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Abstract

Recently, the amino acid sequences have been reported for several proteins,
including the envelope glycoproteins of Sindbis virus, which all probably span the
plasma membrane with a common topology: a large N-terminal, extracellular
portion, a short region buried in the bilayer, and a short C-terminal intracellular
segment. The regions of these proteins buried in the bilayer correspond to portions of
the protein sequences which contain a stretch of hydrophobic amino acids and which
have other common characteristics, as discussed. Reasons are also described for
uncertainty, in some proteins more than others, as to the precise location of some
parts of the sequence relative to the membrane.

The signal hypothesis for the transmembrane translocation of proteins is briefly
described and its general applicability is reviewed. There are many proteins whose
translocation is accurately described by this hypothesis, but some proteins are trans-
located in a different manner.

The transmembraneous glycoproteins E1 and E2 of Sindbis virus, as well as the
only other virion protein, the capsid protein, were purified in amounts sufficient for
biochemical analysis using sensitive techniques. The amino acid compositon of each
protein was determined, and extensive N-terminal sequences were obtained for E1l
and E2. By these techniques E1 and E2 are indistinguishable from most water soluble
proteins, as they do not contain an obvious excess of hydrophobic amino acids in their
N-terminal regions or in the intact molecule.

The capsid protein was found to be blocked, and so its N-terminus could not be
sequenced by the usual methods. However, with the use of a special labeling
technique, it was possible to incorporate tritiated acetate into the N-terminus of the
protein with good specificity, which was useful in the purification of peptides from

which the first amino acids in the N-terminal sequence could be identified.
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Nanomole amounts of PE2, the intracellular precursor of E2, were purified by
an immuno-affinity technique, and its N-terminus was analyzed. Together with other
work, these results showed that PE2 is not synthesized with an N-terminal extension,
and the signal sequence for translocation is probably the N-terminal amino acid
sequence of the protein. This N-terminus was found to be 80-90% blocked, also by N-
acetylation, and this acetylation did not affeet its function as a signal sequence. The
putative signal sequence was also found to contain a glycosylated asparagine residue,

but the inhibition of this glycosylation did not lead to the cleavage of the sequence.
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Chapter 1

The Structure and Synthesis of the Envelope Glycoproteins of

Sindbis Virus and Their Relationship to Other Membrane Proteins



The lipid-containing membranes of a cell provide an effective barrier to the
movement of proteins and small water soluble molecules, preventing the loss of the
cellular contents to the environment and providing for the compartmentalization of a
variety of activities within the cell. However, the cell requires proteins which, while
maintaining their association with the cell, must be largely external and so able to
interact with the extracellular environment, functioning as receptors for extra-
cellular chemical signals or mediating cell-cell interactions. This implies that a
mechanism must exist whereby the extracellular portions of these proteins are
selectively translocated across the membrane during or after their synthesis.
Proteins secreted by the cell, or proteins synthesized in the cytoplasm but required
inside other cellular compartments such as mitochondria, must also eross membrane
barriers.

The membrane proteins of certain enveloped viruses, such as Sindbis virus (and
another alphavirus, the closely related Semliki Forest virus), vesicular stomatitus
virus, and influenza virus, have been extensively studied and appear to be very similar
in many respects to integral membrane proteins of the host cell plasma membrane
(see below). These viruses acquire their lipid envelope by budding through a region of
the host cell plasmalemma containing the viral membrane proteins (Compans and
Klenk, 1979), in such a way that the topological arrangement of these proteins is
much the same in the virion as in the plama membrane. Thus, the interior of the lipid
bilayer of the virus corresponds to the cytoplasmic side of the plasma membrane.
Since host membrane proteins are excluded from the membrane during budding, the
study of the arrangement of the viral envelope protein is not complicated by the
presence of a large number of different proteins in the virion. In the following two
sections, which discuss the structure and translocation of certain integral membrane

proteins, the usefulness of viral systems for the study of these proteins is evident.



Structure

In Sindbis virus, the topological arrangement of the two envelope glycoproteins,
El and E2, has been studied by treating the virus particle with protease (Compans,
1971; Garoff and Soderlund, 1978). Most of the mass of these proteins is digested, but
the regions of the proteins which are either buried in, or internal to, the membrane
are protected, and these regions (called roots) have been isolated for biochemical
characterization, including protein sequenation (C. M. Rice and M. W. Hunkapiller,
personal communiecation). In addition, the complete amino acid sequences of E1 and
E2 have been deduced from the nucleotide sequence of their mRNA (Rice and Strauss,
manuseript in preparation). The results of these studies show that the N-termini of
both E1 and E2 are external to the lipid bilayer of the viral envelope, and both are
anchored in the bilayer by a hydrophobic sequence, a linear sequence of 23-33
hydrophobic residues, at or near the C-terminal end of the protein. In the case of E2,
the protein must completely span the bilayer, since approximately 30 amino acids can
be removed from the C-terminal end by proteolytic attack at the cytoplasmic side of
the membrane in microsomal vesicles (Wirth et al., 1977). The location of the C-
terminal end of this 30-amino acid segment is unknown, but its primary structure
(unpublished observations; Rice and Strauss, manuseript in preparation) suggests the
interesting possibility that it may loop back into the bilayer, although there is no
direct evidence for this arrangement. The C-terminus of E1 probably also spans the
membrane, but with only 2-5 residues exposed on the cytoplasmie side.

Semliki Forest virus, closely related to Sindbis virus, has been studied in a
similar manner (Garoff et al., 1978, 1980; Garoff and Soderlund, 1978), although the
characterization of the roots to a similar extent has not been deseribed. The
topological orientations of the Semliki Forest virus membrane glycoproteins E1 and
E2 are identical to the results described above for Sindbis virus E1 and E2,

respectively.



The key features of the approach taken to determine the orientation of the
Sindbis virus E1 and E2 glycoproteins in the membrane are the use of a probe
(protease in these experiments) for the external, N-terminal, portion of the molecule,
use of protease as a probe for the C-terminal region of E2 internal to the bilayer, and
the isolation and characterization of the roots. Since only two roots are present after
protease digestion of the virus particle, they can be recovered for analysis relatively
easily. A similarly complete analysis has been performed for only one other
membrane proteins, the G protein of vesicular stomatitus virus (Rose et al., 1980;
Katz et al., 1977) and its orientation is the same as that of Sindbis virus E2. Most of
the protein, including the N-terminus, is external to the membrane of the virus
particle; there is a short hydrophobic segment near the C-terminal end which anchors
the protein in the membrane, and there is an additional short cytoplasmic segment at
the extreme C-terminal end.

Several other membrane proteins, ineluding glycophorin A (Segrest et al., 1973;
Bretscher et al., 1971) and the HLA-A and HLA-B human histocompatibility antigens
(Walsh and Crumpton, 1977; Pober et al., 1978) have been directly shown to traverse
the membrane. In the case of glycophorin A, a hydrophobic sequence has been found
at the expected position (near the C-terminal end) in the amino acid sequence of the
complete molecule (Tomita and Marchesi, 1975; Tomita et al.,, 1978). A C-terminal
portion of the HLA protein has been sequenced, which includes the C-terminal two

residues of a hydrophobic sequence and extends to the end of the molecule (Robb et

al., 1978).

An association with the membrane, although less precisely defined
experimentally, has been shown for a number of other membrane proteins, including
the HA protein of influenza virus (Skehel and Waterfield, 1975) (as well as a variety
of other viral membrane proteins [see Compans and Klenk, 1979]). This association is

demonstrated by the observation that it is possible to solubilize a large portion of the
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molecule by removing a small C-terminal fragment by limited proteolytic digestion,
whereas detergent is required to solubilize the intact protein. The presence of an
intramembraneous region has been shown by the use of a lipid soluble labeling reagent
(Goldman et al., 1979). Limited proteolytic cleavage of My the heavy chain of
membrane-bound IgM, gives similar results (Melcher et al., 1975). In this case there
are two forms of the protein, and a correlation is found between the C-terminal
sequence of the protein and whether the protein is soluble or membrane-bound (Kehry
et al., 1980; Rogers et al., 1980). The HA of two strains of influenza (Jou et al.,
1980; Porter et al., 1979) and the My chain (Rogers et al., 1980) have been sequenced
(as eDNA), and both contain hydrophobic segments near their C-terminal ends.

Some features of the hydrophobic sequences of these nine proteins, which are
known or presumed to contain a region buried in the membrane bilayer, are presented
in Table 1. The sequences all contain certain distinctive features. All are relatively
short, ranging in length from 20 to 33 residues, and all consist exclusively of hydro-
phobic residues (including Ser and Thr). Certain amino acids, Asp, Glu, Asn, Gln, His,
Lys, Arg, and Pro, are never found in the interior of these sequences, and these amino
acids serve to delineate the ends of the hydrophobic sequences. The transmembrane
hydrophobic sequences always end at their C-terminal ends with a basic group, and
there is almost always one or more additional basic residues among the next few
amino acids. However, there are fewer constraints on the residues which terminate
the sequences at the other end. There is almost always one or more charged groups,
often consisting of clusters of acidic amino acids, at or near the N-terminal end of
the hydrophobic sequence, but in one case there appears to be no charged group in
this region of the molecule at all (Semliki Forest virus E2, but see below).

One other interesting feature of these hydrophobic sequences is that they are
all quite close to the end of the protein, for there are only 2 to 33 additional residues

C-terminal to these regions. In addition to whatever this observation may suggest



Table 1

Structure of Hydrophobie Sequences

Number of residues
Nearby charged residuesb

Number of residues in C-terminal to
Protein® hydrophobic sequence hydrophobic sequence N-terminal C-terminal

SV El 33 2 K(1) R(1-2)
SV E2 26 33 H(1),R(2),H(3) K(1),R(3-4),E(5)
SFV E1l 24 2 K(1) R(1-2)
SFV E2 28 31 None R(1-2),K(3)
VSV G 20 29 K(1) R(1),H(5)
Flu HA 26 11 D(1),K(2) K(1 or 2)°¢
Glycophorin A 23 36 E(1),E(3) R(1-2),K(5)
HLA-A, HLA-B ? 30 ? R(1-2),K(3)

25 3 E(2), E(5) K(1),K(3)

UM

aAbbreviations: SV = Sindbis Virus, SFV = Semliki Forest Virus, VSV = vesicular stomatitus virus. See text for

references.

bCharg'ed residues (or His) within five residues of the hydrophobic sequence. The numbers are positions from

the end of the sequence. D = Asp, E = Glu, H = His, R = Arg, K = Lys.

c .
Two strains.



about the function or synthesis of these regions of the proteins, this can present
practical problems in the demonstration of the transmembraneous nature of these
proteins. In the case of the influenza HA protein, Sindbis and Semliki Forest virus El,
and Mo the assignment of the C-terminus of the molecule to the eytoplasmic side of
the membrane is based largely upon the mechanism of the synthesis and insertion of
the protein into the membrane (see below).

