The Protein Structures Underlying Receptor Binding and Membrane Fusion
of Ecotropic Murine Leukemia Viruses

by
Deborah Fass

Submitted to the Department of Biology
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY
in Biology
at the

Massachusetts Institute of Technology
May 1997

© 1997 Massachusetts Institute of Technology
All rights reserved

Signature of Author

_____________________________________ B N L S
Department of Biology
May 19, 1997

Certified by
________________________________________________ Peter S. Kim
Professor, Department of Biology
Thesis Supervisor

Accepted by

1chard A Young

Chairman, Biology Gpaduate Committee
LAl IS TS INSTHUTE
Of TECHMNALOGY

MAY 2 8 1997 ARCHivES

LIBRARIES



Dedication

To Mom and Dad,

Thank you for supporting my education and for encouraging
my love of biological sciences



Acknowledgments

I would first like to acknowledge my teachers, beginning with my
undergraduate tutor Carolyn Doyle. I thank Carolyn for teaching me to read
manuscripts critically and for being an inspiration, both scientifically and
persorally. I thank Steve Harrison and Tom Ellenberger for introducing me to
crystallography, and Steve Gamblin and James Berger for being continuous
resources for instruction and advice.

The Kim lab past post-docs Martha Oakley, Pete Petillo, Jamie McKnight,
and Steve Blacklow were always generous with practical and emotional help. I
also acknowledge the Kim lab past graduate students. Chave Carr inspired my
thesis project and taught me a number of the techniques I needed to carry it out.
I thank Dan Minor for putting up with me when I was still getting my feet (and
his) wet in the lab. I thank Pehr Harbury for showing me that even if only 1% of
your ideas work, as long as you have enough ideas, no one notices. Mike
Milhollen’s bright outlook was contagious; unfortunately his organizational
skills were not. Lawren Wu has been my graduate school companion from day
one, and I value his generosity, patience, and calm demeanor, as well as his
forthrightness and honesty. I thank Brenda Schulman, my dear, dear friend, for
the many, many chats about lab, life, and love. Brenda is a model of energy,
intelligence, and perseverance. I thank her for her trust and her encouragement.

I thank Rob Davey, Chris Hamson, and Jim Cunningham for a pleasant
and rewarding collaboration.

The members of my thesis committee, Carl Pabo and Bob Sauer, have
generously taken the time to consider my work and offer direction. I also thank
Don Wiley for serving as my outside thesis reader.

The person to whom I owe the deepest gratitude for the completion of this
thesis is my adviser, Peter Kim. I thank Peter for providing me the opportunity,
or in fact the honor, of working and studying with him. I do not take for granted
that, during my four years in the lab, Peter never once asked after the fact, "Why
didn't you do it another way?" but instead suggested, "Maybe if you try it this
way next time it will work better.” I appreciate Peter's foresight and insight, his
cool-headedness and unshakable dignity. Among supervisors, Peter is the rarest
and most precious of breeds.

Finally, I thank my husband, Russell Rothstein, for not begrudging me the
time I spend in the lab, for listening to me talk endlessly about my projects, and
for learning the difference between proteins and DNA. Between meeting,
courting, marrying, and carrying our child, I am amazed that I was able to get any
work done at all. If I was, it was only through his sacrifices and support.



The Protein Structures Underlying Receptor Binding and Membrane Fusion
of Ecotropic Murine Leukemia Viruses

by
Deborah Fass

Submitted to the Department of Biology on May 19, 1997
in partial fulfillment of the requirements for the
Degree of Doctor of Philosophy in Biology

Abstract

A combination of protein dissection methods and X-ray crystallographic analyses
was used to identify and characterize the fundamental substructures that support
cell penetration by mammalian C-type leukemia viruses. A stable, protease-
resistant domain was located within the transmembrane (TM) subunit of these
retroviruses (Chapter 2), and the high-resolution structure of this domain was
determined (Chapter 3). The structure contains a three-stranded coiled coil,
stabilized by a hydrophobic cluster at its base, similar to the low pH converted
structure of influenza hemagglutinin. The stability of the TM domain in
isolation prompted an examination of the relationship of the TM subunit to the
receptor-binding (SU) subunit on the surface of intact virions (Chapter 4). The
covalent association of SU and TM via a labile disulfide bond was discovered to
be significantly less stable than the structure of free TM, consistent with models
for retrovirus-mediated membrane fusion that involve loss of the SU subunit.
Finally, the high-resolution structure of a minimal receptor-binding domain
from an ecotropic murine leukemia virus SU subunit was determined (Chapter
5). The pattern of conserved and variable sequences in the domain reveals the
structural principle for generating the range of receptor-specificities found in the
mammalian C-type leukemia viruses. The appendix describes a molecular
modeling study in which the receptor-binding domain monomer structure is
assembled into a putative trimer, as it may exist in the intact glycoprotein
complex.
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CHAPTER 1

INTRODUCTION: THE PROTEIN STRUCTURAL BASIS
OF ENVELOPED VIRUS ENTRY



Viruses are intracellular parasites that have circumvented their inability
to replicate autonomously by developing the capacity to cuntrol the complex
cellular environment for their own propagation. Throughout history, viruses
have been major causes of human disease, from the common cold to diverse and
often deadly infections such as smallpox, poliomyelitis, AIDS, and hemorrhagic
fever. In this century, however, viruses have also emerged as a powerful tool
with which to study fundamental questions in molecular biology. For example,
viral infection of bacteria was used to determine that nucleic acids, and not
proteins, carry genetic information (Hershey and Chase, 1952). In addition,
viruses have served as model systems for uncovering principles of DNA
transcriptional regulation (Ptashne, 1987), with direct applications to cancer and
developmental biology. More recently, viruses are being considered as potential
gene therapy agents, vectors with which to shuttle functional versions of
defective genes into patients (Smith, 1995). In fact, an understanding of viral
processes forms the axle from which the spokes of modern biology radiate.

The viral infection cycle

Viral spread is a cyclic process in which the genetic material of the virus is
shuttled into and out of host cells to be alternately replicated and dispersed
(Figure 1). This process can be divided into three main steps: entry of the virus
into a host cell, replication and translation of the viral genetic material, and
release of new viral particles from the cell.

During viral entry, the virus must first bind to an appropriate host cell.
Binding occurs between viral surface proteins and cellular transmembrane
proteins or other cell-surface components. These cellular binding partners have
diverse primary functions, but function secondarily as viral receptors.
Subsequent to binding, the virus penetrates the host cell membrane and sheds
the protective protein layers surrounding its genome.

After the viral genome is deposited in the host cell cytosol, it is then both
copied to make more genomes and used to synthesize structural and regulatory
proteins that will make up the new virus particles. The precise manner and
time frame in which these steps occur depend on the specific virus and the



nature of the viral genetic material. Some viral genomes integrate into the host
cell genomes and may delay expression of new viral components; genomes of
other viruses are utilized directly.

To complete the infection process, newly-synthesized viral proteins
assemble around a copy of the genome, and the fresh virion is released from the
cell in one of two distinct manners. Release from the cell for some viruses
occurs when the cell bursts and frees its contents. Other viruses, called
“enveloped" viruses, exit the cell by the more subtle process of "budding."
During budding, the virion core in the cell cytoplasm docks against the lipid
bilayer membrane of the cell, the bilayer folds around the viral protein assembly,
and the membrane pinches off to form a viral membrane distinct from the cell
membrane. The virus is thereby liberated from the cell. Unlike the first method
of release, bursting of the cell, budding does not require that the cell be destroyed.

During the budding process, the virion acquires not only a lipid bilayer
membrane, but also the virally-encoded proteins, often called "envelope”
glycoproteins, that are anchored in the membrane and form the outer layer of
the complete virus particle. These viral envelope glycoproteins, being the only
exposed protein component of the virion, are major targets for the anti-viral
immune response in infected hosts. In addition, these surface glycoproteins are
the viruses' tickets to entry into the next cycle of viral propagation.

Viral envelope glycoproteins

Viral envelope glycoproteins mediate the two key steps of viral entry into
host cells: binding of the virus to the target cell, and fusion of the viral and
cellular membranes to reintroduce the viral core into the cell cytoplasm. These
two events are dramatically different in nature. The first is somewhat familiar;
the receptor-binding event is likely to invoive principles common to many
protein-protein interactions, such as complementary Van der Waals surfaces, a
lack of charge repulsion, and the liberation of water at the intermolecular
interface. The second function, membrane fusion, is relatively uncharted. This
event involves an interplay of protein components, lipids, and counterions in a
dynamic process that has yet to be detailed.



Two goals guide an investigation, from a structural biological perspective,
into the functions of viral envelope proteins in the process of entry into cells.
The first goal is to determine the protein structures that carry out the distinct
events of receptor binding and membrane fusion. The second is to determine
how the viral glycoprotein complex structurally converts between these two
dramatically different functions. This second goal is multi-faceted and can be
answered in any of a variety of terms: a dynamic view of the complex as it sheds
one function and assumes the next, a thermodynamic study of the various
functional states and their inter-relationship, or identification of the agent or
external condition that initiates conversion from one functional state tc the next.
A variety of approaches, on a number of viral systems, are currently being taken
to develop an understanding of the protein structural basis of viral entry.

The prototype: influenza hemagglutinin

The most thoroughly studied surface protein of an enveloped virus is the
hemagglutinin (HA) from the orthomyxovirus influenza (for reviews see Wiley
and Skehel, 1987; Stegmann and Helenius, 1993). Several features of influenza
make its HA protein ideal for structural and mechanistic studies. First, virus
quantities large enough for biochemical and biophysical analyses can be produced
in the laboratory from chicken embryos. Second, conversion of HA from a
receptor-binding state to a membrane-fusion cornpetent conformation can be
readily controlled. Penetration of the cell membrane can be artificially induced
in the laboratory simply by lowering the pH of the ambient solution. This
procedure mimics the natural infection process in which influenza virus binds
sialic acid on the surface of cells, is internalized into vesicles, and enters the cell
cytoplasm when the pH of these vesicles drops. Third, influenza HA is very
stable when maintained at neutral pH, even when cleaved from the viral
membrane. Finally, sequence data from natural isolates, gathered from repeated
outbreaks caused by antigenic variation, provides a valuable database for
identifying regions of HA that are structurally and functionally essential, as
opposed to those regions that can vary to allow the virus to escape the host
immune response.

A large body of work has shed light on the structures and functions of HA.
The HA protein complex is synthesized as a precursor, HAQ, which is then
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proteolytically cleaved into two fragments, HA1 and HA2 (Lazarowitz et al., 1971;
Skehel and Waterfield, 1975). HA2 is membrane-anchored, the receptor-binding
HA1 is attached to HA2 via a disulfide bond, and the HA1/HA?2 covalent
complex associates non-covalently into trimers (Wiley et al., 1977). The
ectodomain of the influenza HA glycoprotein “spike” in its native conformation
was the first enveloped viral glycoprotein structure to be determined
crystallographically (Figure 2) (Wilson et al., 1981). The top of the spike is formed
by a globular B-strand rich domain of HA1, while HA2 constitutes much of the
stalk of the spike and forms a three-stranded coiled coil at the trimer core.

The native HA structure served as a backdrop for studies on the apparent
large-scale and irreversible conformational change that occurs upon exposure of
HA to low pH. For example, electron microscopy studies revealed that HA
appears to lengthen and dissociate when treated with low pH (Doms et al., 1985;
Ruigrok et al., 1986). Furthermore, exposure of hydrophobic regions of HA upon
low pH treatment hinted at a mechanism for the activation of membrane fusion
(Skehel et al., 1982). Circular dichroism and fluorescence studies, however,
suggested that relatively small changes in total secondary structure content and
core packing occur (Skehel et al., 1982; Sato et al., 1983).

Recently, two studies described the nature of the end-state of the large-
scale conformational change of influenza HA. The first study involved HA2
peptides and demonstrated that a region existing as a loop in the native HA
structure forms a trimeric helical assembly in solution (Carr and Kim, 1993). The
second study supported and extended the peptide studies, presenting a high-
resolution view of the core of low-pH converted HA and confirming that the
native-state loop is in fact recruited in the low-pH converted structure to extend
the trimeric coiled coil at the HA2 core (Figure 3) (Bullough, et al. 1994).

Although these detailed snapshots of influenza HA before and after
exposure to low pH are available, many questions remain regarding the role of
HA in the mechanism of membrane fusion. For example, in the low-pH
converted structure, the “fusion peptide” region of HA2, which inserts into the
target cell membrane (Stegmann et al., 1991; Tsurudome et al., 1992), is at least
100 A away from the transmembrane region. How the viral and cell membrane
are brought together for fusion has yet to be revealed. In addition, the end-state
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of fusion must involve only a single membrane, but the orientation of the low-
pH converted HA trimer with respect to this membrane is unknown.

An alternative: tick-borne encephalitis virus E protein

The second enveloped virus to have a surface protein revealed
crystallographically is the flavivirus tick-borne encephalitis virus (TBE) (Rey et
al., 1995). The structure of a soluble fragment of the TBE E protein reveals a
dramatically different assembly from that of influenza HA (Figure 4). First, TBE
E is dimeric, not trimeric. In addition, E protein is likely to lie flat against the
viral membrane, perhaps forming a lattice over the surface of the TBE virion,
rather than extending from the viral surface as a knob or spike. In support of
this proposed orientation, the elongated E protein dimer forms an arc with a
radius comparable to that of the viral particle, and carbohydrate moieties are
found on the convex surface. The domain structure of TBE E protein is also very
different from that of influenza HA. TBE E protein is composed of three
domains: a B-barrel, an immunoglobulin-like domain, and an elongated
dimerization domain. The complex has very little helix content, in contrast to
influenza HA which is maintained as a trimer by contacts within its largely
helical HA2 subunit.

