-25 flask (25 cm?, Corning Co. Corning, NY),
were infected with the plaque-suspension at a moi of 0.01 pfu/cell and maintained
for 4 days at 27°C. The culture fluid was used to infect 1.5 x 107 SF9 cells in a T-75
flask at a moi of 0.1 pfu/cell. The virus supernatant was harvested 5 days post-

infection and stored at 4°C. The titer of the virus stock was 3-5 x 108 pfu/ml.

Preparation of AcNPV DNA

AcNPV DNA was prepared according to the procedure described by Summers
and Smith (1987). Briefly, culture fluids from AcNP virus-infected SF9 cells were
clarified by centrifugation for 30 min at 3,000 x g at room temperature
(Damon/IEC) and then centrifuged in a Beckman SW28 rotor for 90 min at 81,000
x g at 4°C. The virus pellet was resuspended in TE buffer and banded on a 10-50%
(w/v) sucrose step gradient in 10 mM Tris-HClI, pH 8.0, 1 mM EDTA for 90 min at
120,000 x g using a Beckman SW41 rotor at 4°C. The viral band was collected and
pelleted at 100,000 x g for 30 min. Virus was disrupted with 1% sodium N-lauryl

sarcosinate and 200 ug/ml proteinase K. The DNA was banded in 54% CsCl (w/v)
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gradients using a Beckman SW50 rotor at 195,000 x g for 16 hrs at 25°C. The DNA

band was extracted with water-saturated butanol, dialysed in TE buffer and

precipitated with ethanol.

Insertion of the HIV-1 gp120 sequences into pAcYM1

The transfer véctor, PACYM1 (Matsuura et al. 1987), was digested with BamHI
and .dephosphorylated. A 1.5 kb BamHI fragment recovered from plasmid
pUC19gp120-NSS, which will be discussed in details in the results section, was
ligated to the BamHI site of pAcYM1. Following transformation of E. coli strain RR1
with the ligation mix, plasmids were prepared. With similar procedures, other
fragments of the gp120 gene were inserted into pAcYM1. The orientation of the
glycoprotein gene inserts were characterized by restriction endonuclease EcoRV

and Stul (Matsuura et al. 1987).

Transfection of Spodoptera frugiperda cells

SF9 cells were cotransfected with a mixture of purified wild type ACNPV DNA
and pAcYM1 containing the gp120 coding region by the procedure described by
Summers and Smith (1987). Figure 6 shows the strategy for cotransfection,
production, and selection of recombinant baculovirus. 1 rg of AcNPV DNA was
mixed with various concentrations of plasmid DNA (3 to 10 pg) and the volume
was adjusted to 950 ul with Hepes-buffered saline (20 mM Hepes, 1 mM Na,HPOj,

5 mM KCl, 140 mM NaCl, 10 mM glucose, pH 7.05). A fine precipitate was formed
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Figure 6. Strategy for the production of recombinant baculovirus. Open areas
represent baculovirus sequences. The dotted and shaded boxes correspond to the E
i baculovirus polyhedrin promoter and the polyhedrin gene. The black area
i represents the foreign gene to be expressed. Taken from Kang (1988). i
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by adding 50 ul of 2.5 M CaCl,, and the DNA mixture was added to a monolayer

of 1.2 x 10° SF9 cells in 35 mm tissue culture dishes {Corning) and incubated at
27°C. After 3 hr, the DNA was removed and 2 ml of TNM-FH medium was added.
The transfected cells were incubated for 4 days at 27°C. The supernatant was

harvested and titrated on SF9 cell monolayers.

Selection_and purification of recombinant baculovirus

SF9 cells were plated into 35 mm tissue culture dishes (Corning) in TNM-FH
serum-free medium at a density of 1.2 x 10° viable cells. Serial 10 fold dilutions
of virus were prepared. Typically, transfection supernatants were diluted 102 to
10" fold, and viruses picked from a plaque were diluted 10" to 10 fold. After
medium was removed, 200 ul of diluted virus was inoculated into each dish. After
1 br of incubation, 2 ml of overlay (1.5% low melting agarose in TNM-FH medium)
was added. When the overlay was solidified, 1 ml of medium was added and plates
were incubated at 27°C for 5-6 days in a humid environment. The plaques were
visually examined by looking against a black background with a fluorescent light
source. Clear plaques were differentiated from opaque plaques. The clear plaques
were further examined by a light microscope, and those exhibiting no evidence of
occlusion bodies were picked and titrated on SF9 cells to obtain pure polyhedrin-

negative recombinant viruses (Fig. 6).
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2. MOLECULAR CLONING AND RELATED TECHNIQUES

Maintenance of bacterial strains, general techniques for the handling and
manipulation of DNA and for the preparation of necessary media and reagents are
thoroughly discussed by Maniatis et al. (1982). These methods were used unless

otherwise specified.