It is presumed that the intramembranous regions of these nine proteins, the
regions actually buried in the interior of the lipid bilayer, consist of the hydrophobic
sequences described above. This is based on the extremely hydrophobic character of
the sequences and on their location in the linear sequence in the molecule (i.e., close
to the C-terminal end) to which the intramembranous region has been assigned by
other means. However, this localization of the intramembranous region in the linear
sequence of the protein by chemical or enzymatic probes is not as precise as one
would like. The most exact localization is obtained by examining the sequences of
the protease resistant roots, but even in these cases the roots begin 5 (Sindbis virus
E2) (Rice and Strauss, manuscript in preparation) to 14 (vesicular stomatitus virus G
protein) (Rose et al., 1980) residues from the N-terminal end of the hydrophobic
sequence. C-terminal localization is even more imprecise, in the case of those
proteins which extend for some distance into the eytoplasm, for it is based on the
difference of the estimated molecular weights of the intact protein and of the protein
with its eytoplasmie C-terminus removed.

In most cases the identification of the ends of the intramembranous regions in
the protein sequence can be based with reasonable confidence on the presence of
charged amino acids (which are not expected to be in a non-polar environment) at the
ends of the hydrophobic sequences and the requirement for at least a minimum
number of hydrophobic amino acids to span the bilayer. However, a limitation of this

approach is illustrated by the case of Semliki Forest virus E2, in which the proposed



identification of the N-terminal extent of the intramembranous region is based on the
presence of a proline residue in the sequence and by a comparison with Sindbis virus
E2. N-terminal to the proline are five hydrophobic amino acids, then a gluatmine
residue, and then three more hydrophobic residues, whose locations relative to the
bilayer are unknown.

An additional interesting observation can be made from a comparison of the
sequences of the Sindbis (Rice and Strauss, manuseript in preparation) and Semliki
Forest virus (Garoff et al., 1980) El1 glycoproteins. These two viruses are quite
similar to the extent that the overall sequence homology of the structural proteins
and their precursors is 47%, another 12% of the residues are conservative
substitutions, and the sequences can be easily aligned (Rice and Strauss, manuseript in
preparation). Nonetheless, the hydrophobic sequence of the Sindbis protein is eight
residues longer than that of the Semliki Forest virus protein, with this extension at
the N-terminal end of the aligned sequences. There would seem to be only two
possible explanations for this observation. The first is that such similar viruses have
rather different conformations in this region of the protein, both in the
intramembranous segment and in the adjacent portion of the extramembranous
region. The alternative explanation is that the intramembranous segments of the

proteins are not located in the amino acid sequences precisely as predicted.

Translocation

The first observations on a molecular level of the translocation of a protein
across a membrane were obtained during studies on a secreted protein (IgG) in
eukaryotes (Milstein et al.,, 1972), and these and other studies (Blobel and
Dobberstein, 1975a) formed the basis for the signal hypothesis advanced by Blobel and
Dobberstein (1975b). Much additional work has led to some elaboration of this
hypothesis (Blobel et al., 1979) and its confirmation in many cases, but it clearly does

not accurately describe the processing of all proteins which are translocated across



membranes (Blobel et al., 1979; Davis and Tai, 1980; Wickner, 1980), as discussed
below.

The important features of the signal hypothesis (Blobel et al., 1979) may be
summarized briefly as follows. Secreted proteins are synthesized on the membrane
bound ribosomes of the rough endoplasmic reticulum (Palade, 1975), and the initial
interaction with the membrane is mediated by a signal sequence, a 15-30 amino acid
extension at the N-terminal end of the protein. This interaction, which can oceur for
only a short time after the synthesis of the signal sequence, while most of the rest of
the protein is untranslated, results in an additional, salt-sensitive binding of the
ribosome to protein components of the membrane, the formation of a protein pore (or
the opening of a gate) through the bilayer, and the cotranslational insertion of the
protein through the pore into the lumen of the endoplasmic reticulum. Shortly after
its translocation the signal sequence is cleaved off from the rest of the protein, and
the pore disassembles (or the gate closes) when translocation is completed.

Some of the protein components of the membrane which are involved in this
activity have been identified and partially characterized. The signal peptidase
responsible for cleaving the signal sequence has been partially purified and its
activity has been examined (Jackson and Blobel, 1977), an active proteolytic fragment
of a protein necessary for translocation has been identified (Walter et al., 1979), and
two membrane proteins of the endoplasmiec reticulum, called ribophorins, which bind
ribosomes have been found (Kreibich et al., 1978a,b). However, as yet no protein has
been found which can be shown to form the pore, or gate, in the membrane. The
portion of the system which resides on the protein to be translocated, in contrast, has
been extensively studied, and the complete or partial amino acid sequences of the
signal sequences of a number of secreted proteins have been determined (see Blobel,
1979). Although these signal sequences share certain similarities, the lack of direct

sequence homology makes it difficult to draw econclusions about the mechanisms
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involved solely from amino acid sequence information. Apparently secondary and
tertiary structure is important in the function of a signal sequence (Blobel, 1979).

All of the signal sequences do contain a streteh of at least 9 residues which are
hydrophobic, leading to speculation concerning a possible interaction of these
sequences with the hydrophobic interior of the membrane. Cleavage by signal
peptidase ocecurs at peptide bonds C-terminal to glycine, alanine, serine, threonine, or
cysteine, amino acids with small side chains, but of course there are many other such
bonds in signal sequences which are not cleaved, and it is not known what other
structural features distinguish the cleavage site. Proline or glycine, or both, are
often found about five residues N-terminal to the cleavage site, suggesting that B-
bends, which often contain these residues (Chou and Fasman, 1974), are important in
the formation of the cleavage site or in the conformation of the signal sequence
during translocation (Inouye and Halegoua, 1980). However, it is difficult to predict
such structures from the amino acid sequence of a protein, and there are signal
sequences which do not contain these two residues.

The model for the translocation of secretory proteins described above has been
extended to explain the translocation of portions of integral membrane proteins
(Blobel and Dobberstein, 1975b), the only modification being the postulated existence
of a stop transfer sequence in the membrane protein. This sequence would cause the
dissolution of the pore in the membrane, stopping translocation at this point and
leaving the rest of the polypeptide chain embedded in the lipid bilayer, and possibly
extending some distance into the cytoplasm. Several well studied plasma membrane
proteins, the G protein of vesicular stomatitus virus (Lingappa et al., 1979), the HA
protein of influenza virus (Elder et al., 1979), and the histocompatibility antigens
H-2D of mouse (Dobberstein et al., 1979) and HLA-A and HLA-B of man (Ploegh et
al., 1979), have been shown to conform to this model. The initial events in the

translocation of these proteins are identical to the events described above for
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secretory proteins and the signal sequences of the two viral proteins are
indistinguishable from those found in secreted proteins (Rose et al., 1980; Jou et al.,
1980). The translocation of E2 of Sindbis virus is also similar, but the signal sequence
is not cleaved and it contains some unusual structural features, as discussed in detail
in Chapter 5 of this thesis.

Membrane proteins whose polypeptide chains traverse the membrane several
times are proposed to contain alternating stop transfer and internal signal sequences
(Blobel et al., 1979). Precedent for the latter comes from studies on an unusual
secreted protein, ovalbumin. This protein is not translated with an N-terminal
extension (Palmiter et al., 1978), and the signal sequence is found in the C-terminal
portion of the molecule and can be identified since it retains its activity to some
extent in the intact molecule upon denaturation or when the peptide is isolated as a
tryptie fragment (Lingappa et al., 1979).

The transmembrane translocation of proteins destined for the interior of various
membrane-bound organelles has been studied, and in some cases the scheme utilized
by secretory proteins is also followed by these proteins. Thus, lysozomal enzymes
(Erickson and Blobel, 1979), and probably also intergral membrane proteins of the
peroxizome (Goldman and Blobel, 1978), are translocated across the membrane of the
rough endoplasmic reticulum as they are synthesized. In contrast with this co-
translational translocation is the post-translational translocation observed for certain
proteins made in the cytoplasm but used in the mitochondria or chloroplast. The
small subunit of ribulose-1,5-biphosphate carboxylase is synthesized with an N-
terminal extension but on free, not membrane-bound, ribosomes (Dobberstein et al.,
1977). The post-translational translocation of the precursor, and the cleavage of its
N-terminal extension, can be observed upon incubation with isolated chloroplasts in
vitro (Highfield and Ellis, 1978). A similar situation has been found in studies of the

o, B, and 7y subunits of yeast mitochondrial FI—ATPase. Translocation is again post-
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translational and is accompanied by the cleavage of an N-terminal extension of the
mature form of the protein about 60 amino acids long (Maccecchini et al., 1979).
Other workers showed that this translocation requires ATP (Nelson and Schatz, 1979).

The machinery for translocating proteins across membranes has evolved very
little over time, as demonstrated by the correct translocation and cleavage of the
signal sequence of proinsulin coded by fish mRNA and synthesized in a system
consisting of wheat germ ribosomes and dog pancreatic membranes (Shields and
Blobel, 1977). Perhaps even more interesting is the finding that the insertion of
certain membrane proteins into the inner and outer membrane of Escherichia coli,
and the translocation of some proteins into the periplasmic space, is functionally
identical to the translocation across the membrane of the endoplasmic reticulum in
mammalian cells, to the extent that the features of bacterial signal sequences cannot
be distinguished from those of their eukaryotic counterparts. However, as in plants
and higher animals, there are several examples of post-translational translocation in
bacteria (for reviews, see Emr et al., 1980; Inouye and Halegoua, 1980; Wickner,

1980).

Conclusions

The elucidation of the complete amino acid sequences of a number of membrane
proteins which traverse the membrane has been a major accomplishment. The dis-
tinetive common features which are found, some obviously related to function, are
important for the confirmation of our understanding of the forces involved in the
construction of the membrane, particularly with respect to its protein components.
However, additional work is necessary to resolve unanswered questions, such as the
conformation (and the allowed variability in the conformation) of the polypeptide
chain in the lipid bilayer and the role of the charged residues at the ends of these
sequences in the synthesis and integrity of these membrane proteins. It will also be

interesting to compare these sequences with those of proteins such as band 3 of the
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erythrocyte, which forms an anion transport channel in the membrane and which has a
larger fraction of its mass in the interior of the bilayer (Rao, 1979; Fukuda et al.,
1978).