Flavivirus E proteins, like influenza HA, undergo a low-pH induced
conformational change to initiate membrane fusion (Kimura and Ohyama,
1988). This conformational change is accompanied by an oligomerization switch,
and the TBE E protein becomes trimeric after exposure to low pH (Allison et al,,
1995). It has been suggested that this oligomerization switch can theoretically be
accomplished with only minor rearrangements to the E protein lattice (Allison et
al., 1995). Disulfide bonds, particularly in the dimerization domain, may restrict
intradomain conformational changes. Nevertheless, significant changes in
monoclonal antibody binding are seen upon exposure to low pH (Roehrig et al.,
1990; Heinz et al., 1994), suggesting that the relative orientation of the three
domains may change, with regions that were previously buried being exposed.
The molecular details of this trimeric fusogenic conformation have yet to be
described.
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The emerging retrovirus envelope

The subunit organization of the retrovirus envelope is similar to that of
influenza HA (for review see Hunter and Swanstrom, 1990). The surface
glycoproteins of retroviruses are also synthesized as single-chain precursors,
which are proteolytically cleaved into two fragments, called generically for
retroviruses the surface (SU) and transmembrane (TM) subunits. SU is the
functional analog of influenza HAI, as it contains the receptor-binding regions.
TM, like influenza HA2, contains the hydrophobic segments that are likely to
anchor the protein bridge between the viral and cellular membranes during
membrane fusion. Some studies report trimers as the preferred oligomerization
state for retroviral envelope protein complexes (Einfeld and Hunter, 1988; Weiss
et al., 1990; Kamps et al., 1991), but other states have also been proposed for
lentiviruses (Rey et al., 1990; Doms et al., 1991).

There is preliminary evidence that retroviral envelope proteins can
undergo a conformational change during viral entry, although this
reorganization appears to be provoked by receptor-binding rather than by low pH
as in influenza or TBE. Evidence for a conformational rearrangement comes
from changes in reactivity to monoclonal antibodies (Sattentau et al., 1993) or in
protease sensitivity (Gilbert et al., 1995) after exposure to soluble versions of the
viral receptors. In addition, mutations have been made in retroviral envelope
glycoproteins that appear to have no effect on events required for receptor
binding, such as glycoprotein cell-surface expression and stability of the SU/TM
interaction, and yet have dramatic effects on the membrane fusion function (Cao
et al., 1993).

Further examination of the structure and structural changes of the
retroviral envelope are complicated by a number of features. First, intact
retroviral glycoprotein complexes are difficult to produce in yields high enough
for many biophysical studies. Second, retroviral envelope protein complexes are
unstable and can dissociate during purification, or even during expression in
cells (Saha et al., 1994; Earl et al., 1991). Finally, the use of purified, concentrated
receptor to induce conformational changes in the retroviral envelope is more
difficult than altering the pH of solution to study influenza HA. Since many
retroviral receptors are multipass transmembrane proteins, the technical
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difficulties become prohibitive. Mor -over, while exposure to low pH results in
quantitative conversion of all HA molecules on the influenza viral surface, it is
likely that only a small fraction of retroviral envelope proteins actually contact
receptor during viral entry, and perhaps not simultaneously. Taken together,
the limits on material, the instability of the SU/TM complex, and the inability to
achieve quantitative conversion of the retroviral envelope, mean that
heterogeneous populations or events are often studied. Therefore, firm
structural and mechanistic insights regarding the retroviral entry process have
lagged behind progress in other viral systems.

Purpose

In spite of the medical and therapeutic significance of retroviruses,
structural biological conclusions have been limited for retroviral envelope
proteins, and no high-resolution structural frameworks have been available in
which to ground mutagenesis and other data. This thesis describes a protein
dissection approach (Chapter 2) toward generating detailed structural models for
TM (Chapter 3) and SU (Chapter 5) components of the retroviral surface, using as
an experimental system the ecotropic murine leukemia viruses. The dissection
approach is pursued together with a broader holistic approach, and the
relationship between the protein components of the retrovirus envelope is
demonstrated in context of the intact virus (Chapter 4).
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Figure 1 Schematic diagram of the infection cycle of an enveloped virus

Using its envelope glycoproteins, shown as dark gray triangles, the virus
binds to a receptor on the target cell (step 1). The subsequent fusion of the viral
and cellular membranes, which are shown as thin black lines, results in
deposition of the viral capsid into the cell cytoplasm (step 2), represented by the
thick light gray circle. The proteins that surround the viral genome then
dissociate (step 3), freeing the genome to be used as a template for synthesizing
viral proteins (step 4a), and for generating additional copies of the genome itself
(step 4b). The viral proteins assemble around these genomes to form new viral
core particles (5). A piece of the cell membrane, containing the viral envelope
proteins, folds around the viral cores, and eventually separates from the rest of
the cell membrane to complete the new viral particle (step 6).

18



Figure 1




Figure 2 X-ray crystal structure of the native influenza HA trimer

The three components of the native influenza HA homotrimer (Wilson
et al., 1981) are shown in shades of purple Residues (38-53) and (54-77) in one
HAZ2 subunit are highlighted in red and yellow, respectively. These regions form
a three-stranded coiled coil in isolated HA2 peptides.
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Figure 3 X-ray crystal structure of the low-pH converted HA trimer

The three components of the low-pH converted HA homotrimer
(Bullough et al., 1994) are shown in shades of purple. Residues (38-53) and (54-
77) in one HA?2 subunit are shown in red and yellow, respectively, as in Figure 2.
These regions illustrate the essence of the HA conformational change that occurs
upon exposure to low pH, although other changes are evident in the structure.
For example, the long coiled coil folds back at the bottom, so that a short helix
packs against the new base of the coiled coil.
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Figure 4 X-ray crystal structure of the tick-borne encephalitis virus E protein

The two subunits of the TBE E protein homodimer (Rey et al., 1995) are
shown in red and yellow. The view is from the side, as if the viral membrane
were toward the bottom of the page. This view emphasizes the convex (upper)
and concave (lower) surfaces of the dimer, with the latter surface mirroring the
curvature of the viral membrane.
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Figure 4




CHAPTER 2

DISSECTION OF A RETROVIRUS ENVELOPE PROTEIN REVEALS
STRUCTURAL SIMILARITY TO INFLUENZA HEMAGGLUTININ

26



Background: Retrovirus envelope proteins contain a 4-3 repeat of hydrophobic
residues, characteristic of coiled coils. This repeat is located in the
transmembrane (TM) subunit adjacent to the fusion peptide, a region that inserts
into the host bilayer during the membrane-fusion process. A 4-3 hydrophobic
repeat region in an analogous position of the influenza hemagglutinin protein is
recruited to extend a three-stranded coiled coil during the conformational change
to the fusion-competent state. To determine the conformation of the retrovirus
TM subunit and the role of the 4-3 hydrophobic repeat, we constructed soluble
peptide models of the envelope protein from Moloney murine leukemia virus
(MMLYV).

Results: The region of the MMLV TM protein external to the lipid envelope (the
ectodomain) contains a stably folded, trimeric, protease-resistant core. As
predicted, an a-helical segment spans the 4-3 repeat. A cysteine-rich region
carboxy-terminal to the 4-3 repeat confers a dramatic increase in stability and
displays a unique disulfide bonding pattern.

Conclusions: Our results demonstrate that MMLV TM can fold into a stable and
distinct species in the absence of the receptor-binding “surface” co-subunit (SU)
of the envelope complex. As the SU subunit is readily shed from the surface of
the virus, we conclude that the TM structure forms the core of the MMLV
membrane fusion machinery, and that this structure, like the fusion-active
conformation of influenza, contains a three-stranded coiled coil adjacent to the

fusion peptide.
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Background

The envelope (Env) proteins of retroviruses bind to cell surface receptors and
promote fusion with the host membrane [1]. The mechanism of retrovirus-
mediated membrane fusion has remained elusive due to the lack of detailed
structural information about Env proteins. Structural studies have been
hindered by the low virus titer in the natural systems studied and by the large
size of the envelope complexes. Furthermore, the association between the Env
subunits is labile, and the protein complexes are membrane-bound.

By contrast, the hemagglutinin (HA) protein of the orthomyxovirus influenza
has been characterized by X-ray crystallography in both the native [2] and the low-
pH activated forms [3]. These high-resolution HA structures, together with other
studies, have led to a model for HA-mediated membrane fusion in which
dissociation of the receptor-binding domains from one another [4,5] accompanies
extension of a coiled coil to bring the fusion peptides into position to interact
with the target cell membrane [6]. The fusion-active subunit would then bridge
the viral and cellular membranes to form a critical intermediate in the

membrane fusion process.

Although the orthomyxovirus and retrovirus families have no obvious
evolutionary relationship, features of influenza HA are similar to those of
retroviral Env proteins. First, both HA and Env are composed of two fragments
cleaved from a common precursor. Like the HA1 domain of influenza, the
retrovirus surface glycoprotein (SU) binds the host-cell receptor [1]. The
retroviral transmembrane subunit (TM) contains a hydrophobic sequence at its
amino terminus analogous to the fusion peptide of the influenza HA2 subunit
[7], which inserts into the target membrane [8,9]. Retrovirus TM, like HA2,
contains a 4-3 hydrophobic repeat, predicted to form a coiled coil [10,11]. Finally,
shedding of the SU subunit of retroviruses such as HIV [12] and murine
leukemia virus [13] might parallel the displacement of influenza HA1 during the
conformational change to the fusogenic state.

The central features of the influenza fusogenic state were preserved in the

crystallized fragment of low-pH converted HA, despite the absence of the fusion
peptide, the transmembrane helix, and most of the receptor-binding domain [3].
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Furthermore, the “spring” to the fusion-competent conformation was modeled
using peptides corresponding to only the coiled-coil regions of HA [6]. We
consequently undertook a protein dissection study of a retrovirus Env protein in
order to characterize the structure of the retrovirus membrane-fusion apparatus.

Moloney murine leukemia virus (MMLV) was chosen for study because the TM
subunit is small (15 kD) and lacks glycosylation sites. Moreover, the intersubunit
disulfide bond between MMLV SU and TM can be eliminated by an apparent
disulfide rearrangement [13]. The requirement for disruption of a covalent bond
during shedding of SU implies a specific mechanism to dispose of SU.

Therefore, the structure of isolated TM from MMLV may be important in the
membrane-fusion mechanism of this retrovirus.

Peptides were designed to determine if the MMLV TM protein can fold
independently. To avoid the difficulty of working with insoluble peptides, we
studied the hydrophilic segment of TM by removing the fusion peptide and the
transmembrane region from our model constructs.

Results
The TM Model Folds into a Stable Structure

The primary structure of the MMLV TM protein is shown in Figure 1. We
produced a peptide, Mo-92, that extends from Asp 45 in the TM sequence to the
beginning of the transmembrane region. Asp 45 was chosen because it is at an f
position near the beginning of the 4-3 hydrophobic repeat region, placing the
positively charged amino terminus away from the hydrophobic core (Fig. 2), and
was predicted by the Paircoil algorithm [14] to be near the start of the coiled coil.
To verify this choice, a peptide was constructed starting at Met 31 and including
the following additional sequence from TM: MATQQFQQLQAAVQ. When this
peptide was subjected to proteolysis with thermolysin, the amino terminus was
trimmed to Val 43. Although thermolysin readily cleaves before leucine
residues, prolonged incubation did not result in cleavage before Leu 47.
Therefore, the amino terminus of Mo0-92 is within 2 residues of the start of the
protease-resistant, and presumably well-folded, region.
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Circular dichroism (CD) spectroscopy (Fig. 3) indicates that our peptide model for
TM has a helix content of approximately 59% (Table 1). The Mo-92 structure is
remarkably stable, with a temperature midpoint for thermal unfolding (Tm) of
86°C under physiological conditions. Carboxy-terminal truncations, denoted Mo-
55 and Mo-36 (Fig. 1), were constructed to locate the secondary structure within
Mo-92. Mo-36 spans the 4-3 hydrophobic repeat region, and the CD spectrum
indicates that approximately 28 residues of this peptide are in a helical
conformation. We conclude that the 4-3 repeat region is helical. Since the Mo-55
peptide contains no additional helical residues as judged by CD, but is
substantially more stable than Mo-36 (Tm values of 80°C and 30°C respectively),
we conclude that the immunosuppressive and cysteine-rich regions, while
folded, are in a non-helical conformation.

Mo-92 has a higher helix content than Mo-55, indicating that helical segment(s)
are present carboxy-terminal to the cysteine-rich region. However, these
segments do not confer a substantial increase in stability. A thermal melt of Mo-
92 monitored by CD signal at 222 nm reveals a folded baseline with a slope
greater than that of Mo-55. When the estimated number of helical residues in
each peptide is plotted vs. temperature (Fig. 4), it appears that additional helical
region(s) within Mo-92 melt non-cooperatively and independently, prior to the
transition for the amino-terminal helical region.

TM is Trimeric

The oligomerization state of the TM peptide Mo-92 was determined by analytical
ultracentrifugation. The data were consistent with a trimer model over a 9-fold
concentration range (Fig. 5A). However, a systematic trend is observed in the
residuals between the data and the linear fit, becoming more severe with
increasing concentration. This behavior is diagnostic of a tendency toward
aggregation.

To pare away regions contributing to non-specific aggregation, Mo-92 was
subjected to proteolysis, and the products were analyzed by mass spectrometry.
Digestion with trypsin (Fig. 1, pink arrow) or chymotrypsin (Fig. 1, blue arrows)
removed carboxy-terminal sequences, but left the amino terminus intact,
yielding fragments similar to Mo-55. Mo-55 thus corresponds to a protease-
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resistant subdomain within the TM subunit. When Mo-55 was subjected o
analytical ultracentrifugation, data fit closely to a trimer model, and no
systematic residuals were observed (Fig. 5B).