Preparation of competent E. coli

Bacteria were rendered competent for the uptake of plasmid DNA by
treatment with CaCl,. First, 10 ml of an overnight culture of bacteria grown in 2YT
(1.6% tryptone, 1% yeast extract, 0.5% NaCl) without shaking were inoculated into
100 ml of P-medium (15.9 mM K,HPOy, 6.3 mM KH,PO,, 10 mM MgSO,, 1.8 uM
FeSO,, 1% Casamino acids and 0.25% glucose) and cells were grown to an AGGO
of 0.4 as measured in a Beckman Du-8B spectrophotometer. Bacteria were pelleted
at 6,000 x g for 10 min in a Beckman JA-10 rotor. After washing in 100 ml of 10
mM NaCl at 4°C, cells were repelleted. Bacteria were resuspended in 100 m! of 50
mM CaCl, and incubated at 4°C for 15 min. Finally, bacteria were pelleted and
resuspended in 10 ml of 50 mM CaCl,, 16% (v/v) glycerol, aliquoted and quickly
frozen in a dry ice/ethanol bath before being stored at -80°C. The transformation

efficiency of the cells was 5 x 106 to 5 x 107 colonies/ug of plasmid DNA.

Transformation of E. coli

Transformations were performed according to the method of Maniatis et al.
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(1982) with several modifications. Competent E. coli were thawed slo’wly on ice.
DNA in no more than 10 zl was mixed with 200 ul of competent cells in 17 mm
x 100 mm polypropylene tubes and incubated at 4°C for 30 rhin. The mixture was
heated in a 42°C water bath for 90 seconds and then returned to ice for 2 min.
800 ul of LB (1% bacto-tryptone, 0.5% yeast extract, 1% NaCl) broth was added and
tubes were agitated (ZOO.rpm) at 37°C for 1 hr. Cells were then spread onto LB

plates containing ampicillin (100 pg/ml) and incubated overnight at 37°C.

Electrophoresis of DNA

DNA was separated by horizontal gel electrophoresis using 0.8 to 1.5%
agarose and Tris-acetate buffer (TAE, 40 mM Tris-acetate, 2 mM EDTA).
Electrophoresis was usually performed with a HE 33 Minnie submarine gel
apparatus (Hoefer Scientific Instruments). Samples were mixed with 2.5 ul of 5x
loading buffer (25% glycerol, 5X TAE, 0.06% BPB) and electrophoresed at 100 volts.
The DNA was visualized under ultraviolet (UV) illumination after staining with EtBr

(0.5 ug/ml in TAE). Gels were photographed using Polaroid type 667 film.

Purification of plasmid DNA

Large scale purification of plasmid DNA (maxipreparation) was done
essentially according to the method of Maniatis et al. (1982). Several modifications
were made to adapt the protocol to available rotors. Bacteria were pelleted at

6,000 x g in a Beckman JA-10 rotor. The bacterial pellet from 500 ml of culture
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was resuspended in 7.5 ml of solution 1 (50 mM glucose, 25 mM Tris pH 8.0, 10

mM EDTA, 5 mg/ml lysozyme). 15 ml of solution 2 (0.2 M NaOH, 1% SDS) and
finally 12 ml of 5 M potassium acetate (pH 4.8) were added lbefore centrifugation
at 12,100 x g for 20 min in a Beckman JA-20 rotor. Pelleting of DNA following
isopropanol precipitation was at 12,100 x g in a Beckman JA-20 rotor for 30 min.
Samples prepared for césium chloride gradients were centrifuged at 12,100 x g for
10 min prior to centrifugation to equilibrium in a Beckman VTi 65 rotor at 290,000
x g for 16 hr.

Small scale (minipreparations) purification of plasmid DNA for screening of
recombinant plasmid was an adaptation of the above method as described by

Maniatis et al (1982).

Isolation of DNA from gels

DNA gels were stained briefly with EtBr (0.5 ug/ml) and observed with long
wave ultraviolet light to permit precise excision of DNA fragments for purification.
Gel slices were electroeluted using the IBI Model UFA Electro-Eluter (IBI) at 100
volts for 45 min. Eluted DNA was extracted with butanol saturated with H,0 to

remove EtBr and was then precipitated with 2.5 volumes of ethanol.

Restriction and modification of DNA
All DNA modifying enzymes were purchased from Pharmacia, New England

Biolabs or Boehringer Mannheim. All methods were performed essentially

PN
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according to techniques described by Maniatis et al. (1982). Only thosé techniques
which have been modified are discussed below.

Gen