Despite their sometimes major differences, there are two common features of
the translocation of proteins across membranes. First, protein components of the
membrane are required, at least in eukaryotes, as these have been isolated in the case
of co-translational translocation and must be present to provide a sorting mechanism
in the case of post-translational translocation. Second, the information necessary for
this translocation is contained in the sequence of the protein, rather than in some
structural feature of the mRNA or due to translation by a special class of ribosomes.
This point is most directly demonstrated by the observation that in the case of Sindbis
virus, a single mRNA with a single initiation site for translation encodes the three
structural proteins of the virus (Cancedda et al.,, 1975). The primary translation
product of this mRNA is processed by proteolytic cleavage to yield both the capsid
protein, which is released into the cytosol, and two membrane proteins which are co-
translationally inserted into the lumen of the rough endoplasmic reticulum (Wirth et
al., 1977; Garoff et al., 1978). Nonetheless, the differences between the signal
sequences which effect translocation across membranes are remarkable, particularly
when compared to the similarities found between the intramembraneous regions of

membrane proteins.
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The envelope glycoproteins E1 and E2 of Sindbis virus (a member of the alphavirus
group of the Togavirus family) have been purified on the basis of their differential binding
to glass wool in the presence of the nondenaturing detergent Triton X-100, and milligram
amounts of all thres structural proteins of the virus have been prepared. The amino acid
compositions of these proteins have been determined for two strains of the virus, wt and
HR. Although it is clear from other studies that one or more structural proteins of the
heat-resistant variant have been altered relative to the wild type, we were unable to de-
tect such changes at the level of amino acid composition. As expected. the capsid protein
is rich in the basic amino acids, and in this respect shows a strong similarity to the capsid
protein of the closely related Semliki Forest virus. The molecular weight of the capsid
protein has been e~timated from the composition data to be 30,000 = 600 daitons, in good
agreement with the results obtained by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The envelope proteins E1 and E2 contain a proportion of polar amino acids
which is typical of water-soluble proteins, with no appurent excess of amino acids with
hydrophobic side chains, Thus it is unlikely that extensive regions of these proteins are

buried in the hydrophobic interior of the lipid bilayer of the viral envelope.

INTRODUCTION

Sindbis virus is an enveloped virus with a
particularly simple protein composition. Of
the three structural proteins, one, the
capsid protein, is found associated with the
viral RNA in a nuecleocapsid structure
(Strauss et al., 1968), while the other two
are glycoproteins (Strauss et al., 1970;
Schlesinger ef al., 1972) and are largely ex-
ternal to the lipid of the envelope (Compans,
1971). The glycoproteins, E1 and E2, are
anchored in the lipid bilayer by short hydro-
phobic segments (Garoff and Séderlund,
1978) and one or both extends completely
through the membrane (Garoff and Simons,
1974). In the infected cell, nucleocapsids are
assembled in the cytoplasm, while the en-
velope glycoproteins appear to be synthe-
sized and glycosylated by the host cell’s nor-
mal membrane protein synthesizing system
(Wirth et al., 1977) and are found at the
plasma membrane (Birdwell and Strauss,
1974). The final maturation of the virus par-

! To whom reprint requests should be addressed.

ticle oceurs us a preformed nucleocapsid
buds through the plasmalemma, thus ac-
quiring the envelope of lipid and E1 and E2
(Strauss and Strauss, 1977). Host cell mem-
brane proteins are efficiently excluded from
the budding virus and are not found in the
virion (Pfefferkorn and Clifford, 1964;
Strauss, 1978).

We are currently studying the structure
of the Sindbis virus proteins and have re-
cently reported the N-terminal amino acid
sequences of E1 and E2 (Bell et al., 1978).
In this paper, a method is presented for the
large scale purification of the envelope gly-
coproteins in the nondenaturing detergent
Triton X-100 and the amino acid composi-
tions of the three structural proteins are
reported.

MATERIALS AND METHODS

Virus strains. Virus strains used were
the wild type (from Dr. B. Burge) and HR
(large plaque) strain (Burge and Pfeffer-
korn, 1966).
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Growth and purification of unlabeled 1-
rus. Roller bottles (750 ¢m®) of chick em-
bryo fibroblasts were prepared as previ-
ously described (Pierce et al., 1974) and in-
fected at 37° at a multiplicity of about 0.01.
The culture fluid (40 ml) was harvested 18
hr after infection and stored frozen at —70°.
Virus was concentrated from pooled culture
fluid by adding 0.25 vol of 40% polyethylene
glycol (average molecular weight 6000 to
7500) in 2 M NaCl (Pierce et al., 1974). Af-
ter 1 hr at 0°, the precipitated virus was
collected by centrifugation at 10,000 rpm for
45 min, in a Sorvall GSA rotor, the pelleted
virus was resuspended in a small volume
(about 25 mlliter of culture fluid) of TNE
(0.2 M NaCl, 0.05M Tris, pH 7.4, 1 mM
EDTA) and insoluble material was removed
by centrifugation at 2000 rpm for 10 min in
the same rotor.

A small amount of radioactive virus, la-
beled with [*H]leucine, was added as a
marker and the virus was further concen-
trated by pelleting onto a fluorocarbon
cushion (Strauss et al., 1969). In Spinco SW
27 tubes, 27.5 ml of virus solution was un-
derlayered with 5.5 ml of 15% (w/v) sucrose
in TNE, which was in turn underlayered
with 4 ml Genesolv D (Allied Chemical,
Morristown, N. J.). The virus was collected
at the fluorocarbon-aqueous solution inter-
face by centrifugation at 26,000 rpm for 2.5
hr at 4°. All but 2 to 3 ml of the supernatant
was withdrawn and discarded and the virus
was extracted into the aqueous phase by
vigorous mixing with a Vortex mixer. Af-
ter centrifugation at 12,000 rpm for 10 min
at 4° in a Sorvall SS-34 rotor, the virus-
containing aqueous layer was removed and
the pellet-fluorocarbon layer extracted twice
more with a small volume of TNE. The virus
is almost 80% pure in terms of protein at this
point (estimated from acrylamide gels of
material stained with Coomassie brilliant
blue) and has been concentrated about 200-
fold.

The concentrated virus was further puri-
fied by rate zonal centrifugation through
gradients of 15-30% (w/v) sucrose in TNE
for 2 hr at 27,000 rpm and 4° in the Spinco
SW 27 rotor. After fractionation the virus
peak was located by assaying for radioac-
tivity and further purified by isopycnic
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banding in linear sucrose-D.O gradients
(Strauss et al., 1977). Light and heavy
gradient solutions were 22 and H% (w/v)
sucrose, respectively. To a weighed amount
of sucrnse, 0.1 final vol of 10x TNE wuas
added and the solutions were made up to
volume with 99% D.O. Densities of the light
and heavy solutions (at 20°) were 1.17 and
1.24 g/ml, respectively. Pooled fractions
from rate zonal centrifugation were layered
(13—-17 ml per tube) directly over 21-25 ml
preformed sucrose-D,0 gradients in SW 27
tubes. After centrifugation at 24,000 rpm
for 13.5 hr at 4°, fractions were collected
by pumping from the bottom of the tube.
Aliquots of each fraction were assayed for
radioactivity and fractions containing the
virus peak were pooled. The virus is essen-
tially pure at this point.

In one large scale purification of HR vi-
rus, 38 mg of viral protein (assaved by the
method of Lowry et al., 1951) was obtained
from the culture fluid of 375 infected roller
bottles, and for the wt virus 18 mg of pro-
tein was obtained from 125 roller bottles.
This represents a yield of about 60 to T0%
of the starting material. The various steps
of the purification procedure were devel-
oped because they allow progressive con-
centration as well as purification of the virus
while no detectable change in the specific
infectivity or physical properties of the vi-
rus particles occurs in any step.

Purification of the viral structural pro-
teins. One-twelfth volume of 20% Triton
X-100 in TN buffer (0.2 M NaCl, 0.05 W
Tris, pH 7.4) was added to purified virus,
previously dialyzed against TN buffer at 4°,
and 8.3 ml of the resulting solution was un-
derlayered with 4 ml of 20% sucrose, 0.05%
Triton X-100in TN buffer. After centrifuga-
tion at 41,000 rpm for 4 hr at 4° in an
SW 41 rotor, the solution in the upper por-
tion of the tube, corresponding to the orig-
inal sample volume and containing E1 and
E2, was removed. The remaining liquid was
removed and discarded and the pelleted
capsids were dissolved in 1% sodium do-
decyl sulfate (SDS), 0.01 M Tris, pH 7.4,
and 1% mercaptoethanol.

The capsid protein solution was made 0.20
M in NaPO,, pH 6.4, and chromatographed
on hydroxylapatite (Moss and Rosenblum,
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1972) on a 1.8 x 2-cm column equilibratesd
with 0.20 M NaPO,, pH 6.4, 0.1% SDS, 1
mM dithiothreitol (DTT). The capsid pro-
tein was eluted with a linear gradient of 0.20
to 0.50 M NaPO,, pH 6.4, in 0.1% SDS,
1 mM DTT at a flow rate of 2.5 ml/min
at 37°. Under these conditions the viral
RNA is not bound to the column. The capsid
protein was quantitatively recovered as a
single peak eluting at 0.30 M phosphate.
The envelope proteins El and E2 were
separated from each other by passage
through a column of Pyrex glass wool (Corn-
ing Glass Works) which had been sheared
to short fibers at high speed in a Waring
Blendor. Before use, columns were washed
with 1 liter o[ 19 SDS and equilibrated with
1 liter of 0.1% Triton X-100, 0.05 M Na suc-
cinate, pH 5.5, 0.3 M NaCl, 1 mM DTT.
Samples, consisting of the upper portion of
the gradient used to pellet the nucleo-
capsids, contained 0.3 mg protein/g glass
wool at about 0.6 mg protein/ml. An equal
volume of 0.1% Triton X-100, 0.1 W Na-
succinate, pH 5.5, 0.4 M NaCl was added
to the sample, which was applied to the col-
umn and washed through with the same buf-
fer used for equilibration. The column was
eluted with 0.1% Triton X-100, 0.05 W Tris-
Cl, pH 8.0, 0.8 M NaCl, 1 mM DTT, and
any material remaining bound to the column
was recovered by further elution with 1%
SDS, 0.05 M Tris-Cl, pH 8.0, 1 mM DTT.
These are referred to as the Triton X-100
and SDS elutions, respectively. After pool-
ing appropriate fractions, SDS was added to
the E1 and E2 pools to a final concentration
of 1%; the addition of SDS at this point was
found to improve the recovery of the pro-
teins during subsequent handling. Total re-
covery of protein from the column was
greater than 80%. Cross-confamination was
variable but less than 3-5%; in some cases,
no cross-contamination could be detected
(<0.5%) by slicing and counting analytical
Laemmli gels run on the pooled fractions.
Solutions containing the three purified
viral proteins were diluted with 0.05% SDS
or distilled water and concentrated by ultra-
filtration with an Amicon PM-10 membrane,
diluted and reconcentrated so that the final
volume was less than 15 ml and the salt con-
centration less than 0.05 M. Protein was
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precipitated overnight at —20° with 2 vol of
ice-cold ethanol and collected by centrifuga-
tion at 15,000 rpm for 35 min at —20° in a
Sorvall SS-34 rotor. Ethanol-precipitated
proteins were dissolved in 0.5% SDS, 10
mM Tris, pH 7.5, 5 mM DTT, and stored
frozen at —20°.