TM Contains a Specific Disulfide Bond and a Free Thiol

The protease-resistant subdomain of MMLV TM contains three cysteines, the
presence and spacing of which are preserved in C- and D-type retroviruses [15,16].
Disulfide bond formation between these cysteines is therefore likely to be
structurally and/or functionally significant. Mapping of disulfide bonds in Mo-
92 was challenging because there are adjacent cysteines that cannot be separated
by proteolysis. Instead, oxidized Mo-92 was incubated with 2-nitro-5-
thiocyanobenzoic acid (NTCB), which cleaves proteins at free cysteine residues

[17].

NTCB cleavage of Mo-92 yielded fragments with masses of 5597 and 5081,
corresponding to the amino- and carboxy-terminal products, respectively, of
cleavage at the third cysteine (C3) in the TM sequence (Fig. 1). Control
experiments with reduced cysteine-to-alanine mutants (used in the disulfide
permutation experiments described below) demonstrated that fragments from
cleavage at either of the adjacent cysteines could be obtained and readily
distinguished from one another by mass spectrometry. Thus, the NTCB cleavage
results indicate that only C3 in oxidized Mo-92 is reactive with NTCB, and that
C1 and C2 are likely to be protected in an intramolecular disulfide bond.
Cleavage of oxidized Mo-55 produced a 5600 dalton amino-terminal fragment,
demonstrating that the protease-resistant core is sufficient to specify the unique
disulfide bonding pattern that leaves only C3 reactive with NTCB.

To verify that C3 remains free due to the preferential formation of the C1-C2
disulfide bond, we performed a disulfide permutation experiment. Three
mutants of Mo-92 were constructed by replacing each cysteine individually with
alanine. The peptides were oxidized in the presence of 6 M GuHCl to remove
structural barriers to formation of non-native disulfide bonds. After refolding by
removal of GuHC], the stability of each oxidized peptide was assayed by thermal
denaturation (Table 2). The mutant with a disulfide bond between C1 and C2,
denoted Mo0-92.3, is most stable, with a Ty of 86°C. In contrast, the other two
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mutants (Mo-92.1 and Mo-92.2) are substantially destabilized, with T's of 76°C
and 70°C. The permutation repeated in the background of Mo-55 gave
qualitatively similar results (Table 2). Interestingly, for both M0-92 and Mo-55
backgrounds, the folded baselines of the three disulfide variants are identical,
indicating that alternate disulfide pairings accommodate the helical region
completely, albeit with impaired stability. These disulfide permutation
experiments are consistent with the NTCB cleavage data and confirm that the
most stable form of isolated TM contains a disulfide bond between C1 and C2.

Discussion

The structure of the retrovirus TM protein is central to viral entry. First, TM
contains the fusion peptide region. In addition, the most highly conserved
regions of retrovirus Env lie within TM. Carboxy-terminal to the 4-3
hydrophobic repeat in C- and D-type retroviruses, TM invariably contains an
“immunosuppressive sequence” [15]. Peptides with the consensus sequence for
this region have been shown to inhibit lymphocyte proliferation [18] and INF-y
production [19]. Adjacent to the immunosuppressive region are the conserved
cysteine residues, at least one of which must be involved in the initial covalent
association with SU in MMLYV [20]. Furthermore, mutagenesis studies have
shown that infectivity of MMLYV is particularly sensitive to amino acid
substitutions [21] and insertions [22] in TM. Finally, a construct expressing the
MMLV TM subunit alone partially complements a non-fusogenic Env mutant
anchored to the virus membrane by a glycosyl-phosphatidylinositol linkage [23].
These observations strongly suggest that efforts to elucidate the mechanism of
retrovirus-mediated membrane fusion should target the TM subunit.

Conflicting reports have emerged on the oligomerization order of retrovirus
envelope proteins such as murine and feline leukemia viruses [24,25] and HIV
[26-28]. Peptide studies of the HIV TM protein located a helical region in an
analogous position to the MMLYV 4-3 repeats, but the oligomerization state of
these peptides was ambiguous [29]. Our results show that the region of the
MMLYV TM protein adjacent to the fusion peptide is folded, helical, and trimeric,
most likely as a three-stranded a-helical coiled coil.
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The non-helical region of TM, which includes the immunosuppressive region
and the cysteines, is also folded in our model of isolated TM, as shown by the
following observations: i) these regions are present in the protease-resistant core;
ii) the thermal stability of Mo-55 is considerably greater than that of Mo-36; and
iii) only one of the three potential intramolecular disulfide bonds is observed.
The observation that a substantial portion of the TM protein is stably folded in
the absence of the SU subunit supports our hypothesis that this conformation of
TM corresponds to a functional state of the retrovirus envelope.

The TM protein can be isolated on the surface of the virus by a disulfide
rearrangment that results in loss of the SU subunit [13]. If shedding of SU proves
to be a required step in membrane fusion by retroviruses, then studying the
connectivity of the disulfide bonds in MMLV will provide a novel means of
monitoring the progress of a virus envelope protein through the receptor-
binding and membrane-fusion events. A disulfide bonding pattern for SU
released from a murine leukemia virus has been proposed [30]. Our studies
show a preference for disulfide bond formation between the first and second
cysteines in the isolated TM subunit, leaving the third cysteine as a free thiol.
Identification of the disulfide bonding pattern in the SU/TM complex will reveal
the nature of the MMLYV disulfide rearrangement required for shedding of SU.

Conclusions

We propose that shedding of SU leaves behind a folded, trimeric fusogenic
complex (Fig. 6), similar to the low-pH induced structure of influenza HA [3]. In
the native state of influenza, the receptor-binding domains inhibit formation of
the extended coiled coil, thereby serving as the basis of the “spring-loaded
mechanism” [6] for the HA conformational change. It remains to be seen
whether the residues corresponding to the coiled coil identified here are in an
alternative conformation in the native SU/TM protein complex. In either case,
since the trimeric coiled-coil motif is found in analogous positions in the
proposed fusion-competent states of the influenza and Moloney murine
leukemia viruses, it is likely that coiled coils will also prove to be central to the
membrane fusion mechanism of retroviruses.
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Materials and Methods

Protein Production and Purification:

Synthetic Peptides

The Mo-36 peptide and a peptide 6 residues shorter at the carboxy terminus, Mo-
30, were synthesized using Fmoc chernistry and purified using a method
described previously [31]. These peptides contain non-native carboxy-terminal
tyrosines to facilitate concentration determination [32]. Mo-30 was essentially
unfolded and was not studied further.

Recombinant Peptides

Mo-92 was generated by PCR from a plasmid containing the gene for the MMLV
envelope (kindly provided by D. Sanders and R.C. Mulligan, Whitehead
Institute), using primers encoding 5 Ndel and 3" BamHI sites. The amplified
fragment was subcloned into the pAED4 vector [33]. Mo-55 was constructed from
Mo-92 using a new C-terminal PCR primer. Both recombinant peptides include
amino-terminal methionines for expression. The sequences of the Mo-92 and
Mo-55 inserts, as well as all mutants, were confirmed by dideoxy sequencing
(USB). Mo-92 and Mo-55 were expressed in E. coli BL21(DE3) pLysS. Colonies
were picked directly from the plate, grown in LB to an Agp of 0.6 and induced
with 1 mM IPTG. Cells were harvested by centrifugation 3 hr later. Mo-92 was
purified by lysing cell pellets in glacial acetic acid and centrifuging 20 min at
12,000 rpm in a Sorvall RC-5B equipped with an SS5-34 rotor. The supernatant
was collected and diluted to 10% acetic acid with H20. The solution was filtered
and purified by reversed-phase high performance liquid chromatography (HPLC)
using a Vydac preparative C18 column. A linear H2O/acetonitrile gradient
containing 0.1% TFA was used at a flow rate of 10 ml/min. Mo-55 was purified
by lysing cell pellets in 100 mM NaCl, 25 mM Tris, pH 8.0, 0.1% (v/v) B-
mercaptoethanol. The lysate was centrifuged as described above. The soluble
fraction was applied under gravity to a 10 ml bed volume DEAE anion-exchange
column. The column was washed with 20 ml 100 mM NaCl, 25 mM Tris, pH 8.0,
0.1% (v/v) B-mercaptoethanol. Elution was performed with 25 mM Tris, pH 8.0,
0.1% (v/v) B-mercaptoethanol and a salt gradient from 100 mM to 500 mM NacCl.
The eluate fractions were analyzed on 18% SDS-PAGE gels. Fractions containing
Mo-55 were pooled and brought to 10% acetic acid, filtered, and purified by
reversed-phase HPLC.
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Mutagenesis

Cysteine-to-alanine mutations were accomplished by oligonucleotide-directed
mutagenesis of the parent constructs [34]. Mutants were purified by the identical
method used for corresponding wild-type peptides. Oxidations for the disulfide
permutation experiments were performed by incubating 5 mg/ml mutant in 6 M
GuHCl], 0.5 mM oxidized glutathione, 0.5 mM reduced gluiathione, 20 mM Tris,
pH 8.8, for 24 hr at room temperature. Samples were brought to 10% acetic acid,
dialyzed at room temperature against 5% acetic acid for 48 hr with two buffer
changes, and lyophilized. The absence of free thiols was confirmed by the lack of
reaction with Ellman's reagent in 6 M GuHCI [35]. In each case, disulfide bond
formation was intramolecular as judged by the absence of higher-order species
on non-reducing SDS-PAGE gels.

Protease Digestion

5 mg/ml Mo-92 and 0.8 mg/ml TPCK-treated trypsin (Sigma) in 25 mM Tris, pH
8.0, were left overnight at room temperature. The digestion mixture was then
diluted 5-fold into 5% acetic acid, and the trypsin-resistant fragment was purified
by reversed-phase HPLC. The fragment had an observed mass of 6852 daltons.
The expected mass for cleavage at Arg 104 is 6856 daltons. 5 mg/ml Mo-92 and
0.5 mg/ml chymotrypsin (Boehringer Mannheim) were incubated at room
temperature in 50 mM KPOg4, pH 7.0. Aliquots were diluted 1:10 in 5% acetic acid
for mass spectrometry. Cleavage occured after either Phe 95 or Tyr 96, with
observed masses of 5851 and 6007 daltons respectively. Calculated masses are
5843 and 6007 daltons. Longer digestion times favored the shorter fragment.
Cleavage of a peptide containing residues from Met 31 to Asp 98 was carried out
with 5 mg/ml peptide and 0.5 mg/ml thermolysin in 25 mM Tris, pH 8.0, at 37°C
for 6 hours. A mass of 6290 was observed, as compared to the calculated mass of
6289 for a peptide from Val 43 to Asp 98.

Circular Dichroism

CD spectroscopy was performed with an Aviv 62DS spectrometer equipped with
a thermoelectric temperature controller. Peptide concentration was determined
by tyrosine absorbance at 275 nm using £=1500 (Mo-30, -36, -55), or by tryptophan
and tyrosine absorbance at 280 nm using e=6880 (M0-92) [31]. The Mo-36, Mo-55,
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and Mo-92 peptide concentrations were 23 pM, 10uM, and 10uM respectively in
50 mM NaPO4/150 mM NaCl, pH 7.0, for wavelength scans. Scans were taken at
2°C, and signal was averaged for 5 sec. All thermal melts were performed at 10
UM in the same buffer. The CD signal was measured in 2-deg steps, with a 1.5-
min equilibration at each temperature. Signal was averaged for 10 sec at each
temperature. The Tm for each peptide was determined from the peak in the first
derivative of the ellipticity vs. 1/T curve [36]. All Tm values were determined
from thermal unfolding experiments that were >90% reversible. The number of
helical residues in each TM peptide was estimated from [6]y7, by assuming that a
value of -33,000 deg cm?2 dmol-1 corresponds to a helix content of 100% [37]. The
unfolded baseline of -4000 deg cm?2 dmol-1 was taken as 0% helical.

Analytical Ultracentrifugation

Equilibrium ultracentrifugation studies [38] were done with a Beckman XL-A
analytical ultracentrifuge, using an An-60 Ti rotor at 20°C. Mo-92 in 1 ml 50 mM
Tris, pH 8.8., was dialyzed overnight against 500 ml 50 mM Tris, pH 8.8, 200 mM
NaCl, 0.5 mM DTT. Mo-55 in 1 ml 100 mM Tris, pH 8.8, was dialyzed overnight
against 500 ml 50 mM Tris, pH 8.8, 100 mM NaCl, 2 mM DTT. Fractions of the
sample were then diluted 1:2 and 1:8 with dialysate to generate protein solutions
of approximately 100 uM, 33 uM, and 11 pM. Low concentrations of DTT were
used as a precaution against intermolecular disulfide bond formation. However,
subsequent studies showed reducing agent to be unnecessary. Indeed, similar
results were obtained for oxidized Mo0-92.3, which does not contain a free thiol, as
for Mo-92 in presence or absence of DTT. Mo-92 samples were spun in a 6-sector
cell at rotor speeds of 15,000 and 17,000 rpm. Mo-55 was spun at 20,000 rpm,
22,000 rpm, and 24,000 rpm. Data for Mo-92 were collected for each speed and for
each protein concentration at 230 nm, 260 nm, 280 nm, and 320 nm. Data for Mo-
55 were collected at 229 nm, 247 nm, 280 nm, and 300 nm. Data were analyzed
using the equation M=[2RT/ (1-i)p)a)2][d(lnc) /dr2] with ¥ as 0.732 cm3/ g for Mo-92
and 0.730 cm3/g for Mo-55. In both cases, r was 1.01 g/cm.

NTCB Cleavage

Mo-92 and Mo-55 were oxidized at 100 uM by stirring overnight in 20 mM Tris,
pH 8.8. Samples were brought to 5% acetic acid, dialyzed against 5% acetic acid
for 24 hr, and lyophilized. Oxidized Mo-92, Mo-55, or reduced cysteine-to-alanine
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mutants were dissolved at 1 mM in 20 mM Tris, pH 8.8. NTCB was added to 10
mM, followed by GuHCl to saturation. The sample was placed in the dark for 15
min at 37°C. 1N NaOH was added until pH ~9.5 was achieved, and the cleavage
reaction was allowed to proceed in the dark for 8 hr at 37°C [17]. An aliquot was
diluted 1:10 in 70% CH3CN, 0.1% TFA for mass spectrometry. The observed
masses for NTCB cleavage of Mo-92 were 5597 and 5081 daltons. Expected masses
for the amino- and carboxy-terminal fragments of cleavage before the third
cysteine in Mo-92 are 5593 and 5063 daltons respectively. A methionine
sulfoxide in the carboxy-terminal fragment would lead to an expected mass of
5079 daltons. Cleavage of oxidized Mo-55 yielded an amino-terminal fragment of
5600 daltons.

Mass Spectrometry

Laser desorption mass spectrometry was performed on a Voyager Elite
BioSpectrometry Research Station (PerSeptive Biosystems), using a matrix of 10
mg/ml a-cyano-4-hydroxycinnamic acid in 70% CH3CN, 0.1% TFA.
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Table 1. Helix content and stability of MMLV TM peptides monitored by circular
dichroism.

Peptide -[0]222 x 10-3 Helical residues Tm(°C)
Mo-36 26 ~28 30
Mo-55 17 ~28 80
Mo-92 21 ~54 86

The ellipticity at 222 nm and the temperature midpoint for thermal
denaturation are indicated for each MMLV TM fragment. Estimates of the
number of helical residues in each peptide and determinations of Tm values

were made as described in Materials and Methods.
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Table 2. Disulfide permutation of MMLV TM peptides.

Peptide Tm(°C) -[0]222 x 10-3 at 10°C
Mo-92.1 70 20
Mo-92.2 76 20
Mo-92.3 86 20
Mo-55.1 62 17
Mo-55.2 72 17
Mo-55.3 80 17

Disulfide Permutation of Mo-92 and Mo-55. The table displays the Tm
values and the folded CD signal at 10°C for the Mo-92 and Mo-55 mutants in the
oxidized form. In each set of mutants, the number after the decimal point
indicates the position of the alanine. Thus, M0-92.1 refers to a mutant with a
disulfide bond between C2 and C3, and an alanine substitution at C1.
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Fig. 1. Primary Structure of the TM protein in Moloney Murine Leukemia
Virus. A linear map of TM is shown with the sequence of Mo-92 specified.
Regions modeled by the three peptides, named for the number of residues they
contain, are indicated above the sequence. Core residues of the 4-3 hydrophobic
repeat are enlarged. The three cysteine thiols are numbered. The trypsin
cleavage site is marked by a pink arrow, while the two chymotrypsin sites are
indicated by blue arrows. A description of the immunosuppressive region is
found in the Discussion.
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Fig. 2. Helical Wheel Representation of Mo-36. The view is down the helical
axis starting at the amino-terminus (position f) of the peptide, which corresponds
to residue Acp 45 of TM. Core (a and d) positions are indicated in blue, while
other positions are yellow.
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Fig. 3. Circular Dichroism Spectra of TM Fragments. Each fragment displays a
characteristic helical spectrum at 2°C with double minima at 222 nm and 208 nm.
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Fig. 4. An estimate (see Materials and Methods Circular Dichroism) of the
number of helical residues in each fragment is plotted as a function of
temperature. Mo-36 and Mo-55 lose most of their helicity during the cooperative
unfolding transitions. On the other hand, approximately 20 helical residues,
almost 40% of the total helix content, unfold in Mo0-92 before the cooperative
transition occurs.
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Fig. 5. Equilibrium Sedimentation of TM Peptides. Representative data are
plotted as In(absorbance) vs the square of the radius from the axis of rotation.
The slope is proportional to molecular weight (see Experimental Procedures).
Dashed lines with increasing slopes indicate calculated values for monomeric (1),
dimeric (2), trimeric (3), and tetrameric (4) peptides. (A) Data for Mo-92 are
consistent with a trimeric model, but with systematic residuals. (B) Data for Mo-
55 fit closely to a trimeric model, but leave no systematic residuals.
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Fig. 6. Proposed Model for the Core of the Fusion-Active Conformation of
MMLV TM Protein. Magenta cylinders represent the three-stranded coiled coil
adjacent to the fusion peptides (blue). For simplicity, supercoiling of the coiled
coil is not depicted. The green loops represent the immunosuppressive and the
cysteine-rich regions. Contained in the non-helical region are three cysteines
portrayed as half lightning bolts. The first two cysteines readily form a disulfide
bond (shown as a full lightning bolt), as judged by NTCB cleavage data and
thermal stabilities of cysteine-to-alanine mutants (see text).
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CHAPTER 3

RETROVIRUS ENVELOPE DOMAIN AT 1.7A RESOLUTION
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We report the crystal structure of an extraviral segment of a retrovirus
envelope protein, the Moloney murine leukemia virus (MoMuLV)
transmembrane (TM) subunit. This segment, which comprises a region of the
MoMuLV TM protein analogous to that contained within the X-ray crystal
structure of low-pH converted influenza hemagglutinin, contains a trimeric
coiled coil, with a hydrophobic cluster at its base, and a strand that packs in an
antiparallel orientation against the coiled coil. This structure gives the first
high-resolution insight into the retrovirus surface and serves as a model for a
wide range of viral fusion proteins; key residues in this structure are conserved

among C- and D-type retroviruses and the filovirus ebola.
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Surface glycoproteins targect enveloped viruses to their host cell receptors
and mediate fusion of the viral and cellular membranes!l. The envelope
proteins of retroviruses are synthesized as a single chain, which is then
proteolytically cleaved into an amino-terminal “surface” subunit (SU) and a
carboxy-terminal transmembrane subunit (TM). The SU subunit binds the
receptor, while the TM subunit contains the hydrophobic “fusion peptide” at its
amino terminusl. To provide a structural framework for studies of retrovirus-
mediated membrane fusion, we sought a high-resolution model of a retrovirus
TM protein.

Moloney murine leukemia virus (MoMuLV) was chosen for study.
MoMuLV SU and TM are linked by a labile disulfide bond that can be stabilized
by thiol blocking agents?, presumably by preventing a free thiol in the envelope
complex from initiating thiol-disulfide rearrangement. This rearrangement
eliminates the covalent association between SU and TM2. The ectodomain of
the TM protein, lacking the fusion peptide, has been shown to fold into a stable
structure in the absence of the SU subunit3. Furthermore, because the MoMuLV
TM subunit lacks glycosylation sites, it can be represented accurately by synthetic
and recombinant peptides.

Conserved patterns in viral TM amino acid sequences

MoMuLV TM (Fig. 1a) contains three amino acid sequence motifs that are
highly conserved among C- and D-type retroviruses with hosts ranging from
mice to humans. The region from residues 43 to 78 exhibits a 4-3 repeat of
hydrophobic amino acids predicted to form a coiled coil4>. An
immunosuppressive peptide sequence (ISP), spanning residues 69 to 85, inhibits
cellular immune responses®?. Finally, three cysteine residues form the
unvarying pattern CXgCC from residues 86 to 94. The ISP and the cysteine motif
are also found in envelope proteins the filovirus family8, which differs
morphologically from the retrovirus family and carries an RNA genome of

opposite polarity®.
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Previous solution studies3 demonstrated that a peptide containing the 4-3
hydrophobic repeat, the ISP, arnd the conserved cysteine motif displays the
significant features of the recombinant ectodomain. The peptide, named Mo-55
for its length in residues, is trimeric. In addition, it assumes the identical
disulfide bond connectivity as a larger segment lacking only the fusion peptide.
Finally, its thermostability differs from that of the larger peptide by only 6°C.
Although the segment of the ectodomain lacking only the fusion peptide does
have additional helical residues not present in Mo-55, their structure is lost non-
cooperatively upon heating. Furthermore, treatment of the recombinant
ectodomain with proteases results in rapid removal of these residues, yielding
protease-resistant fragments similar to Mo-55. The entire ectodomain,
containing the fusion peptide, aggregates in aqueous solution, suggesting that the
fusion peptides are exposed and are not buried in the core of the structure. Thus,
the information required to specify the fold of the stable core of the isolated TM
subunit is contained within Mo-55.

Structure determination

Mo-55 was crystallized as described in Methods. The Mo-55 structure (Fig,.
1b) was determined by multiple isomorphous replacement (MIR) using
selenomethionine and thulium (Tm) derivatives. An initial model built into a
2.4 A resolution MIR map was improved by rounds of refinement and
rebuilding using O10. The current model includes residues 46 through 97 of the
TM protein, 40 water molecules, and a chloride ion. This model is in good
agreement with both the experimental data to 1.7 A (working R-factor 16.9%, free
R-factor 23.4%) and standard geometry (rmsd bonds 0.017 A, rmsd angles 2.39°).
Details of the data collection and refinement are given in Table 1.

MoMuLV TM architecture
The core of Mo-55 is a 33-residue, trimeric coiled coil. Six leucines, two
valines, one isoleucine, and one asparagine from each monomer are buried at

the center of the coiled coil. The three Asn 71 amide groups of the trimer trap an
X-ray scatterer (Fig. 2a, b) identified by solution studies as a chloride ion (Table 2).
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Buried polar interactions have been shown to promote specificity in the folding
of model coiled coils11.12, and the interaction of chloride with the buried Asn 71
residues may prove to be important in MoMuLV.

At the base of the Mo-55 coiled coil, the polypeptide chain reverses
direction and forms a short a-helix (residues 85-89) nearly perpendicular to the
coiled-coil axis. Hydrophobic clusters are formed by Phe 79, Leu 85, Ala 88, and
Leu 89, together with the coiled-coil core residues Leu 75 and Leu 78, as well as
Leu 77 and Leu 80 from an adjacent monomer. The carboxy-terminal residues
(90-97) of Mo-55 pack primarily against the counter-clockwise adjacent monomer,
as viewed from the top of the coiled coil. Cys 93 in the extended region forms an
intramolecular disulfide bond with Cys 86 in the short helix. Cys 94 has a free
thiol.

Implications for viral entry

X-ray crystallographic studies of enveloped virus surface proteins illustrate
the remarkable diversity of native envelope protein conformations. TBE E
protein is a flat, elongated dimer that lies parallel to the surface of the virus!3,
whereas influenza hemagglutintin (HA) is a trimeric “spike” that extends
approximately 150 A from the viral membranel4. These two structures suggest
the possibility that each virus family exhibits a unique solution to the
membrane-fusion problem.

It is striking, therefore, that the structure of Mo-55 shares many features in
common with low pH-converted influenza HA (TBHA7)15.16 demonstrating
that, even in the absence of sequence homology or any obvious evolutionary
relationship, diverse viruses may use similar scaffolds for presenting fusion
peptides to target cells (Fig. 3). Both TBHA7 and Mo-55 have trimeric coiled coils
in similar positions in their primary sequences. In addition, hydrophobic
clusters stabilize both the Mo-55 and TBHA, trimers at the bases of their coiled
coils. Finally, the carboxy-terminal residues of both fragments extend back
toward the amino termini of the coiled coils, apparently away from the viral
membranes. The structural similarities between the envelope proteins of the
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retrovirus MoMuLV and the well-studied orthomyxovirus influenza open the
rich literature on influenza HA (for review see ref. 17) to the question of the
retrovirus membrane-fusion mechanism.

Within their common structural framework, however, Mo-55 and TBHA»
do contain notable differences. First, the TBHAj coiled coil spans 65 residues,
while that of Mo-55 is only half as long. Furthermore, the Mo-55 coiled coil
displays a regular superhelical twist of the order observed in a model trimeric
coiled coill8, and the 4-3 periodicity is preserved throughout the length of the
coiled coil. In contrast, the TBHA; structure contains two regions with an
irregular 3-4-4-3 pattern of core residues. Due to these skips, the TBHA coiled
coil has a pitch of 300-400 A, while that of Mo-55 is approximately 175 A. The
location of disulfide bonds in the two structures is distinct, and the backbone
conformations differ between the hydrophobic clusters. Finally, a short helix
packs nearly antiparallel to the coiled coil in TBHAj, a feature absent from the
Mo-55 structure.

It is likely that the Mo-55 structure represents the core of the fusion active
conformation of MoMuLV TM, at a post-binding stage in which SU is no longer
required for envelope function. For influenza, the low pH in the endosome
leads to displacement of the receptor-binding HA; domain with a consequent
dramatic rearrangement of the transmembrane polypeptide HA). We expect that
the SU subunit of retroviruses similarly aids in burial of the fusion peptide prior
to activation, but the structure of TM in the SU/TM complex is unknown.
Whether displacement or shedding of SU in retrovirus envelope proteins leads
to a conformational change in TM, perhaps in a “spring-loaded” manner!?,
remains to be determined.
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Methods
Crystallization and data collection

Mo-55 was purified as described previously. Crystals in space group P213
(a=b=c=53.1 A) were grown by vapor diffusion from 1.6 M NaCl, 50 mM KPOy,
pH 5.6, 2.5% PEG 8000. A peptide (called Mo-55.3) with a cysteine-to-alanine
mutation at residue 94 formed crystals larger than those of the wild-type peptide,
although the space group and unit-cell constants for both forms were identical.
Crystals were transferred to 1.6 M NaAc, pH 5.6, 10% PEG 8000 at least 24 hours
before data collection. Diffraction data were collected on a Siemans-Xentronics
multiwire area detector mounted on an Elliott GX13 X-ray generator. Reflected
X-ray intensities were integrated with the program Buddha?0. Subsequent data
analysis was done with CCP4 programs?21,

Phase determination

The Se derivative was prepared by introducing a leucine-to-methionine
mutation at residue 47 of TM and incorporating selenomethionine at this
position during expression of Mo-55.322. The Tm3+ derivative was acquired by
soaking crystals of Mo0-55.3 in 1.6 M NaAc, pH 5.6, 10% PEG 8000, 50 mM
Tm2(SO4)3 for 24 hours. The Se and Tm3+ sites were located by Patterson
methods and refined using the program MLPHARE (CCP4 program suite).
Anomalous signal from the Tm3+ derivative was included. MIR maps
calculated to 2.4 A revealed connected backbone electron density from residue 47
to residue 96. Density for most of the side chains and many of the carbonyl
groups was also clearly visible, facilitating the chain trace.