Overall recovery of protein, starting with
purified virus, was on the order of 40-50%.

Amino acid analysis. Except’ as noted,
all amino acids were determined after hy-
drolysis of duplicate samples with 6 ¥ HCI
at 110° for 24, 48, and 72 hr. Values ob-
tained for serine and threonine were extrap-
olated to zero time of hydrolysis assuming
first order kinetics. Isoleucine and valine
were determined primarily from the sam-
ples hydrolyzed for 72 hr but data from 48
and 96 hr hydrolyses were also used. Cys-
teine was determined after HCI hydrolysis
of performic acid-oxidized samples for 24 hr.
Tryptophan was determined on single sam-
ples hydrolyzed for 15, 27, and 40 hr at 105°
with mercaptoethanesulfonic acid. Values
obtained were extrapolated to zero time of
hydrolysis, assuming first-order kinetics
(Penke et al., 1974).

Automated amino acid analyses of protein
hydrolysates were performed on the Dur-
rum D-500 amino acid analyzer. For the de-
termination of tryptophan, ethanol was
added to the “C" buffer (1.0 M Na*, pH
6.0) to a concentration of 10% (v/v). Under
these conditions, tryptophan was eluted as
a small broad peak just ahead of lysine.

Polyacrylamide gel electrophoresis. Quan-
titative gel electrophoresis was performed
using the discontinuous buffer system of
Laemmli (1970), except that the concentra-
tions of Tris—chloride and Tris—glycine in
the gels and samples were halved.

RESULTS
Purification of E1 and E2

While investigating the chromatographic
behavior of E1 and E2 in Triton X-100, we
noticed that E2 was bound to the glass wool
used to plug the columns. We have exploited
this binding as a means of separating E1 and
E2, with typical results shown in Fig. 1.
An analysis of pools of the peak fractions
by SDS-gel electrophoresis is presented in
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glasses such as Bio-Glas porous glass beads
(Bio-Rad Laboratories) and several types
of glass beads intended for use as a grinding
media were tried as column material. None
of the glass beads tested bound E2, al-
though we have noticed that E2 is bound
to soft glass Pasteur pipettes.
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Fi1G. 1. Chromatography of E1 and E2 on glass wool.
Protein (5.2 mg) (E1 and E2, prepared as described
under Materials and Methods) was applied to the col-
umn, which was then washed with equilibration buffer.
Buffer chanyges are indicated by arrows; the Triton
X-100 elution (high salt, high pH) was begun at (a) and
the SDS elution at (b). The column, 4.7 ¢m in diameter
and containing 19 g of sheared glass wool, was op-
erated at a flow rate of approximately 20 mi/min and
20-ml fractions were collected volumetrically.

Fig. 2. As can be seen from the figures,
E1is found in the column flow-through and
wash, while E2 is recovered in the Triton
X-100 and, to a lesser extent, in the SDS
elutions. Cross-contamination is negligible.

The column used in the experiment shown
was packed with glass wool which had been
sheared to short fibers. When untreated
glass wool was used, greater than 80% of
the E2 was recovered in the SDS elution
and little material was found in the Triton
X-100 elution. Using sheared glass wool,
however, the binding appears to be largely
ionic, since much of the E2 is released from
the glass support by a high salt, high pH
buffer. The sites on the glass responsible
for this binding are not known, but in pre-
liminary experiments using unsheared glass
wool, binding could be reduced by presoak-
ing the glass in acid, base, or salt solutions.
Extreme presoaking conditions, such as one
normal acid or base overnight; resulted ina
complete loss of binding. The columns bind
a nearly constant amount of protein (E1 or
E2) per gram of glass wool, so that under-
loading the column with respect to E2 re-
sults in a corresponding contamination of
the E2 pool with ELl.

The major difficulty in using the glass
wool columns is the large sample dilution
which sometimes results. Since it is difficult
to pack glass wool so as to obtain an even
buffer flow through the column, a variety of

Amino acid analysis. The results of
amino acid analyses of the structural pro-
teins of the wt and HR strains of Sindbis
virus are shown in Table 1, together with
the standard errors calculated from the
data. Also shown in the table are the cal-
culated number of residues of each amino
acid per molecule. The compositions of cor-
responding proteins of the two virus strains
are quite similar, and it is difficult to attach

ovsf

CPM (x10?)

40 60 80 100
FRACTION NUMBER
F1G. 2. Polyacrylamide gel analysis of pooled frac-
tions from glass wool chromatography. Pooled frac-
tions from the chromatogruphy of E1 and E2 shown
in Fig. 1 were analyzed by electrophoresis on Laemmli
yels after precipitation with ethanol as described under
Materials and Methods. After electrophoresis the
stacking gel was discarded and the separating gel sliced
into 1-mm fractions and counted in a scintillation Auid
containing NCS tissue solubilizer. Electrophoresis was
from left to right. Samples on individual gels were as
follows: (a) 75 ul of the column flow-through and wash
(fractions 6 and 7); (b) 180 ul of the Triton X-100 elu-
tion (fractions 21-23), (¢) 400 ul of the SDS elution
(fractions 33 and 39). The small peak near fraction
16 in panel a is an E1 dimer.
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TABLE 1

AMINO AciD COMPOSITIONS OF THE STRUCTURAL PROTEINS FROM TwoO STRAINS OF SINDBIS VIRUS”?

El E2 Capeid protein
No. of Nao. of No. of
wt HR residues® wt HR resulues® wt HR reskiues®

Aspartic acul

+ asparugine 7.73(0.02)  7.79 (0.02) 35 795 (0.00) T.74(0.02) B 6.41(0.01)  £.23(0.01) 17
Threonine T.82(0.09) 7.77(0.08) 35 9.29(0.1  9.35 (0.09) 42 6.54 (0.08) A.33 (0.0%) 18
Serine 9.20 (0.12) 9.78 (0.08) 41 6.84 (0.17) 7.1 (0.08) 32 4.61 (0.02) 4.5510.0 12
Glutamie acid

+ glutamine 7.84 (0.01) B8.02 (0.01) 36 6.78 (0.05) 7.07 (0.01) qn 9.86 (0.04)  10.04 (D.01) 2T
Prline §.57 (0.04)  6.35 (0.06) 29 665 (0.1 7.06 (0.04) 31 10.35 (0.13)  10.5) (0.04) 23
Glycine 6.17 (0.01) 629 (0.01) 24 6.2 (M. /.28 (0.01) 28 9.15(0.02) 9.0 (0.01) 24
Alanine 9,65 (0.01) 968 (0.01) 4 7.85 (0.01) T.82(0.01) 35 8.39 (0.01)  8.38(0.01) =
Cysteine* 4.31 3.0 18 3.48 k8 ] 15 N.F.¢ N.F.¢ (1]
Valine 7.89 (0.02) 8.01(0.03) 98 T.77 (0.0 7.3 (h.01) R 5.97 (0.01) 5.81 (0.01) 18
Methionine 2,15 (0.02) 2.2 (0.04) 10 13400 L9 cal) 7 3.67 (0.0m) 3.69 (0.02) 10
[soleucine 5.23(0.03) 5.31(0.01) 24 535000 527004 23 3.08 (0.01) 3.0 10.01) 8
Leucine B.28 (0.03)  6.38 (0.04) p- .} 6.9% (0.02)  6.92 (D.01) 31 5.54 (0.02) 5.47 (0.0 15
Tyrosine 3.05 (0.%)  2.97 (0.07) 14 4231 (0050 4.20 (0.05) 19 L47 (0.01) 1.47 (0.02) 4
Phenylalanine 4.18(0.2) 4.4 (V.01 19 245 10.3) 238 (M 0l) 11 1.56 (0.0 3.48 (0.01) 9
Histuline 3.03 (0.01) 2.91(0.01) 13 422001 41200 19 2.23 (0.02) 2.25 (0.01) 6
Lysine 5.30 (0.01) 5.28 (D.01) 24 6.37(0.01) 6.38 (h2) 2 9.39 (0.02) 9.42(0.02) 25
Arginine 2,42 (0.01)  2.31 (0.01) 11 422001 457 (10.01) ] S 14 (00d)  B.28.0.03) Pl
Tryptophan L15 0.07)  L02 (u.08) 5 L5 (0.1 L4 7 1.63 (0.04) L4 (0.06) 4

* Expressed as mole percentages. Standan| errors are in parentheses.

* Number of residues of esch amino acil per molecule. calculated from the means of the wt aml HR mole percentages and assuming a total
of 450 resiiues each for E1 and E2 and a total of 270 reswiues for the capssi protein. The resuits are rounded to the nearest inteyer.

¢ Determined as cysteic acid.
4 None found (<0.15).

any significance to those differences which
are found. In preliminary determinations on
an independent preparation of the HR
strain, relative amounts of the amino acids
were found which, while in good agreement
with the HR results in Table 1, did some-
times differ by somewhat more than would
be expected on the basis of statistical con-
siderations (results not shown). We note
that the capsid protein contains a relatively
large proportion of proline and of the basic
amino acids lysine and arginine. No cysteine
could be detected in the capsid protein. The
polarity indexes of the proteins, a measure
of the relative amounts of amino acids with
polar side chains as proposed by Capaldi
and Vanderkovi (1972), are 44, 46, and 47
for E1, E2, and the capsid protein, respec-
tively, similar to values typically found for
water soluble proteins.