Structure refinement
Positional and B-factor refinements of the initial model were performed
using X-PLOR?3, first against data to 2.1 A. Ten fixed waters were added, and a

bulk-solvent correction was applied. Further cycles of rebuilding and refinement
were carried out using data to 1.7 A. Data from wild-type crystals were also
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collected, and a difference map phased with the refined mutant model was used
to position the Cys 94 side chain. The most common cysteine rotamer fit clearly
into the largest peak in the difference map. However, extra density remained
near the cysteine sulfur atom, indicating partial derivatization. This density was
not modeled. The wild-type model was subjected to B-factor refinement and
bulk-solvent correction, yielding an R factor of 0.190 against data (20 to 1.8 A) for
the wild-type protein. Refined coordinates will be deposited in the Protein Data
Bank (Brookhaven National Laboratory, Upton, NY).

Thermal denaturation

Proteins with cysteine-to-alanine mutations at position 94 (Mo-55.3) were
used to eliminate the possibility of intermolecular disulfide bond formation or
thiol rearrangement during denaturation. Thermal denaturation was
monitored by circular dichroism at 222 nm using 10 uM peptide. Buffer for all
melting experiments was 50 mM NaPOy, pH 7.0. CD signal was measured and
Tm values were calculated as described previously3.
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Fig. 1 a, Primary structure of MoMuLV TM protein. TM contains no
glycosylation sites. The region between the arrows is Mo-55, the peptide
expressed in E. coli and crystallized. A hydrophobic and glycine-rich sequence of
approximately 30 residues at the amino terminus of TM (underlined) is
characteristic of a fusion peptide, which has been shown, for influenza, to insert
into the target membrane during viral entry24.25. Near the carboxy terminus is a
second hydrophobic stretch (underlined), containing residues 136 to 163, that
anchors TM to the virus envelope26. Helical regions in the Mo-55 structure are
indicated by striped poles under the sequence. b, Ribbon diagram of the Mo-55
trimer. Yellow balls indicate sulfur atoms in cysteine side chains, of which two
per monomer are in an intramolecular disulfide bond. Residues in red (shown
only in one monomer) are conserved among representative C-type retroviruses
(MoMulLV, feline leukemia virus, human T-cell leukemia virus type 1, Gibbon
ape leukemia virus, and bovine leukemia virus), as well as the D-type retrovirus
Mason-Pfizer monkey virus, and the filovirus ebola.
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Figure 1A
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Figure 1B




Fig. 2 a, A helical segment of the model is enveloped by a 1.2 5 2.4 A MIR map.
Residues in the core of the coiled coil are numbered. Only one subunit of the
coiled coil is shown. b, Asn 71 and symmetry-related residues are viewed along
the trimer axis. The distance between the amide nitrogen of Asn 71 and the
chloride ion is 3.25 A. The sum of the van der Waals radii for NH,* (1.43 A) and

Cl™ (1.81 A) is 3.24 A?7.
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Figure 2A




Figure 2B




Fig. 3 Comparison of the Mo-55 and influenza TBHA15 structures. Linear maps
drawn to approximate scale show the positions of Mo-55 and TBHA; (shaded)
within TM and HA», respectively. The fusion-peptide (fp) and transmembrane
(tm) segments are labeled. Both crystallographic models are lacking amino-
terminal residues corresponding to the fusion-peptide region, as well as carboxy-
terminal segments that form protease-sensitive links316 to the transmembrane
regions. Below, the structures of Mo-55 and TBHAj are compared (see text and
ref. 15) using MOLSCRIPT28. TBHA; is the fragment generated16 by first cleaving
native influenza HA from the viral membrane with the protease bromelain, and
then treating this soluble HA with low pH. Low pH causes the receptor binding
domains to dissociate from one another??.30 and the transmembrane polypeptide
HA, to undergo a dramatic conformational change involving extension of a
three-stranded coiled coill?. Finally, further proteolysis generates a crystallizable
fragment by removal of the dissociated HA1 domains and the fusion peptides.
The TBHA> structure is thought to be the HA conformation that mediates
membrane fusionl5. White balls in the figure indicate sulfur atoms in cysteine
side chains. A short strand from HA; is disulfide bonded to HA» in the TBHA»
structure and is shown in dark gray. The apparent bend in the Mo-55 helix is an
artifact of representing one subunit of a coiled coil in a two-dimensional

diagram.
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Figure 3
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Table 1 Crystallographic and refinement statistics

Statistics are reported for crystals of a cysteine-to-alanine mutant at residue 94 in
the TM sequence3.

Rmerge = LZjl Ij- <I>1/Zl;, where [j is the intensity measurement for reflection j
and <I> is the mean intensity for multiply recorded reflections.

bRiso = | | Fpnl - IFpl | /21 Fp 1, where Fpp and Fp are the derivative and native
structure factors, respectively.

‘Re =21 IFpht Fp | - IFpcl /21 FpontFp I, where Fp, ¢ is the calculated heavy-atom
structure factor.

dPhasing power = <F,,>/E, where <Fp> is the root-mean-square heavy-atom
structure factor and E is the residual lack of closure error.

®Reryst, free = Z | | Fobs ! - | Fealc! 1 /Z1Fobs |, where the crystallographic and free R
factors are calculated using the working and free reflection sets, respectively. The
free reflections (about 7% of the total) were chosen before refinement of the
initial model and were not used during refinement.
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Table1 Crystallographic and refinement statistics

Parameter Native
Resolution (A) 20.0-1.7
Completeness (%) 96.0
Rmerge® 0.061
Risob -
Number of sites --

R¢€ -

Phasing powerd --

Refinement statistics

Number of atoms (non-hydrogen)
Number of H2O molecules
Nurmber of reflections (working)
Rcryste

Number of reflections (free)
Rfree®

Deviations from ideal geometry
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Se Tm
20.0-24 20.0-2.4
97.0 97.3
0.064 0.054
0.109 0.245
1 1
0.74 0.57
1.23 2.13

413

40

5030

0.169

414

0.234

0.017 A (bonds)
2.39° (angles)



Table 2 Identification of buried polar interaction

Midpoint of Thermal Denaturation

Mo-55.3 Asn 71 = Ile mutant
none 64 °C 76 °C
NaF (5 mM) 64 °C -~
NaCl (5 mM) 73 °C 76 °C
NaBr (5 mM) 73 °C --
NaCl (20 mM) 75 °C --

The temperature midpoint for thermal unfolding (Tm) of Mo-55, but not
an asparagine-to-isoleucine mutant at position 71, is sensitive to the presence of
chloride. Chloride and bromide stabilized the Mo-55 structure, but fluoride did
not.
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CHAPTER 4

CHARACTERIZATION OF THE LABILE COVALENT ASSOCIATION
BETWEEN THE MURINE LEUKEMIA VIRUS ENVELOPE SUBUNITS
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ABSTRACT

Earlier observations suggested that a labile intersubunit disulfide bond
exists between the receptor-binding and membrane-fusion subunits of some
retroviral envelope glycoprotein complexes (19). The conservation in
oncoretroviruses of a thioredoxin-like CXXC amino acid motif, which is likely to
be involved in this labile disulfide, implies a selective pressure to maintain this
feature of the envelope glycoproteins. To further our understanding of the
structural basis of retroviral envelope function, we sought to determine the
conditions under which the disulfide bond is present in the Moloney murine
leukemia virus (Mo-MLV) envelope. Our results indicate that the disulfide
exists in fresh virions and is favored by the native glycoprotein structure.
Conversely, disruption of the native glycoprotein structure by mild treatment
with heat or denaturants allows a buried free thiol to initiate an irreversible
thiol-disulfide rearrangement that eliminates the intersubunit disulfide bond.
This rearrangement exhibits characteristics consistent with its involvement in
the cell entry pathway of retroviruses.

INTRODUCTION

Enveloped viruses penetrate the cell surface in two successive steps,
receptor binding and membrane fusion. Receptor binding is accomplished in
retroviruses by the surface (SU) subunit of the viral envelope glycoprotein
complex, while the transmembrane (TM) subunit mediates membrane fusion
(for review see ref. 14). The SU and TM subunits are synthesized as a single-

chain precursor, which is proteolvtically cleaved to generate the two fragments.

The association of the receptor-binding and membrane-fusion subunits
may be important in regulating cell entry by retroviruses. Crosslinking of the
Rous sarcoma virus (RSV) envelope inhibits fusion but not receptor binding (7),
consistent with a requirement for the separation of subunits upon initiation of
membrane fusion. For some laboratory-adapted strains of HIV, binding to the
receptor CD4 causes the HIV SU subunit, gp120, to dissociate or “shed” from the
viral surface (12,18), and can increase viral infectivity (22), suggesting that
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receptor-induced changes in subunit association are involved in retroviral entry.
The shedding of SU from retroviral virions may parallel the dissociation of the
influenza receptor-binding subunits during the conformational change to the
fusion-active state of this well-characterized virus (for review see ref 24).

Interestingly, a labile intersubunit disulfide bond has been detected in the
SU/TM complex of some retroviruses, implying the existence of a mechanism to
modulate the nature of the SU/TM association. The SU and TM envelope
proteins of murine leukemia viruses (MLVs) migrate independently by SDS-
PAGE, even in the absence of exogenous reducing agent, whereas in virus treated
with N-ethylmaleimide (NEM), SU and TM migrate as a covalent complex (19).
Some confusion has resulted from a misinterpretation of the original
observation, in which NEM was proposed to activate formation of a disulfide
bond that was absent in the native virion (19). The phenomenon could be
caused instead by the presence of an endogenous reducing agent, such as a free
thiol in the viral envelope, which is blocked by the addition of the thio-
alkylating agent NEM.

Nearly all oncoretroviruses, including the human T-cell lymphotropic
and mammalian C-type retroviruses, share an intriguing sequence motif that
suggests that the labile disulfide bond may be a common feature and that the
nature of the SU/TM association may indeed be important for retroviral
envelope function. The SU subunits of these viruses contain the sequence
CXXC, which is reminiscent of the active site of thiol-redox enzymes such as
thioredoxin (13) or protein-disulfide isomerase (6). Since the CXXC pattern of
cysteine residues is so highly conserved among oncoretroviruses, and since
mutagenesis of either of these cysteines yields non-infectious virus (11), these
residues are likely to play an important role in the function of the viral
envelope. It is possible that this motif is involved in the thiol-disulfide
rearrangement that eliminates the intersubunit disulfide bond from these
viruses. Although the CXXC cysteines are disulfide bonded to one another in SU
that has been released from virions (16), it has recently been proposed that one of
the CXXC cysteines is involved in the intersubunit disulfide bond of the SU/TM
complex (21).
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Since the association of subunits may be linked to the mechanism of cell
entry, studies on the mechanism of membrane fusion by oncoretroviruses
would benefit from a rigorous analysis of the properties of the labile disulfide
bond and the free thiol in the SU/TM complex. We sought to determine the
conditions that favor preservation of the intersubunit disulfide, and to verify
that these conditions are consistent with the involvement of thiol-disulfide
rearrangement in retroviral entry. Our studies led not only to a measure of the
stability of the SU/TM covalent association in Moloney murine leukemia virus
(Mo-MLV) and to identification of the factors affecting this association, but also
to unexpected discoveries regarding the nature of the free thiol in the SU/TM
complex.
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MATERIALS AND METHODS

Virus production. CL-1 cells (gift of J. Cunningham) were maintained in
Dulbecco's modified Eagle's medium (DMEM; Gibco BRL) supplemented with
10% calf serum. For Mo-MLV virus production, cells were plated at 50%
confluence in DMEM with 1% calf serum and incubated at 32°C for 36 to 48 hrs.
Culture supernatant was collected and passed through a 0.8 uM filter.

Virus purification. Virus was purified using either potassium citrate or
sucrose gradients. Sixty percent w/v potassium citrate, pH 7.2, or 60% sucrose in
PBS, was diluted with PBS to obtain citrate or sucrose solutions in 10%
increments. Density gradients were created by layering 0.8 mL each of 60% to
10% citrate or sucrose. Approximately 7 mL filtered supernatant was layered on
top of each gradient. Gradients were centrifuged for 1 hr at 20,000 rpm and 4°C in
a Beckmann L8-M ultracentrifuge using a SW41 rotor. The opaque virus band
was removed in approximately 0.5 mL with a needle and syringe through the
side of each polyallomer centrifuge tube (Beckman), and desalted into PBS or
other buffer on a NAP 10 column (Pharmacia Biotech). Approximately 4.5 mL
pooled desalted virus was then concentrated at 4°C to ~0.3 mL in a centricon-100
(Amicon).

Thermally-induced disulfide rearrangement. 12 uL aliquots of
concentrated virus were incubated at the indicated temperatures for 15 minutes.
Aliquots were then placed at room temperature, and 1.3 pL of 3% w/v N-
ethylmaleimide (NEM) in 10% v/v acetonitrile was added. After 30 min, 6 ul. 50
mM Tris, pH 6.8, 2% w/v SDS, 0.1% w/v bromphenol blue, 20% v /v glycerol
(gel-load buffer) was added and proteins were separated by gradient sodium
dodecyl-sulfate polyacrylamide gel elect.ophoresis (SDS-PAGE) gels (5 to 20%
acrylamide). Protein bands were transferred to Hybond-C nitrocellulose
(Amersham). Western blots were performed by shaking gently for one hr each
in the following solutions: 1) PBS containing 5% w/v nonfat milk powder and
0.1% w/v Tween-20; 2) 1:2000 dilution of polyclonal antisera (}1RP, Inc.) to the
TM ectodomain peptide Mo-92 (4) in PBS containing 0.1% Tween-20; 3) 1:5000
dilution horseradish peroxidase-linked goat anti-rabbit secondary antibody
(Amersham) in PBS containing 0.1% Tween-20. One 15 min and two 5 min
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washes were performed between each step with PBS containing 0.1% Tween-20.
ECL (Amersham) western blotting detection reagents were used to visualize
immunoreactive bands.

The SU/TM band was identified by size and by reactivity with both a-SU
(data not shown) and a-TM peptide antisera. The capsid band was identified by
size. On Coomassie-stained gels, four bands were visible with molecular weights
under 20 kD (data not shown). These four bands were distinguished by amino-
acid sequencing of their N-termini. The top band gave the sequence Glu-Pro-
Val, and was therefore identified as the p15E TM protein. The second band, in
spite of being the strongest on Coomassie-stained gels, did not yield amino acid
sequence, and was perhaps blocked at its amino-terminus. This observation is
consistent with the band being the p15 matrix protein arising from the amino-
terminus of the gag polyprotein. The third and fourth bands (not detected in the
Western blot), gave the sequences Pro-Ala-X-Thr-Pro and Ala-Thr-Val-Val-Ser,
consistent with the amino-terminal sequences of tne p12 protein and p10
nucleocapsid, respectively. The capsid protein consistently shows a low level of
cross-reactivity with the o-TM peptide antisera, while the matrix protein is
severely cross-reactive. Affinity purification of the o-TM peptide antibodies does
not eliminate this problem (data not shown).

pH and urea dependence. For pH-dependence measurements, sucrose
gradients were run in the presence of 200 mM NaCl/25 mM NaPO4 pH 5.0, 6.0, or
7.0 instead of PBS and desalted into the same buffers. Incubations, NEM
blocking, SDS-PACE, and western blotting proceeded as above.

For urea-dependence measurements, virus was purified in PBS. 6 pL
aliquots of concentrated viius was mixed on ice with 6 L urea dissolved in PBS
at twice the final desired urea concentration. Incubations, NEM blocking, SDS-
PAGE and western blotting proceeded as above.

NEM iime and concentration courses. NEM from a 2% w/v stock in 10%
acetonitrile was added to 10 pL virus aliquots to a final concentration of 0.2%.
and incubations allowed to proceea at room temperature for the indicated
lengths of time before addition of gel-load buffer.
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For NEM concentration-dependence measurements, a 10% NEM stock was
made in acetonitrile. This stock was diluted to various concentrations with
water, and 4 pL of the dilutions were added to 16 uL of gel-load buffer. 10 pL of
these mixtures was added to 10 pL aliquots of virus, to achieve the final NEM
concentrations indicated. Note that the final concentrations of NEM are and
should be determined relative to the total volume, including gel-load buffer, and
not to the volume prior to addition of denaturing detergent.

The rate of loss of the SU/TM covalent complex after addition of
denaturant was determined by rapidly stirring 20 uL virus aliquots in Reacti-
Vials (Pierce), adding 16 puL gel-load buffer, and, after the indicated delay, adding 4
uL of a 3% NEM stock in 10% acetonitrile to achieve a final NEM concentration
of 0.3%.
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RESULTS

Native protein structure inhibits thiol-disulfide rearrangement. To
measure the thermal stability of the covalent SU/TM complex, purified Mo-
MLV virus was aliquoted and incubated for 15 minutes at various temperatures.
We presumed that thiol-disulfide rearrangement would be an irreversible event,
preventing the acquisition of meaningful equilibrium thermodynamic data, so
the fifteen minute incubation was chosen to facilitate comparison to the
thermally induced irreversible conformational change of influenza
hemagglutinin (HA) (3). After the 15 minute incubation, the virus samples were
returned to room temperature and NEM was added to preserve the remaining
SU/TM covalent complexes. Gel load buffer containing SDS was added to
disrupt virions and denature viral proteins, which were then separated by
gradient SDS-PAGE. Western blots were probed with polyclonal antisera against
a 92-amino acid fragment of the Mo-MLV TM protein (4). The only band
detected in the higher molecular weight region of the gel (~90 kD) represents a
covalent complex between SU and TM (Fig. 1).

As judged by the loss of the ~90 kD band after incubation at higher
temperatures, the SU/TM complex cooperatively undergoes thiol-disulfide
rearrangement with a midpoint of 48 £ 1°C in PBS. To determine the role of
glycoprotein structure in the thiol-disulfide rearrangement, we examined the
effect of protein denaturants on the temperature midpoint of thiol-disulfide
rearrangement. The temperature midpoint for the transition decreased with
increasing concentrations of urea present during the incubation (Fig. 2A). Since
urea has no effect on inherent thiol reactivity (15), its dramatic effect on the Mo-
MLV glycoprotein thiol-disulfide rearrangement must be due to its role as a
protein denaturant.

Loss of covalent complex is pH-independent. Heat, denaturants, and low
pH can all induce a conformational change in influenza HA (3), which naturally
infects via a low pH mediated pathway (24). In all cases, the influenza HA
conformational change correlates with conditions that promote membrane
fusion (3). Therefore, we inquired whether loss of the SU/TM covalent
association in Mo-MLYV is consistent with the known pH profile of retroviral
infectivity. We examined thiol-disulfide exchange in Mo-MLV as a function of
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pH; virus at pHs relevant to cellular endosomal compartments all exhibited the
same temperature midpoint for thiol-disulfide rearrangement, 48 + 1°C (Fig. 2B),
consistent with the pH independence of retroviral cell entry.

All SU and TM inay initially be in covalent complex. The above
experiments do not depend on an accurate measurement of the amount of
SU/TM initially present in covalent complex, or, within limits, on the
effectiveness of the thiol-blocking agent. Assuming that a constant fraction of all
complexes present are preserved by blocking with NEM, the ratio of ~90 kD band
in test and control samples will always provide a measure of the resistance of the
covalent complex to the test conditions. However, there lingers an independent
question regarding the absolute fraction of SU and TM subunits in covalent
complex on the surface of native virions, a measurement that is highly
dependent on complete blocking by NEM of all SU/TM covalent complexes.
Therefore we performed a titration of NEM to determine a maximally-effective
concentration of alkylating agent (Fig. 3).

A typical concentration of NEM used in previous experiments is 0.2%
prior to the addition of denaturing gel-load buffers (19). However, we observe
that complete blocking does not occur until near or above a final concentration
of 0.5% NEM (Fig. 3). Concentrations of NEM above 0.5% become problematic
when working in aqueous solution. However, we observe that, to the limits of
our detection, the amount of free TM protein approaches zero when high
concentrations of NEM are used (Fig. 3). It is appropriate to monitor the free TM
band (~20 kD) to determine the extent of covalent complex, since TM is fixed in
the viral membrane and cannot be lost during purification. The ~90 kD and ~20
kD bands therefore represent all the TM protein initially present in the native

virion.

Free thiol inaccessible in native SU/TM. Since NEM is a very reactive
thiol-modifying agent (9), the extremely high concentrations required to block
the Mo-MLV envelope are surprising. To investigate this anomaly, we
performed a time-course of incubation with NEM prior to denaturation (Fig. 4).
The amount of blocked SU/TM complex was found to be independent of the
length of incubation. Even if blocking was initiated simultaneously with
denaturation, by including the NEM in the gel-load buffer, blocking was as
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effective as when NEM was added prior to denaturant (data not shown). Since
the length of incubation in the presence of NEM cannot compensate for lower
NEM concentrations (data not shown), these results indicate that NEM modifies
the free thiol in SU/TM only upon or during denaturation of the complex.

We also studied the effect of NEM addition subsequent to denaturation.
The time required for the SU/TM complex to denature and for thiol-disulfide
rearrangement to occur was examined by adding gel-load buffer into rapidly-
mixed virus aliquots and adding NEM at short time points later. In
approximately 5 seconds, half the covalent complexes had been disrupted (Fig. 5).
The rate of loss of the SU/TM covalent complex after addition of SDS could
reflect the rate of denaturation, with thiol-disulfide rearrangement proceeding
rapidly after denaturation. Alternatively, denaturation could occur rapidly, with
thiol-disulfide exchange then proceeding on the order of 5 seconds. The first
possibility is the more likely, as rate constants for the reaction of free cysteine
with N-ethylmaleimide at neutral pH have been estimated to be greater than
1000 M-1 571 (9).

DIS USSION

In the most thoroughly-studied enveloped virus entry event, that of the
orthomyxovirus influenza, the association of the receptor-binding (HA1)
subunits with the membrane-fusion (HA2) subunits in the glycoprotein trimer
plays an imoortant role in the timing of the two major steps in viral entry.
Upon exposure to low pH, which initiates the membrane-fusion event for
influenza, the HA1 subunits dissociate from one another. HA1 remains tethered
to HA2 by a disulfide bond, but the majority of the contacts between HA1 and
HA2 appear to be broken at this siage (10). The crystal structure of low-pH
converted HA (1) shows that regions of HA2 held in a loop conformation under
the HA1 “ciamp” in the native HA structure (25) spring up to form a coiled coil
once HA1 is released. This conformational change is thought to catapult the
hydrophobic and glycine-rich “fusion- peptide” region at the amino terminus of
HA2 toward the target cell membrane (2).
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Although it remains to be determined whether other virus envelope
proteins, including those of retroviruses, are alsc "spring-loaded,” the
observations that the SU/TM complex of retroviruses readily disassembles, and
that this disassembly may be involved in viral enty, are provocative. It was
previously determined that SDS treatment can result in loss of the covalent
association between SU and TM in murine l:ukemia viruses (19), but it was not
clear if milder treatments could promote this phenomenon. This question has
direct bearing on the formulation of hypotheses for the mechanism of
conversion from the receptor-binding to the membrane-fusion competent state

of the retroviral envelope.

Our results show that short exposure to mild heat treatment,
approximately 10°C above physiological temperature, causes the cooperative loss
of the SU/TM intersubunit disulfide bond. In addition, low levels of urea allow
thiol-disulfide exchange to occur readily at physiological temperatures.

Although neither heat nor urea treatment are directly relevant to the
mechanism of viral entry, these studies indicate that only a low energy barrier
exists for conversion trom the native state of the viral envelope in which SU
and TM are covalently linked. Overcoming this energy barrier during viral entry
may be accomplished instead by the binding e.iergy from contact with receptor
and may result in formation of the fusion-competent conformation of the viral

envelope.

In support of the hypothesis that a low energy barrier must be overcome
for viral-mediated membrane fusion to begin, it has been shown for influenza
HA that any treatment that destabilizes the native state, such as heat,
denaturants, or the physiologically relevant low pH, results in conversion to a
common HAZ2 structure (3); in each case the structural change coincides with
acquisition of the capacity to fuse membranes (3). By analogy, destabilization of
the native retroviral SU/TM covalent complex, by whatever means, may
promote the fusion-active conformation of the retrovirus envelope. In fact, a
post-binding temperature-dependent event has been detected for the avian
oncoretrovirus RSV; temperatures above 22°C are required for RSV fusion, but
not binding (8). This observation can be interpreted as indicating that receptor
binding cannot overcome the increased activation energy for conversion to the
fusogenic state of RSV when the thermal energy of the native state is decreased.
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It is noteworthy that, while the SU/TM covalent complex of Mo-MLV is
disrupted at relatively low temperatures, the TM subunit core is highly
thermostable (4) and structured (5) in isolation. Studies on soluble TM
ectodomain peptides demonstrated that TM denatures only at temperatures
greater than 86°C (4). Therefore, the structure observed in the TM peptides
would persist through, or perhaps even form during, the structural transition
that dissociates SU and TM. This situation is similar to that of influenza in
which, at neutral pH, the conformational change to the fusion-active state occurs
at 63°C, but a second transition, presumably the denaturation of the HA2

subunit, occurs at higher termperatures (2, 20).

Consistent with the Mo-MLV thiol-disulfide exchange being relevant to
the retroviral entry pathway is the observation that the thermal stability of the
SU/TM covalent complex is independent of pH in the pH range of endosomal
compartments. In contrast, the thermal stability of the native conformation of
influenza HA varies dramatically with pH in this range (3), as would be expected
for a virus with a low-pH dependent membrane-fusion event. Pre-treatment of
influenza with low pH in the absence of target membranes inactivates the fusion
apparatus (23). Retroviruses are not inactivated by low pH pre-treatment (17), in
keeping with our observation that structural changes in the Mo-MLV envelope
resulting in thiol-disulfide rearrangement are not promoted by low pH.

Although the pH profile of thiol-disulfide rearrangement is consistent
with the known profile of retroviral entry, it remains to be determined whether
thiol-disulfide rearrangement is essential for, or occurs during viral entry.
Mutants of the CXXC cysteine residues produce non-infectious virus, but these
mutants also have defects in folding and transport of their envelope
glycoproteins (11). To determine whether thiol-disulfide rearrangement is truly
important for viral entry, one would ideally destroy the free thiol after it has
contributed to folding and transport, and its only remaining role could be in
conversion from the receptor-binding to the membrane-fusion competent state

of the viral envelope.

The obvious experiment to address the importance of thiol-disulfide
rearrangu.nent in oncoretroviral entry is to block the free thiol on mature
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virions, remove the excess blocking reagent, and record the infectivity of the
modified virions. Our results show that this experiment is not feasible,
however, since the free thiol cannot be modified by NEM, a potent thiol-specific
agent, while the envelope is in the native folded state. When prolonged
incubations in high concentrations of NEM were performed and NEM was then
removed by gel filtration, no SU/TM covalent complex was detected after SDS-
PAGE (data not shown). Similarly, half-hour incubations with 0.2% NEM were
less effective than simultaneous addition of 0.5% NEM with denaturant. While
the apparent lack of reactivity of the free thiol in the folded state is discouraging
toward a simple and direct determination of the significance of thiol-disulfide
rearrangement in viral entry, it serves as an important warning for the
interpretation of future data. Any treatments that appear to block the free thiol
should be thoroughly examined for deleterious effects on the native protein
structure that could have led to exposure of the buried free thiol.