Estimation of the Molecular Weight of the
Capsid Protein :

A value for the molecular weight of the
capsid protein can be calculated from the

composition data by choosing an integral
number of residues per molecule for the
least commonly occurring amino acids.
Since the data for the two least common
amino acids, tryptophan and tyrosine, are
among the less reliable, we have chosen to
consider histidine and isoleucine in addition
to these two. Using the data for the HR
strain, we obtain the values of 278 total resi-
dues, assuming four tryptophans, 272 total
residues from four tyrosines, 267 total resi-
dues from six histidines, and 267 total resi-
dues from eight isoleucines. The next best
choices, about 200 total residues (from three
tryptophans, three tyrosines, and six iso-
leucines) or about 340 total residues (from
five tryptophans, five tyrosines, and ten
isoleucines) are both inconsistent with an
integral number of histidines. Either would
also imply a 25% error in the gel molecular
weight of 30,000-34,000 daltons (Strauss et
al., 1969; Strauss, 1978). From a total of
270 = 5 amino acid residues, we calculate
the molecular weight of the capsid protein
to be 30,000 = 600 daltons.
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DISCUSSION

The purification of the envelope glycopro-
teins E1 and E2 of Sindbis virus, which re-
quires the use of detergents for solubiliza-
tion, presents special problems. When solu-
bilized with SDS, the size difference is too
minor to be used as a convenient basis for
separation, and when Triton X-100 is used
instead of SDS, E2 precipitates unless a
relatively high ionic strength is maintained
(Burke and Keegstra, 1976; J. R. Bell, un-
published observations), although E1 and
E2 have been purified by isoelectric focus-
ing on sucrose gradients containing Triton
X-100 (Dalrymple et al., 1976). However,
under appropriate conditions, E2 shows
much greater binding to certain types of
glass than does E1. We have found that
chromatography on columns packed with
glass wool can thus be used to prepare milli-
gram amounts of pure preparations of E1
and E2. As this purification is performed
in the presence of the nonionic detergent
Triton X-100, one can reasonably hope that
much of the native conformation and bio-
logical activity of these proteins is pre-
served (Helenius and Simons, 1975).

We have determined the amino acid com-
positions of the structural proteins of two
strains of Sindbis virus, the wt and the HR
strains. Because the HR strain was derived
from.the wt by multiple cycles of selection
for thermal stability of the virion (Burge
and Pfefferkorn, 1966), there must be some
differences between the structural proteins
of the two strains. Our data show that these
differences are so minor that they cannot
be reliably detected at the level of amino
acid composition of the proteins. Thus we
are unable to determine at this point which
protein or proteins have been altered to pro-
duce this phenotypic change. The amino
acid compositions of the Sindbis proteins
have been reported previously by other
workers (Burke and Keegstra, 1976). Dif-
ferences exist between the amino acid com-
positions reported in this previous work and
the results presented here.

The Sindbis glycoproteins E1 and E2 are
known to be integral membrane proteins
and the hydrophobic interactions between
the proteins and the lipids of the envelopes

are believed to arise from the presence of
regions of the polypeptide chains containing
almost exclusively hydrophobic amino acids.
Our data indicate that these hydrophobic
regions must be relatively short, since there
is no apparent excess of hydrophobic amino
acids in the glycoproteins as a whole. This
is in agreement with other experiments in
which the hydrophobic regions of the enve-
lope glycoproteins, isolated by digesting
those parts of the proteins external to the
lipid bilayer with proteolytic enzymes, were
found to be on the order of 5000-10,000
daltons (Garoff and Séderlund, 1978; C. M.
Rice, personal communication).

In comparison with the glycoproteins, the
amino acid composition of the capsid protein
clearly reflects the function of the protein.
Because of its association with the RNA
of the virus, the protein contains a high con-
tent of amino acids with basic side chains.
Together, lysine, histidine, and arginine ac-
count for one-fifth of the amino acids of the
capsid protein. It is interesting to note the
degree of similarity between the capsid pro-
teins of Sindbis and Semliki Forest viruses
in this respect. These two viruses have been
shown to be closely related on the basis of
antigenic cross-reactivity (Casals and Brown,
1954), as well as by the compesition and
structure of the virion and the biochemical
events which occur during virus replication
(Strauss and Strauss, 1977). We calculate
that a molecule of the Sindbis capsid pro-
tein contains 22 arginine residues, 25 ly-
sines, and six histidines. From the amino
acid composition data of Kennedy and
Burke (1972) or Simons and Kisridinen
(1970) we calculate that the Semliki Forest
virus capsid protein contains eight or nine
fewer arginine residues; but nine more ly-
sines and one more histidine per molecule
than Sindbis, and it therefore appears there
has been a conservative replacement of nu-
merous arginines by lysines. It is of interest
to note that the Sindbis capsid protein con-
tains no cysteine, while it has been found
that cysteine constitutes 1.5-1.6% of the
amino acids of the Semliki Forest virus
capsid protein, or four cysteine residues per
molecule (Kennedy and Burke, 1972; Simons
and Kéairidinen, 1970).

Although we have obtained a moleculur
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weight estimate for the capsid protein from
the composition data, this approach could
not be applied with any confidence to E1 and
E2 due to the lack of any amino acids pres-
ent in sufficiently low amounts. We have
assumed a molecular weight of 53,000 dal-
tons for both E1 and E2 based on their
migration, as a single band, in SDS-gel
electrophoresis at neutral pH (Strauss et
al., 1969). After subtracting 0.08 mg carbo-
hydrate/mg protein (Sefton and Keegstra,
1974), we are left with a polypeptide mo-
lecular weight of 49,000, or about 450 amino
acids per molecule. However, the tendency
to overestimate the molecular weights of
membrane glycoproteins in SDS-gel elec-
trophoresis is well known. The effect of the
small amount of carbohydrate in E1 and E2
is likely to be slight, for the use of tunica-
mycin, a drug which inhibits glycosylation
of proteins, produces an altered El which,
from the data of Leavitt et al. (1977),
migrates on gel electrophoresis as a protein
10% smaller than the glycosylated form. A
more serious cause of reservation is the fact
that the glycoproteins of the closely related
Semliki Forest virus bind an anomalously
large amount of SDS (Simons and Kiiridinen,
1970), a factor likely to affect their migra-
tion rate during electrophoresis. In addi-
tion, E1 and E2 show an apparent differ-
ence of 6000 daltons on electrophoresis in
the Laemmli gel system (Strauss, 1978), al-
though we have recently noted (C. M. Rice
and J. R. Bell, unpublished observations)
that this difference is abolished when vari-
ous “electrophoresis purity” SDS prepara-
tions are used. Matheka et al. (1977), using
a different gel system, have also reported
that the source of the SDS used affects the
migration rate of Sindbis proteins and of the
proteins of foot-and-mouth disease virus,
and presented data that such changes in
migration rates may be due to the presence
or absence of hydrocarbon chains greater
than 12 carbons in length. The accurate
determination of the polypeptide molecular
weights of E1 and E2 clearly awaits further
investigation.
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ABSTRACT  The structural proteins of Sindbis virus, an
enveloped virus which belongs to the Togavirus family, have
been subjected to automated Edman degradation using im-
proved techniques. E ive NHelerminal sequences of about
50 residues were determined for each of the two membrane
glycoproteins. In both cases the NHy terminus of the molecule
was found 1o be similar in position to typical watersolubl
proteins. The viral capsid protein was found to have a blocked
a-amino group. This is consistent with other observations that
viral proteins derived from the NH; terminus of precursor
molecules are often blocked.

Sindbis virus is a simple enveloped virus which matures by
budding through a modified host cell plasma membrane (1).
The virus particle contains only three structural proteins (2).
One of these, the capsid protein, can be isolated from virus
particles in the form of a nucleocapsid structure also containing
the viral RNA (3). In the intact virus particle, this nucleocapsid
is surrounded by a lipid envelope, largely in the form of a bi-
layer (4). Associated with the envelope are the other two
structural proteins, glycoproteins E1 and E2. Although most
of their mass is external to the lipid bilayer, they have the
properties of integral membrane proteins. Mild detergent
treatment is required to separate El and E2 from the other
components of the virus (3, 5), and at least one is a transmem-
brane protein because it extends completely through the bilayer
and can be crosslinked to the capsid protein by suitable reagents
(6).

It has been shown that all three Sindbis structural proteins
as well as those of the closely related Semliki Forest virus are
formed by cleavage of a single precursor polypeptide (7-9),
probably while the polvpeptide chain is still nascent. The capsid
protein is released into the cytoplasm of the cell, in contrast, E1
and E2 are inserted into the lumen of the rough endoplasmic
reticulum (10). At some time after synthesis, they appear
glycosylated at the cell plasmalemma, where they diffuse freely
over the surface of the cell (11). The budding p ppears
to involve an interaction between preformed nucleocapsids and
that region of one or both of the envelope proteins exposed at
the cytoplasmic face of the plasmalemma. This binding of
capsid protein to a region of the envelope protein is specific
enough that host cell membrane proteins are excluded from the
bilayer of the budding virus and are not found in mature virus
particles (12).

Because of the relative ease of purifying material for study
and the availability of mutant ining defects in the viral
structural proteins, Sindbis virus offers an attractive system for
the study of integral membrane proteins and their interactions
with membranes and with other proteins. Recent ad in
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the techniques of ted protein sequencing have made
practical the sequencing of the proteins of viruses, such as
Sindbis, which are difficult to obtain in large quantities. We
have begun sequence studies on the Sindbis virus structural
proteins, using microsequencing techniques developed by two
of the authors (13), with the aim of explaining the functional
roles of the viral proteins on the basis of their sequence and
structure.

MATERIALS AND METHODS

Protein Preparation. The growth and purification of Sindbis
virus and the separation of the structural proteins will be de-
scribed in detail elsewhere. Briefly, the HR strain of Sindbis
virus, grown at low multiplicity of infection in primary chicken
embryo fibroblasts, was concentrated from culture fluid by
precipitation with polyethylene glycol followed by pelleting
onto a fluorocarbon cushion. The resuspended virus was then
purified by sucrose gradient velocity centrifugation followed
by isopycnic centrifugation in sucrose /2H,0 gradients. These
steps of the procedure were similar to those described previously
(14). After disruption with Triton X-100, capsids were removed
by centrifugation and the two envelope giycoproteins were
separated by passage through a col of glass wool. In Triton
X-100, E2 binds to glass and is retained on the column while,
under appropriate conditions, E1 is not retained. E2 was re-
covered by washing the column with a high-salt high-pH Triton
X-100 buffer. Both El and E2 were treated with sodium do-
decyl sulfate and trated by A filtration and pre-
cipitation with ethanol. The capsid protein was freed of viral
RNA by hydroxylapatite chromatography after solubilization
with sodium dodecyl sulfate.

Operation of the Spinning Cup Seq; . The technique
and instrumentation used for automated Edman degradation
in the spinning cup seq is described in detail elsewhere
(13). A Beckman Instruments spinning cup seq T was
extensively modified to provide an improved vacuum system,
and solvents and reagents were delivered through a system of
specially constructed zero-dead-volume valves. Twenty to 50
nmol of purified protein was loaded onto the instrument in
anhydrous trifluoroacetic acid and the instrument was run
under an essentially standard Quadrol protein program with
double cleavage (13). Polybrene was used as a carrier to retain
the protein in the spinning cup.

The sequenator also was modified to perform the automated
conversion of the anilinothiazolinones to the corresponding
amino acid phenylthiohydantoins by treatment with aqueous
trifluorcacetic acid. The reproducibility of this conversion re-
sults in stable background levels of amino acid derivatives.
Amino acid phenylthiohydantoins were identified and quan-
titated by reverse-phase high-pressure liquid chromatography
on Du Pont Zorbax ODS.
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F1G. 1. NH>-Terminal amino acid sequences of the Sindbis virus envelope proteins, E1 and E2. (), Some uncertainty in assignment; ?, no
assignment. Underlined amino acids were also identified in preliminary runs on the solid-phase sequenator.

Solid Phase Sequenator. A new type of Edman sequenator
using gas phase Edman reagents reacting with proteins on a
solid phase support will be described elsewhere. One to 2 nmol
of protein was dissolved in formic acid and the solution was
dried onto underivatized porous glass The glass support with
adsorbed protein was loaded into a tubular cartridge in the
sequenator, where gas phase reagents were passed through the
cartridge to effect the Edman degradation. 3S-Labeled
phenylisothiocyanate was used as a reagent to introduce ra-
dicactive label into the released amino acid derivatives. Amino
acid thiazolinones released by the degradation were washed
from the porous glass with a nonpolar solvent and collected in
fraction coll tubes. Thiazoli were automatically
converted to amino acid phenylthiohydantoins by treatment
with aqueous trifluorcacetic acid delivered by the sequenator
to the fraction collector tubes. The amino acid phenylthiohy-
dantoins were identified by thin-layer chromatography (15)
followed by autoradiography to detect the 3S-labeled deriva-
tives.

RESULTS

In preliminary experiments, less than 2 nmol of each of the
Sindbis envelope proteins was sequenced on the solid-phase
sequenator and more than 10 residues were identified in each
case. Amino acids identified in these experiments are under-
lined in Fig. 1. These results were confirmed and extended with
the analysis of mdcpmdem preparations of the envelope pro-
teins on the cup

Twenly-five to 50 nmol of punfted El and E2 were se-
q d on the g cup seq . The NHy-terminal
sequences for lhe two proteins are shown in Fig. 1, and yields
of the various amino acids, as determined by liquid chroma-
tography of the phenylthiohydantoins, for each sequenator
cycle are shown in Figs. 2 and 3 for E1 and E2, respectively. In
both cases, approximately 50 positions in the sequence could
be determined. A major factor in the sequence determination
toward the ends of the runs is the stability of the background
level of amine acid phenylthiohydantoins found at each step.
As can be seen in Figs. 2 and 3, in some cases amino acid de-
rivatives that were produced at a level of 15% above the back-

ground could be identified in the sequence. In the case of E2
(Fig. 3), the lag increased (and repetitive yields decreased
slightly) near cycle 15. This may be due to interchain disulfide
bond formation between the cysteines at positions 16 and 19.
Such bonding might be expected to restrict the accessibility of
an exposed NHpy-terminal amino group at this region to the
coupling reagent, the result being a temporary decrease in the
efficiency of the coupling reaction. In both cases, amino acids
at each position at least through position 40 could be positively
identified. The fact that neither obvious blanks in the sequence
nor anomalous peaks on the chromatograms were encountered
indicates that there are no attached carbohydrate chains over
the first 40 residues of either membrane glycoprotein.

The amino acids identified in the NHz-terminal sequences
of E1 and E2 were grouped into several classes on the basis of
the character of their side chains. and relative abundance of
each of these groups of amino acids, on a mol % basis, are pre-
sented in Table 1. Also shown in the table are the compositions
of the complete proteins, with the amino acids grouped in the
same way. Neither the complete proteins nor the NHx-terminal
50 residues of E1 and E2 contain an excess of hydrophobic
ammno acids. Compared to the proteins as a whole, the NH,-
terminal regions of both EI and E2 tend to contain relatively
more nonbasic than basic polar amino acids and more aromatic
than aliphatic nonpolar residues. In addition, proline is some-
what enriched in the NHs-terminal region of EL.

The capsid protein was also analyzed on the spinning cup
sequenator and was found to contain a blocked NHg-terminal
amino group. When 20 nmol of purified protein was loaded,
less than 0.2 nmol above background of any one amino acid
derivative could be detected in the first seven sequenator cycles,
although the background amount of amino acids increased in
a manner similar to that seen for E]1 and E2.

DISCUSSION

Integral membrane proteins generally are considered to share
certain common features, as described by Singer (16). A region
of the molecule is presumed to be buried in the hydrophobic
interior of the membrane, and the amino acid sequence of this
region of the protein should reflect its hydrophobic character.

Table 1. Composition of Sindbis giycoproteins
El E2
NHi-terminal Complete NHj-terminal Complete
Amino acid side chain type region protein region protein
Basic polar (His, Lys, Arg) 8 10 8 15
Nonbasic polar (Asx, Glx, Ser, Thr) 38 33 40 31
Aliphatic nonpolar (Gly, Ala, Met, Val, lle, Leu) k2 38 28 35
Aromatic nonpolar (Tyr, Phe, Trp) 11 9 13 9
Pro 9 6 6 7
Cys 0 3 6 3

mnhuwmd-chmxpdmmmd-uupmdonlmd%b-ubluhrtheNHrmnmndmlonl

of the proteins were computed from Fig. 1, including all i
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10 20 30 40 S0
Cvcte

(R RESaey B AN R PR

10 20 30 40 S0 10 20 30 40 SO
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cup

El (peptide molecular weight, ~45,.000). Aliquots of each cycle were analyzed by high-pressure liquid chromatography, peaks were quantitated
by comparison with a standard mixture of amino acid phenvithiohydantoins, and the yields were normalized to an injection of 100% of the sample.
The ordinate gives two scales which differ 5-fold in sensitivity. Early cycles are plotted on the left (less sensitive) scale, and later cycies are plotted

on the right (more sensitive) scale,

However, the regions of the protein that extend beyond the
membrane into an aqueous environment should be folded so
as to expose only hydrophilic groups to the environment, in a
manner similar to that of typical water-soluble proteins. The
available sequence information on a few integral membrane
proteins tends to confirm this arr t. For example, gly-
cophorin, a major erythrocyte membrane component, contains
a stretch of 23 amino acids, only 3 of which (2 threonines and
1 serine) could be considered hydrophilic (17). No charged
amino acids are found in this region. On either side of this re-
gion of the molecule, which is pre d by the b from
digestion by protease, the sequence contains a more typical
distribution of polar amino acids.

Both of the Sindbis glycoproteins appear to also contain a
hydrophobic region. Upon treatment of the closely related
Semliki Forest virus with low concentration of a mild detergent
(5), the envelope protein and lipid are released from the nu-

cleocapsid in the form of lipoprotein complexes. At higher
detergent concentrations, the lipid is displaced from the protein
and replaced with detergent. Furthermore, in the case of both
Sindbis virus (18) and Semliki Forest virus (19), protease
treatment extensively degrades the envelope glycoproteins but
leaves attached to the treated particle small polypeptides de-
rived from these proteins. These are quite hydrophobic in
character and consist primarily of those regions of the proteins
buried in the lipid bilayer.

The NHx-terminal 50 residues of E1 and E2 contain a pro-
portion of polar amino acids similar to that found in typical
water-soluble proteins (20). Therefore, this region of each
protein is probably exposed to an aqueous environment rather
than interacting directly with the envelope lipids. Further, the
NHp-terminal region can be expected to be external to the viral
envelope by comparison with other viral (21) and nonviral (17,
22) membrane proteins. Although the carbohydrate of E1 and
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E2 is known to be external to the viral envelope, no evidence
of carbohydrate attachment is seen at least through the first 40
residues of each protein. This is in contrast to the situation found
in glycophorin (15) in which carbohydrate is attached to the
second residue and there are 16 carbohydrate attachment sites
in the first 50 residues.

In many virus systems, the production of functional structural
prulmmvolvspmtwlybcdnnge (23). In the case of Sindbis
virus, one large precursor is cluved probably by host cell en-

zymes, to p duce all three str (7-9). The capsid
protein is ‘located at the NH; ternunu: of this precursor, al-
though it is not known if its letely to the

precursor NH; terminus. Welnwfm:dﬁnltheNﬂgltnnnm
of the capsid protein is blocked, raising the possibility that this
same modified residue is the NHg-terminal residue of the
precursor. Other viruses are also known to produce blocked
structural proteins from the NHz-terminal ends of

molecules. Mengo virus is similar to Sindbis virus in that only

Y
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lysis of 25 nmol of Sindbis glycoprotein
. and the data are plotted in a similar fashion

the & protein of the virus particle is blocked and it is derived
from the NH; terminus of a precursor to all the structural
proteins (24). In the case of Sendai virus, there are several dif-
ferent mRNAs for the structural proteins. However, proteolytic
cleavage still occurs in the formation of infectious virus parti-
cles. The blocked protein, F, is cleaved and the two products,
joined by disulfide bonds, form the functional F protein of the
virus (25). In addition, the NHz-terminal residue of the ade-
novirus 2 hexon protein is acetylated (26). It may be that viral
structural proteins and their precursor polypeptides are often
blocked, perhaps to increase the resistance of these molecules
to degradation by exopeptidases. In all cases of which we are
aware, when a blocked viral protein is formed by cleavage of
a precursor, the blocked product is located at the NH; terminus
of the precursor polypeptide. This would seem to indicate that,
in these cases, the blocking group is added during or shortly
after translation but before extensive proteolytic processing
takes place.
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The identification of a free NHy-terminal lysine for the
capsid protein of Semliki Forest virus has been reported (27).
However, nonquantitative methods (the dansyl technique) were
used. and lysine is the most prevalent amino acid in the Semliki
Forest virus capsid protein. Because the two viruses are closely
related, it would be surprising if the NH; terminus of the
Semliki Forest virus capsid protein is not also blocked.