In addition, we conclude from our experiments that previous
measurements of the ratio of disulfide bonded to non-bonded SU and TM on the
surface of virions depended more on the method and NEM concentration used
for blocking the covalent complexes than on the inherent ratio of these two
species. We find no evidence that the native glycoprotein structure involves
other than disulfide-bonded complexes. However, the buried free thiol, the
relative instability of the SU/TM covalent complex, and the irreversibility of
thiol-disulfide rearrangement could easily contribute to detection of non-
disulfide bonded species.

We have demonstrated that the native structure of the SU/TM complex
on the surface of Mo-MLV contains an intersubunit disulfide bond, and that
mild perturbations of the environment can cause irreversible loss of this
intersubunit disulfide. The methods presented here provide a simple and
quantitative means of analyzing the effects of various agents on the native
structure of the Mo-MLYV envelope, and can theoretically be extended to examine
the effect of receptor binding on the SU/TM covalent association. Although the
precise details may differ, it is likely that similar principles govern cell entry by
all retroviruses, and that conclusions from oncoretroviruses regarding the role
of the SU/TM association in regulating the membrane-fusion active state of the
ervelope may be more generally applicable. However, the labile disulfide bond
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that exists in Mo-MLV provides a convenient probe for the state of the viral
envelope that other retroviruses, such as HIV, lack. The facility with which
thiol-disulfide rearrangement is induced and the pH independence of
rearrangement provide support that the extensive conservation of the CXXC
motif implies a physiological role for disruption of the SU/TM covalent

association.
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Figure 1

<4—SU/TM (gp90)

4 CA (p30)
4 TM (p15E)
V< MA (p15)

45 —
47.5 —
50 —
52.5 —
55 —

I
(=]
<

L
RE S5
<

Temperature (°C)

Thermal denaturation of the Mo-MLV SU/TM covalent complex.
Each lane contains virus incubated for 15 minutes at the indicated
temperatures, and then treated with 0.3%NEM prior to the addition of
gel-load buffer. The following virus bands are visible in the blot and are
labeled: envelope glycoprotein covalent complex (SU/TM), capsid (CA),
free TM protein (TM), and matrix (MA). The midpoint for the thermal
transition involving loss of the SU/TM covalent association is 48 + 1°C.
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FIG. 2. Denaturant- and pH-dependence of the thermal transition. (A) The
SU/TM covalent complex (gp90) band is shown. Virus was incubated at various
temperatures in the presence of increasing concentrations of urea. The midpoint
of the thermal transition is highly sensitive to the concentration of urea present.
Approximately 1 M urea causes loss of the intersubunit disulfide bond to occur at
physiological temperatures over the course of the 15 minute incubation. (B)
Virus was incubated at various temperatures in buffers of decreasing pH. The
midpoint of the thermul transition shows no dependence on pH in ti.is range.
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Figure 3

| 4—SU/TM

™
T

| |
n -
o o

0.001 — |

0.025 — [EENREEEN

|
o)
N
o

final NEM concentration (% wi/v)

Concentration dependence of NEM in the thiol-blocking reactior.
NEM was added to the final concentrations indicated. The amount of
SU/TM covalent complex preserved by NEM treatment is highly
sensitive to the concentration of NEM used. The intensity of the free
TM band approaches zero with the highest concentration of NEM.
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Figure 4
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Time course of NEM addition prior to denaturation. NEM was
added to 0.2% w/v at various times prior to addition of SDS-
PAGE load buffer. The amount of SU/TM complex detected is
independent of the time of incubation with NEM.
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Figure 5
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Rate of thiol-disulfide exchange. SDS-PAGE load buffer
was added at the indicated times prior to addition of NEM.
Approximately 5 seconds are required for half the SU/TM
covalent complexes to rearrange.
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CHAPTER 5

STRUCTURE OF A RETROVIRUS RECEPTOR-BINDING GLYCOPROTEIN:
MURINE LEUKEMIA VIRUS SU DOMAIN AT 2.0 A RESOLUTION
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An essential step in retrovirus infection is the binding of the virus to its
receptor on a target cell. The structure of the receptor-binding domain of the
envelope glycoprotein from Friend murine leukemia virus, which is
functionally analogous to HIV gp120, was determined to 2.0 A resolution by X-
ray crystallography. The core of the domain is an anti-parallel f-sandwich, with
two interstrand loops forming a helical subdomain atop the sandwich. The
residues in the helical region, but not in the B-sandwich, are highly variable
among mammalian type-C retroviruses with distinct tropisms, indicating that
the helical subdomain determines the receptor specificity of the virus. This
structure provides the first high-resolution insight into a retrovirus receptor-
binding glycoprotein, and will serve as a valuable tool for the development of
targeted gene therapy vectors.
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Retroviruses are simultaneously a profound human medical problem and
a potential medical solution. They can be pathogenic, causing
immunodeficiency, leukemia, and neurological disease, but they are also actively
studied for their proposed utility as gene-therapy vectors. Essential to both roles
is the targeting of virus to host cell through interactions between viral-envelope
and cell-surface proteins.

Retrovirus envelope glycoproteins (reviewed in 1) are synthesized as
single-chain precursors that are subsequently cleaved into two subunits, SU
(surface) and TM (transmembrane) (Fig. 1). The SU glycoprotein binds receptor.
The TM subunit contains the hydrophobic fusion-peptide and transmembrane
segments, and is likely to participate directly in fusion of the viral and cellular
membranes following receptor binding.

Efforts to understand the structural basis of retroviral binding and entry
and to develop retrovirus-based gene therapy vectors (reviewed in 2) with
engineered tropisms have been hindered by the lack of high-resolution models
for the receptor-binding regions of retrovirus envelope glycoproteins. To address
this problem, we initiated structural studies on the envelope glycoprotein of the
mammalian C-type retrovirus, Friend murine leukemia virus (Fr-MLV). The
cellular receptor for Fr-MLV and other ecotropic MLVs (3) is the 14-
transmembrane-pass cationic amino acid transporter MCAT-1 (4). The receptor-
binding function of Fr-MLV has been localized to the amino-terminal region of
the SU glycoprotein (5), which has been defined as a domain by proteolysis (6);
thus we refer to this region as the Friend receptor-binding domain (Fr-RBD) (Fig.
1). In this report, we present the X-ray crystal structure (7) of Fr-RBD at 2.0 A
resolution (Table 1).

Fr-RBD is a roughly L-shaped molecule consisting of a lopsided anti-
parallel B-sandwich and a helical subdomain formed from two extended loops of
the sandwich (Fig. 2A, B). Six strands (strands 1, 2, 4, 5, 8, and 9) form the large
sheet of the Fr-RBD sandwich, while three strands (strands 3, 6, and 7) make up
the second face (8). The large sheet is curved to form nearly half a barrel, and the
small sheet packs against the half-barrel at an angle of approximately 40°. The
first loop of the helical subdomain (between strands 3 and 4), contains two o-
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helixes (helices A and D). Also within this loop is an extended coil from Leu 50
to Thr 100 that passes almost 360° around the end of the helical lobe. The second
loop (between strands 6 and 7) contains an o-helix (helix G) that packs in an
antiparallel orientation against helix D. Fr-RBD contains six disulfide bonds,
four of which Linder and coworkers previously identified biochemically, and
two of which they predicted correctly by computer modeling (9). Although the
overall tertiary structure of Fr-RBD structure is unique, a comparison of the Ca
coordinates of Fr-RBD against all known folds, performed by the Dali server,
Heidelberg (10), reveals modest similarity between the Fr-RBD B-sandwich and
proteins with immunoglobulin (Ig) folds (11) (Fig. 3).

Amino acid sequence alignments of receptor-binding domains from C-
type MLVs that use distinct receptors have highlighted regions that vary with
tropism (Fig. 1). These variable regions, called VRA, VRB, and VRC (12), are
mapped onto the Fr-RBD structure in Figure 2A. The sequence throughout most
of the B-sandwich is conserved, whereas the sequence corresponding to the
helical lobe is highly divergent. VRA, VRB, and, to a lesser extent VRC, vary in
length as well as in sequence between MLVs with different tropisms. For
example, VRA in amphotropic MLVs is considerably shorter than VRA of
ecotropic MLVs (61 residues and 1 putative disulfide bond vs. 98 residues and 3
disulfides), while amphotropic VRB is longer by 19 residues, including two
additional cysteines. The pattern of sequence conservation in the receptor-
binding domains of MLVs, when viewed in light of the Fr-RBD structure,
indicates that the Ig-like core is used as a scaffold for displaying the receptor-
binding regions of the envelope glycoprotein.

Chimeric envelope proteins have been constructed by others in attempts
to localize the receptor-choice determinants in MLV SU glycoproteins. Although
functional chimeras can be constructed readily between various non-ecotropic
viruses (13), it has not been possible to construct functional chimeras containing
both ecotropic and non-ecotropic variable regions (14). Upon examination of the
Fr-RBD structure, this observation is not surprising. VRA and VRB are
intimately associated with one another in the helical lobe, and a significant
alteration of the length and sequence of either VRA or VRB alone would not
easily be accommodated by the rest of the structure (15).
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Despite the absence of useful chimeras, mutagenesis experiments
identified amino acids in the VRA region of Moloney murine leukemia virus
(Mo-MLV) SU that, when altered, inhibit MCAT-1 binding without affecting
envelope processing and assembly into virions (16). Substitution of Lys for Asp
84 in Mo-MLV SU (corresponding to Asp 86 in closely related Fr-MLV), blocks
binding and infection. When residues Arg 83, Glu 86, and Glu 87 in Mo-MLV
(homologous to Arg 85, Asp 88, and Glu 89 in Fr-MLV) are changed individually
to Glu, Lys, and Lys respectively, binding is abrogated, although virus titer is not
significantly affected (17). The binding surface defined by the positions of these
mutants is a textured landscape that includes a hydrophobic pocket and a charged
ridge (Fig. 4).

The Fr-RBD structure demonstrates that, in the SU glycoproteins of MLVs,
the polypeptide chain is partitioned structurally into a conserved Ig-like anti-
parallel B-sheet framework and a variable subdomain. The Fr-RBD architecture
will therefore facilitate the development of viruses with novel receptor
specificities for the purpose of gene therapy. Current approaches have included
tethering large binding domains such as single-chain antibodies to the amino
terminus of the envelope protein (18) or substituting erythropoietin in place of
SU sequences (19). The resultant recombinant viruses have very low
transduction efficiencies, and in some cases require the wild-type glycoprotein to
be co-incorporated into virions (19). Using the Fr-RBD structure as a model,
modifications can now be directed to the receptor-binding lobe alone, with a
detailed understanding of how the components of this subdomain interact with
one another and with the core of the protein. The feasibility of replacing the
variable subdomain sequences to generate new receptor-specificities and
tropisms has already been demonstrated by the success of viral evolution in
generating the receptor-diversity of this subgenus.

In spite of a complete lack of sequence homology, the TM proteins of
distinct retroviruses have recently been shown to share a similar core structure
(20). Coupled to the growing recognition of the importance of multi-pass
transmembrane proteins in retroviral entry (4, 21), this observation suggests the
intriguing possibility that SU glycoproteins from even distantly-related
retroviruses may also share some structural similarities. Although the structure
of the HIV SU subunit gp120 is unknown, the Fr-RBD fold provides a conceptual
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framework in which to consider models for the structural basis of cell entry by
HIV and other retroviruses.
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Fig. 1. Domain organization of the Fr-MLV envelope glycoprotein and sequence
of Fr-RBD. (A) The Fr-MLV envelope glycoprotein is synthesized as a single
polypeptide chain, shown schematically (SS = signal sequence, FP = fusion
peptide region, TM = transmembrane segment). Maturation involves removal
of the signal sequence, cleavage to generate distinct SU and TM subunits, and
removal of a short peptide at the carboxy terminus. Cleavage sites are indicated
by dotted lines. The crystallized Fr-RBD region is shaded. Amino acid residues
at the junctions of each indicated segment are numbered. (B) Secondary
structural elements are indicated above the amino acid sequence of Fr-RBD. f-
strands are numbered and shown as black bars, with strand 3 dotted because it
does not classify as a true strand (8). o-helices are lettered and shown as gray bars,
and 31¢-helices are dotted in gray. N-linked glycosylation sites are underlined.
Regions conserved among MLVs are boxed in gray, while regions whose lengths
and sequences vary with the tropism of the virus are boxed in blue and labeled
VRA, VRB, and VRC (12).
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Fig. 2. Structure of Fr-RBD. (A) A ribbon representation is shown with disulfide
bonds and carbohydrates indicated as ball-and-stick representations. Strands are
numbered and helices are lettered to correspond to Fig. 1. Variable regions are
indicated (12). VRA includes the extended coil in the helical subdomain
(residues 50 to 100) and helix D, while VRB corresponds to helix G. VRC is
located in the loop between strands 4 and 5 and is separated from VRA and VRB
in the Fr-RBD structure by conserved elements such as strands 4, 5, 8, and 9 (15).
The figure was generated using Ribbons (22). (B) A stereo diagram of Fr-RBD is
numbered every 10 residues. The figure was generated using Molscript (23).
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Figure 2A




Figure 2B




Fig. 3. Topological relationship between Fr-RBD and the Ig fold. A side view of
the topologies of an h-type Ig fold and of Fr-RBD are shown with the B-
sandwiches splayed open between strands ¢’ and d in the Ig fold and between
strands 5 and 6 in Fr-RBD. Strands 1 and 2 of Fr-RBD are shown in light gray to
indicate that they are a modification of the classical h-type Ig fold topology (24).
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Figure 3
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Fig. 4. The putative receptor-binding surface. A molecular surface is
superimposed on the structure of the region containing likely receptor-
contacting residues. Residues Arg 85, Glu 89, Pro 90, and Thr 92 form a ridge
across the top of this region. The face just below the ridge contains the critical
Asp 86 (see text), which lies adjacent to a hydrophobic pocket. This pocket is
lined with the residues Pro 90, Leu 94, and Trp 102, as well as Asp 86, and its base
is formed by Leu 91. The relationship of the putative receptor-binding surface to
the intact domain can be derived from the inset, in which the expanded region is
boxed in red, and the helices are lettered as in Figs. 1 and 2A. The orientation is
roughly a 180° rotation about the y-axis from the views in Fig. 2. The figure was
generated using Grasp (25).
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Table 1 Multiple isomorphous replacement and refinement statistics

*Reym = ZZj1]j- <I>1/Zl;, where Jj is the intensity measurement for reflection j
and <I> is the mean intensity for multiply recorded reflections.