The NHj termini of E1 and E2 are both created by proteo-
lytic cleavage, raising the possibility that they might share some
common structural features reflecting similarities at the two
cleavage sites. However, no similarities are apparent. other than
the fact that they both contain a reasonable number of polar
amino acids near the NH, terminus. Sequence data are also
available for some other viral proteins whose NH; termini are
generated by cleavage events, including the glvcoprotein HA2
of influenza (21) and nonglvcosylated proteins such as the
capsid proteins a, 8, and v of Mengo virus (24) and p30 of the
mammalian RNA leukemia viruses (28) The NH; termini of
these proteins show little apparent sequence similarity with each
other or with E1 or E2 of Sindbis virus. For example, the
NHs-terminal 10 residues of HA2 of influenza (which are
highly conserved in all strains studied) are all hydrophobic (21).
Furthermore, residues 3-9 form a palindrome, whereas E1 and
E2 of Sindbis virus and the other proteins mentioned above do
not contain such a sequence. Despite the fact that they exhibit
little similarity from one protein to another, the NH; termini
of some of these molecules have been shown to be highly con-
served, so the particular sequence must be an important factor
in the delineation of the cleavage site or in the structure or
function of the protein product. The most striking example of
this sequence conservation is provided by p30 of the mamma-
lian RNA leukemia viruses. Viruses from the cat, mouse, rat,
gibbon ape, and baboon have been studied (28), and the p30
protein of each begins with the sequence Pro-Leu-Arg-

An extensive amount of sequence data has been obtained for
the Sindbis virus glycoproteins from single sequenator runs on
protein preparations of 50 nmol or less. Even so, we note from
Figs. 2 and 3 that the limiting factor in the number of residues
that could be identified is the amount of amino acid derivative
released in a sequenator cycle above the background level of
that derivative. Although the levels of derivatives found in late
cycles are on the order of 0.5-2 nmol, the instrument detection
limit for the various derivatives is <10 pmol. Thus, even smaller
amounts (e.g., 1 nmol) of protein would have given 30 or more
residues because the background level is proportional to the
amount of protein loaded. In test runs using the same se-
q ing methodology, Hunkapillar and Hood (13) were able
to ldemlfy the NHg—lerrmnal 47 residues of myoglobin using
only 0.2 nmol of protein. It is also readily apparent that Ih&
methods can be applied to isolated fragments of these p
such as the fragments produced by CNBr cleavage, at either
methionine or tryptophan residues, or by partial proteolytic
digestion, and that such a strategy can be used to obtain the
primary sequence of these proteins from quite small amounts
of material.

Proc. Natl. Acad. Sci. USA 75 (1978)
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In Vivo N-terminal Acetylation of Sindbis Virus Proteins
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ABSTRACT

The in vivo incorporation of exogenous radioactive acetate into two proteins of
Sindbis virus, the capsid protein and PE2, is described. Under appropriate labeling
conditions, 40-50% of the label in the capsid protein is found in an N-acetyl group
which constitutes the N-terminal modification of this blocked protein. The
incorporated radiolabeled acetate was useful in the purification and analysis of
peptides derived from the N-terminus of the capsid protein, and from these peptides
the N-terminal sequence of the protein was determined to be N-acetyl-met-asx-,
with the asx group most likely asparagine. The analysis of a peptide derived from the
N-terminus of PE2 and containing 45% of the acetate-derived label in this protein

leads us to conclude that at least a significant fraction of PE2 is also blocked by N-

acetylation.



37

INTRODUCTION

The virion of Sindbis virus (a member of the alphavirus group of the Togavirus
family) is composed of three proteins, the capsid protein (C), mw 30,000 daltons, and
the envelope glycoproteins E1 and E2, each with a polypeptide mw about 50,000
daltons. E2 is found in the host cell in the form of a precursor, PE2, and the cleavage
of this precursor occurs rather late in the maturation of the virus particle. The N-
terminal portion of PE2 is of particular interest, since it contains the sequences
necessary for the transmembrane translocation of this protein during synthesis
(Garoff et al., 1978). The structure of the virus and the synthesis of the viral proteins
have been reviewed recently (Strauss and Strauss, 1977).

Previously during the course of our studies on the primary sequence of the viral
structural proteins, we found that the capsid protein contains a modified, or blocked,
N-terminus and so could not be analyzed by Edman degradation (Bell et al., 1978).
The N-terminal modification in blocked proteins often consists of the addition of an
acetyl group (Brown and Roberts, 1976), and this is the only N-terminal modification
found in the blocked capsid proteins of viruses (see Narita et al., 1975). We therefore
looked for an N-acetyl group in the Sindbis capsid protein by analyzing the in vivo
incorporation of radioactive acetate into this protein. This approach was suggested
to us by the work of Jornvall et al. (1974), who incorporated 14C-acetate into the
acetylated N-terminus of the hexon protein of adenovirus. These authors noted
complications due to the metabolic conversion of the label into other chemical forms
(Jornvall et al., 1978), which we also observed in preliminary experiments.

In this paper we describe the in vivo incorporation of tritiated acetate into the
blocked N-terminus of the capsid protein of Sindbis virus with improved specificity,
and report the primary sequence of its N-terminus. In the course of this study, PE2
was also found to be specifically labeled with acetate. This unexpected result led us

to examine this protein in more detail, and we show that a significant fraction of PE2
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also has an acetylated N-terminus. The results of this study may be of use in the
identification of other N-acetylated proteins and the determination of their N-
termini.

MATERIALS AND METHODS

Virus Strains and Cell Infection

The virus strain used in these studies was the large plaque variant of the HR
strain of Sindbis virus, originally obtained from Dr. B. W. Burge and plaque purified
several times in our laboratory. The virus was grown in chick embryo fibroblasts
(primary cultures, except as noted below) or BHK-21 cells (the generous gift of Dr.

B. M. Sefton). The preparation of chick cells and infection with Sindbis virus were as

described (Pierce et al., 1974).

Growth and Purification of Viral Proteins Radiolabeled with Amino Acids

When viral proteins labeled with an essential amino acid were to be prepared,
the medium used for incubation post-infection and for labeling contained one-tenth
the normal concentration of that amino acid, except as noted. At the end of the
labeling period, usually from 7 to 8 hr post-infection, monolayers were washed twice
with ice-cold phosphate buffered saline and dissolved in a small volume of 1% sodium
dodecyl sulfate (SDS), 10 mM Tris-Cl, pH 7.5.

Viral proteins were purified from infected cell monlayers, or from the virus
released from infected cells by a high salt wash (Pierce et al., 1974), by preparative
polyacrylamide gel electrophoresis. Protein was precipitated by the addition of two
volumes of ethanol, frozen on dry ice, warmed to 0°C, and centrifuged for 15 min at
15,000 RPM at 0° in a Sorvall SS-34 rotor. Precipitated protein was dissolved in
sample buffer and electrophoresed in 8 mm diameter polyacrylamide gels using the

buffer system of Laemmli (1970), except that the concentration of Tris in the gels
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was halved and 0.01% mercaptopropioniec acid was included in the sample and upper
electrode buffer. After electrophoresis, the gel was sliced into approximately 100
fractions, each consisting of two 0.5 mm slices, and each fraction was eluted in 1 ml
of 0.5% SDS, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 2.9 mM NaOH, 1 mM
dithiothreitol, 20 uyg/ml phenylmethylsulfonyl fluoride. After shaking for 9 hr at
room temperature, an aliquot of each fraction was assayed for radioactivity by liquid
scintillation counting. Appropriate fractions were pooled and the volume of each pool
was reduced ten-fold by lyophilization. Just before use, purified proteins were
precipitated with ethanol as desecribed above with tuna heart cytochrome ¢ added as

carrier to at least 20 pg/ml.

Growth and Purification of Viral Proteins Radiolabeled with Tritiated Acetate

Two days before use, cell monolayers were harvested by trypsinization and
reseeded in the following medium. To Eagle's minimal essential medium (Eagle, 1959)
without NaCl was added L-aspartic acid to 2 mM (from a 0.1 M stock in 0.2 M HCl),
L-glutamic acid-HCl to 15 mM, L-proline to 30 mM, NaCl to 33 mM, and NaOH to
36 mM. The amounts of NaCl and NaOH added were calculated to preserve neutrality
and isotonicity. Fetal calf serum was added to this mixture to a concentration of
10% (v/v). Chick embryo fibroblasts did not grow well in this medium and so were not
split during the transfer, while BHK-21 cells were split two-fold. Virus infection and
post-infection incubation were carried out in the above medium with 10% dialyzed
fetal calf serum in place of fetal calf serum and containing 1 ug/ml actinomyein D.
At about 7 hr postinfection, cells were labeled for 20 min by the inclusion of
1 mCi/ml SH-acetate (2 Ci/mmole) in the medium and harvested as described above.

Preparative polyacrylamide gel electrophoresis of acetate labeled proteins was

preceded by an additional purification step of affinity chromatography which will be
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described in detail elsewhere (Chapter 5, this thesis). Briefly, monolayers harvested
with SDS were diluted with a buffer containing Triton X-100 and passed over a
column containing covalently coupled antibodies (anti-C and anti-E2) produced in
rabbits in response to purified SDS-denatured proteins. (Anti-E2 also binds PEZ2.)

Bound protein was eluted with SDS and purified by preparative polyacrylamide gel

electrophoresis as above.

Staphylococcal Protease Digestion

Ethanol precipitated radiolabeled capsid protein plus cytochrome ¢ carrier was
resuspended in 67 ul of 0.1% SDS, 0.05 M NaPO4, pH 7.8, 1 mM ethylenediamine

tetraacetic acid containing Staphylococcus aureus V8 protease to give a carrier

protein concentration of 0.8 mg/ml and a protease concentration of 0.1 mg/ml. In
this buffer, the protease cleaves peptide bonds involving the carboxyl groups of
aspartic acid and glutamic acid (Drapeau et al., 1972). After incubation for 4 hr at
37° the sample was lyophilized and analyzed by electrophoresis on eylindrical
polyacrylamide gels containing SDS, urea, and a high concentration of aecrylamide
(Swank and Munkres, 1971). After electrophoresis, the gel was sliced into 1 mm
fractions and counted by liquid scintillation. Identical results were found when the

digestion was extended an additional 4 hr.