TRiso = Z| | Fph | - I1Fpl I /Z1Fp |, where Fph and Fp are the derivative and native
structure factors, respectively.

tPhasing power = <Fn>/E, where <Fp> is the root-mean-square heavy-atom
structure factor and E is the residual lack of closure error.

SCullisR =21 IFph £ Fpl - IFp el | /Z1Fph £ Fpl, where Fy ¢ is the calculated
heavy-atom structure factor.

IRwork, free = Z! | Fobs| - | Feale| | /Z1Fops |, where the working and free R factors are
calculated using the working and free reflection sets, respectively. The free
reflections (6.9 % of the total) were held aside throughout refinement.
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Table 1. Muitiple isomorphous replacement and refinement statistics

Pt(1)(2,2:6'2"  Pheny!

Data collection Native HgClo terpyridine)Cl HgAc AgNO3 PtCNg4
Resolution (A) 2.0 3.0 3.0 4.0 3.0 3.0
Rsym' (%) 6.7 13.5 10.7 7.9 7.9 15.9
Completeness (%) 97.2 99.6 99.2 84.4 98.6 80.2
RisoT (%) 22.0 20.4 20.0 15.8 19.7
Number of sites 4 1 4 4 2
Phasing power¥ 1.1 1.33 1.31 1.02 0.74
Cullis RS 0.812 0.745 0.758 0.818 0.904
Overall figure of merit 0.599

Refinement Structure and Stereochemistry
Resolution (A) 20.0-2.0 Number of atoms
Number of reflections Protein 1786

working 18928 Carbohydrate 28

free 1393 Water 191
Rwork/Riree!l (%) 22.3/26.4 Zinc ions 3

rmsd bond lengths (A) 0.014

rmsd bond angles (degrees) 2.99
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APPENDIXI

MODEL FOR TRIMER PACKING OF THE RECEPTOR-BINDING DOMAIN
FROM ECOTROPIC MURINE LEUKEMIA VIRUSES
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The glycoprotein complexes of many enveloped viruses are trimeric (for
review see White, 1990). This generality may reflect one of the major functions
of these protein assemblies, to initiate fusion of the viral and cellular
membranes during viral entry. If DNA-binding proteins are often dimeric
because two points determine, or regulate, the linear DNA, then membranc-
fusion proteins may be trimeric because three points determine, or modulate, the
plane of the lipid bilayer.

Trimeric assemblies have been detected, using various techniques and to
various resolutions, in numerous families of enveloped viruses. The high-
resolution structures of both the native (Wilson et al., 1981) and the low-pH
converted (Bullough et al., 1994) HA proteins from the orthomyxovirus
influenza reveal trimers organized around three-stranded coiled coils. The
envelope glycoprotein of the avian oncoretrovirus Rous sarcoma virus has been
shown to be trimeric by velocity sedimentation (Einfeld and Hunter, 1988).
Some reports claim that the lentivirus envelope glycoprotein is trimeric (Weiss
et al., 1990), although other oligomerization states have been proposed (Rey et al.,
1990; Doms et al., 1991). Even the flavivirus E protein, for which a high-
resolution dimeric native structure is known {Rey et al., 1995), converts to a
trimeric membrane-fusion competent structure (Allison et al., 1995).
Complementing these studies on intact glycoprotein complexes, peptide studies
have identified regions of viral membrane-fusion subunits that form trimers in
solution. For example, high-resolution trimeric structures are available for the
cores of the TM subunits of MLV (Fass et al., 1996) and HIV (Chan et al., 1997).

Although fragments of the transmembrane subunits of some enveloped
viruses reflect the oligomerization of the intact glycoprotein complexes (Carr and
Kim, 1993; Fass and Kim, 1995), regions of receptor-binding subunits studied in
isolation may not. Fr-RBD, the receptor-binding domain of Friend murine
leukemia virus (Fr-MLV) is monomeric in solution (R. Davey, unpublished
data) and crystallizes without three-fold symmetry axes that could indicate how
the domain packs in a native glycoprotein trimer (Chapter 5). This result is not
unexpected, since a comparable situation was previously found for influenza
HA. The influenza HA “tops” domain (residues 28-328 of HA1), which contains
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the sialic acid binding site, makes trimer contacts in the native HA structure
(Wilson et al., 1981). These contacts are broken during the low-pH induced
conformational change (Graves et al., 1983), and the domain can be
proteolytically cleaved from the remainder of the structure. This isolated tops
domain is monomeric in solution (Ruigrok et al., 1988) and crystallizes as such
in complex with a Fab fragment (Bizebard et al., 1995). Nevertheless, the tops
domain is in the same conformation either as part of the native HA trimer or as
bound to the Fab fragment in monomeric form after low pH and protease

treatment.

If the structural and functional analogy between Fr-RBD and the influenza
tops domain is sufficiently strong, then Fr-RBD may also make direct, if weak,
trimer contacts in the native glycoprotein complex of Fr-MLV. Low resolution
studies support this likelihood. First, the native MLV envelope glycoprotein
assembly is known to be trimeric (Kamps et al., 1991). In addition, electron
micrographs of MLV show the surface of the virions to be studded with compact
knobs or spikes (Nermut et al., 1972), suggesting that the various domains of the
complex are organized closely around the three-fold axis, which extends
perpendicular to the membrane. Fr-RBD is the largest domain in the complex
and is probably the farthest removed from the membrane, since it contains the
receptor-binding regions. Therefore, the close-packed knobs in the electron
micrographs primarily reflect the position of Fr-RBD. These features of the Fr-
MLV envelope suggested the possibility that the Fr-RBD structure could be
reassembled to model the packing of the domain in the intact glycoprotein

trimer.

A reliable computational method for optimal docking of protein domains
is not available. Nevertheless, a number of features of the Fr-RBD structure
were used to indirectly suggest trimer packing models. First, carbohydrates
should be exposed to solvent. Also, residues shown to be important for receptor
binding should face roughly away from where the viral membrane would be.
The carboxy terminus of Fr-RBD should point approximately in the direction of
the viral membrane, since the carboxy-terminal domain of SU, which is not part
of the crystallized fragment, makes contacts to TM which is in turn fixed in the
viral membrane. The packing interface should contain relatively conserved
residues, while variable regions should be absent from the core of the trimer.
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After these considerations were applied to roughly orient the Fr-RBD molecules
with respect to one another, reassembly was completed by manually attempting
to bury as much surface area as possible while avoiding steric clashes.

Using the above constraints, which greatly reduced the number of possible
subunit orientations, a plausible model was constructed for trimer formation
between Fr-RBD monomers (Figures 1, 2). In this model, 834 A2 or 9.4%, of the
surface of each monomer becomes inaccessible as calculated for a sphere with
radius 1.4 A using Grasp (Nicholls et al,, 1991). For comparison, surface
accessibility was calculated for the globular portion of influenza HA1 tops
domain (residues 55 to 276). This region of HA1 was selected because it is
structurally similar to Fr-RBD in that it is relatively compact, it is the most
membrane-distal region of HA1, and it contains the receptor-binding sites. The
trimer contacts within these HA1 domains, ignoring contacts to the rest of the
glycoprotein spike, bury a comparable 895 A2 or 10.4%, of the surface of each
HAT1 globular domain monomer. The contacts made by the HA1 globular
domain to both the remaining HA1 regions and to HA2 were ignored to
formulate an appropriate comparison, since it is not known how Fr-RBD
associates with the carboxy-terminal region of SU or with the TM subunit.

The positions of variable regions in the proposed Fr-RBD trimer model
are aesthetically satisfying and may provide a means to test the model. In an Fr-
RBD monomer (Chapter 5), VRA and VRB pack intimately with one another,
but VRC is separated from VRA and VRB by a section of $-sheet. In the Fr-RBD
trimer model, VRC from each monomer packs near VRB from the adjacent Fr-
RBD subunit (Figure 3). Each helical lobe in the model is thereby composed of
variable regions from two separate subunits. The sequence database of MLVs is
not large or diverse enough to determine rigorously if the sequences of VRB and
VRC co-vary in terms of size, charge, or other character. However, it would be
possible to directly test the importance of an interaction between VRB and VRC
by swapping VRC regions and measuring the envelope stability and/or
infectivity of the resulting hybrid virions.

The overall shape of the trimer model, as viewed down the three-fold

axis, is roughly triangular, with the putative receptor-binding residues located
near the apices (Figures 1, 3). In the side view, a cavity can be seen underneath
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the trimer (Figure 2). Interestingly, a similar cavity exists under the globular
domain of influenza tops in the native HA trimer (Figure 4). In the intact HA
structure (Wilson et al., 1981), this cavity accommodates the HA2 subunit in its
“spring-loaded” conformation (Carr and Kim, 1993). It is possible that the TM
subunit of Fr-MLV is similarly accommodated under the Fr-RBD trimer, and
that the carboxy-terminal regions of the Fr-MLV SU subunits extend down along
the outside of TM. It is not known whether retroviral fusion peptides are buried
at the core of the TM subunits in the native glycoprotein complex, analogous to
the iniluenza HA fusion peptides, or whether they are shielded from solvent
directly by the SU subunit. In either case, however, Fr-RED could serve to
regulate the fusion-active state of the retroviral envelope, preventing premature
exposure of the fusion peptide regions.

The proposed trimer model has several implications for the mechanism
of receptor binding and viral entry. First, the monomeric state of Fr-RBD in
solution, in spite of a reasonable packing model, supports an analogy between Fr-
RBD and the flu tops domain. Once dissociation occurs, the isolated Fr-RBD
subunits, like those of flu HA1, may not readily retrimerize. Thus, dissociation
of the Fr-RBD trimer might be necessary for the TM fusion peptides to be
exposed, analogous to the dissociation of the HA1 domain in flu HA upon
exposure to low pH (White and Wilson, 1987; Kemble et al., 1992). The lack of
trirnerization of both the Fr-RBD and the influenza tops domains exists in
marked contrast to the highly stable trimeric association of fragments of the MLV
and influenza transmembrane subunits ( Fass and Kim, 1995; Carr and Kim,
1993)

Another implication of the Fr-RBD trimer model addresses the
stoichiometry of binding between viral envelope and receptor. The amino acid
sequence of the ecotropic MLV receptor, MCAT-1 (Albritton et al., 1989), does not
imply any internal 3-fold structural symmetry, and it is therefore unlikely that
an SU trimer would simultaneously use the putative receptor-binding region
from each subunit to interact with a single receptor monomer. In the Fr-RBD
trimer model, the three receptor binding regions are located far (~60 A) from one
another, so it is possible that the Fr-RBD trimer can interact with three MCAT-1
molecules. The Fr-RBD domain alone can inhibit superinfectivity of the
expressing cell (Heard and Danos, 1991), suggesting that the Fr-RBD monomer is
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capable of binding to receptor when not present in the trimer complex. In
addition, direct binding of the Fr-RBD domain to MCAT-1 has been observed in
vitro (R. Davey, and J. Cunningham, unpublished results). These results support
the hypothesis that each SU monomer in an intact trimer complex could
independently contact a receptor molecule. Whether simultanecus binding of
the glycoprotein trimer to multiple receptor molecules is required for Fr-MLV
entry remains to be determined.

The high-resolution structure of an intact retroviral glycoprotein complex
may not be readily forthcoming. The ease with which the SU subunit of
retroviruses dissociates from the virion and the difficulty of producing large
quantities of soluble versions of intact retroviral glycoprotein complexes require
that alternative approaches be taken to generate models for the higher-order
assembly and overall function of the retroviral envelope. A protein dissection
approach to generating detailed structural models of components of the
retroviral envelope can successfully provide structural frameworks to guide
further studies. To understand the functioris and interactions of these retroviral
envelope components in the larger process ot viral entry, it becomes important
to formulate hypothetical structural models that can be tested with functional
assays. The Fr-RBD trimer model is one such proposal, and represents an
attempt to inspire the experiments and discussions that will lead toward a greater
understanding of the structural basis for cell entry by enveloped viruses.
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Figure 1 Top view of hypcthetical trimer packing model

A surface representation, generated using Grasp (Nicholls et al.,, 1991), of
the proposed Fr-RBD trimer is viewed down the three-fold axis from above.
Individual subunits are colored red, orange, and yeliow. In this model, the
subunits close-pack and interdigitate, but no steric clashes exist.
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Figure 2 Side view of hypothetical trimer packing model

The surface representation from Figure 1 is viewed from the side. The
cavity under the trimer assembly is formed from the amino- and carboxy-
terminal regions of each Fr-RBD monomer, which are splayed out from the
trimer axis.
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Figure 3 Variable regions within the Fr-RBD trimer model

A ribbons representation of the trimer model, viewed from the top,
illustrates the positions of VRA, VRB, and VRC, colored white, yellow, and
orange, respectively. The 3j¢-helix containing putative receptor-contacting
residues is circled.
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Figure 4 Trimeric assembly of the globular domain from influenza HA1

For comparison to the Fr-RBD trimer model, the globular region (residues
55 to 276) of the influenza HA1 subunit are shown as it packs in the native HA
trimer (Wilson et al., 1981). The surface representation, generated using Grasp
(Nicholls et al., 1991), is colored according to surface charge (blue is basic, red is
acidic). A cavity similar to that under the Fr-RBD trimer can be seer. at the base
of this HA1 globular domain trimer.
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