Chymotrypsin Digestion and Dowex 50 W Chromotography

Ethanol precipitated radiolabeled capsid protein or PE2 was suspended in 0.05 M
NH4H003, pH 7.8, usually 0.5 ml, to give a protein concentration (earrier or
chemically pure capsid protein) of 120 ug/ml. One-tenth volume of TPCK-treated
chymotrypsin at 2 mg/ml was added, and the mixture was incubated for 12 hr at room
temperature. An additional one-tenth volume of chymotrypsin at 2 mg/ml was added
and the incubation continued an additional 12 hr, at which time the sample was

lyophilized, dissolved in a small volume of distilled water, and lyophilized again. The
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sample was dissolved in 200 ul of 0.5% B-mercaptoethanol and applied to a
0.7 x 4 em column of AG50W-X2 (H+form), 200-400 mesh (purified Dowex resin from
Bio-Rad Laboratories), in distilled water. The column was run at a flow rate of
1.35 ml/hr at 4° and 1-min fractions were collected. The column was washed with
distilled water for 8 min, and then bound peptides were eluted with 1 M NaOH.
Fractions containing base were neutralized with HC1 and an aliquot of each fraction
was assayed for radioactivity by liquid seintillation counting.

Chymotrypsin digestion and Dowex 50W chromatography were performed at
room temperature and 4° respectively, to minimize cyclization of newly exposed N-
terminal glutamine or glutamic acid residues to pyrolidone carboxylyl groups (Ikenaka

et al., 1966).

Analysis of Dowex 50W Unbound Peptides

Pooled fractions from Dowex 50W chromatography were dried under nitrogen at
50°, dissolved in 10 ul of 1% B-mercaptoethanol, and analyzed in one of two ways.
Silica gel chromatography utilized ITLC SA "instant thin layer chromatography"
sheets (Gelman Instrument Company). Ascending chromatography was performed
with the solvent n-butanol-acetic acid-water (4:1:1). The dried chromatogram was
cut into 3 mm fractions which were counted directly in Aquasol II (New England
Nuclear) containing 6% water. Alternatively, samples were analyzed by reversed
phase high pressure liquid chromatography (HPLC) on 4.6 mm x 25 c¢m columns
(Dupont Instruments) at 1 ml/min at room temperature. Elution was with a gradient
from A buffer (0.1% triflouroacetic acid) to B buffer (0.1% trifluoroacetic acid, 33%
methanol, 33% acetonitrile, 33% water). For peptides derived from PE2, a Zorbax
CN column was used, and a 30 min linear gradient from A buffer to 25% B buffer (v/v
in A buffer) was applied 10 min after injection, followed by a 30 min linear gradient
to 100% B buffer and continued elution with B buffer. Fractions of 1 ml were

collected and an aliquot of each fraction was analyzed for radioactivity. A Zorbax
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ODS column was used for the analysis of peptides derived from the capsid protein,
and in this case a 30 min linear gradient from A buffer to 20% B buffer was applied
starting at 10 min after injection, and 0.7 min fractions were collected. Pooled
fractions from HPLC were dried under nitrogen at 50° hydrolyzed in evacuated tubes
with 6 N HCI at 145° for 4 hr, and analyzed on a Durrum D-500 mk. II amino acid
analyzer. Chromatographic markers were prepared by acetylation of 35S—methionine,
containing a small amount of 35S—methionine sulfoxide, with acetic anhydride in

glacial acetic acid (Kolb and Toennies, 1942).

Miscellaneous

The preparation of chemically pure capsid protein, free of other proteins and
RNA (Bell et al., 1979), and of chemically pure PE2 (Chapter 5, this thesis) are
described elsewhere. In all double label experiments, the results were corrected for

channel overlap with the use of appropriate standards.

RESULTS

Radiolabeling with 3H-acetate

In preliminary experiments, when infected cells were incubated with tritiated
acetate, harvested, and analyzed by polyacrylamide gel electrophoresis, it was found
that E1 (which is not blocked in the virion [Bell et al., 1978] and is not known to be
otherwise acetylated) contained a significant amount of tritium label (Fig. 1a). Since
acetate occupies a central position in the intermediary metabolism of the host cell,
one would expect to find the radioactivity derived from exogenous acetate in a
variety of chemical forms ineluding long chain fatty acids and the amino acids
synthesized from citric acid cycle intermediates. Therefore, viral proteins were
purified from infected cells which had been labeled with 3H-acetate in & common

growth medium (Eagle's minimal essential medium [Eagle, 1959] plus 2% fetal calf
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FIG. 1. Acetate labeled Sindbis infected cells. Infected BHK-21 monolayers
were labeled with tritiated acetate at 1 mCi/ml (2 Ci/mmole), harvested as described
in Materials and Methods, and an aliquot was analyzed by polyacrylamide gel electro-
phoresis with the buffer system of Laemmli (1970). After electrophoresis, the gel
was sliced into 1 mm fractions and analyzed for radioactivity by liquid scintillation
counting. Electrophoresis was from left to right, and the positions of the viral
proteins are identified in the figure. (a) The cells were labeled for 1 hr in minimal
essential medium (Eagle, 1959) containing one-fortieth the usual concentration of
methionine, 2% dialyzed fetal calf serum, 1 ug/ml actinomyein D, and also 3 uCi/ml
355-methionine (1.2 Ci/mmole final). The dye marker (bromophenol blue) was located
at fraction 87. Note the corresponding breaks in the tritium and 14C scales in the
capsid protein peak. (b) The cells were labeled as described for acetate labeling in

Materials and Methods with medium containing, in addition, 0.17 uCi/ml 1‘q'(Z—leucine

(0.4 mCi/mmole final). The dye marker was located at fraction 85.
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serum) and the proteins were analyzed to determine the fate of the radioactive
metabolite. After HCI hydrolysis, greater than 60% of the tritium label was found in
the amino acids proline (about three-fourths of the total amino acid label), glutamic
acid, and, to a minor extent, aspartic acid (data not shown). The Sindbis
glycoproteins also contain covalently coupled long chain fatty acids (Schmidt et al.,
1979). These fatty acids were released from the purified proteins after base
hydrolysis in methanol, extracted with organic solvents, and the O-methyl esters of
long chain fatty acids were identified by adsorption chromatography on silica gel
(results not shown). Radioactivity was found in these long chain fatty acids under the
above labeling conditions. Surprisingly, no radioactivity was found in the glyco-
peptides, which contain N-acetyl glucosamine and sialic acid, generated from the
Sindbis glycoproteins by pronase digestion and analyzed as described (Sefton and
Keegstra, 1974).

In view of these findings, in all subsequent experiments we used a modified
labeling procedure, as described in Materials and Methods, which consisted of
preincubation of the cells as well as labeling in a medium containing higher than
normal concentrations of serum and large amounts of aspartic acid, proline, and
glutamic acid. It was also necessary to use short labeling periods, and we found
20 min to be optimum (data not shown). The effects of this modification of the
labeling procedure can be seen in Fig. 1, which shows the SDS polyacrylamide gel
patterns of BHK-21 cells labeled with H-acetate and S°S-methionine or 1iC-

leucine. The results in Fig. 1la were obtained during preliminary experiments with no
attempt to suppress metabolic conversion of acetate, while the infected cells of
Fig. 1b were labeled under the modified labeling protocol. The ratio of tritium to
35S—methionine is similar in all of the structural proteins of the virus in Fig. 1a, but
in Fig. 1b E1 is not extensively labeled with tritium while the capsid protein has still

incorporated significant amounts of the label. Interestingly, even with the modified
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labeling procedure, PE2 is labeled with tritium to nearly the same extent as the
capsid protein. The amount of tritium incorporated into either PE2 or the capsid
protein is quite low and there is a very large tritium peak near the dye front.

A similar result is found when infected chick cells are labeled in this manner.
The ratio of tritium to 14C in PE2 and in the capsid protein is similar to that seen in
BHK-21 cells when labeling medium containing the same ratio of 3H-acetate and
14C-leucine is used. However, in chick cells a large unidentified tritium peak, which
we have also observed in uninfected cells, obscures the E1 peak and seems to be more
prominent in the gel patterns of short labeling periods. A small amount of this
unidentified host-derived material can also be seen in BHK-21 cells (fraction 35 in
Fig. 1b).

In order to examine the distribution of acetate-derived tritium label along the
polypeptide chain of the capsid protein, capsid protein from chick cells was digested
with S. aureus V8 protease and the digest was analyzed by SDS-polyacrylamide gel
electrophoresis. As shown in Fig. 2, about 70% of the tritium label was found in one
polypeptide fragment, which was also labeled extensively with methionine. The
acetate and 14C labels in this experiment were derived from separate preparations of
the capsid protein, and the major peaks migrate at slightly different rates because
one or more methionine residues in the acetate-labeled protein became oxidized
during purification. A similar difference in migration rate during SDS-—gel
electrophoresis due to oxidation is also seen in the intact capsid protein (C. M. Rice,

personal communication).

Acetate labeled peptides of the capsid protein

Having developed conditions for specifically labeling the blocked capsid protein
with acetate and having shown that the label was incorporated in this protein in a
non-random manner, we next purified small acetate-labeled peptides from proteolytic

digests of the capsid protein. We used chromatography of an exhaustive chymotrypsin
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FIG. 2. S. aureus V8 peptides of acetate labeled capsid protein. The peptides

derived from chick embryo fibroblast grown capsid protein, labeled with tritiated

14

acetate and C-methionine, were analyzed by SDS polyacrylamide gel electro-

phoresis. Electrophoresis was from left to right. Arrows indicate approximate

molecular weights in thousands of daltons at various points on the gel.
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digest on a strong cation exchanger (Dowex 50W, H+ form). Under the
chromatographic conditions used, a blocked peptide with no lysine or arginine, i.e., a
peptide with no cationic groups, should not be bound to the resin and should be found
in the column wash through fraction (Narita et al., 1975). Fig. 3a shows the
chromatogram obtained. The sample applied to the column contained 14(‘.3—methionine
labeled capsid protein in addition to the 3H—acetate labeled protein, and the 14C

scale has been expanded for the first half of the chromatogram. Thirty percent of

the 3

H-acetate derived label is found in the column flow through, while a small but
significant amount (6%) of the methionine label is also unbound.

We next analyzed the peptides contained in the flow through fraction of the
Dowex 50W column by silica gel chromatography and reversed phase HPLC. A silica
gel chromatogram of the Dowex 50W flow through of Fig. 3a is shown in Fig. 4a, and
as can be seen, the 3H-acetate and 14C-me!;hionine labels comigrate as three peaks.
Peak III was identified by co-chromatography with synthetic markers as N-acetyl
methionine (results not shown), and hence it must be the modified N-terminal amino
acid of the protein. Peak I was found in varying amounts, usually much smaller than
in the chromatogram shown in Fig. 4a. In addition, while peak II migrates between
methionine and N-acetyl methionine, in other experiments, peak I was found to
migrate between the oxidized (sulfoxide) forms of these two species. We therefore
believe that peak I is an oxidation product of peak II, containing a methionine
sulfoxide residue.

An HPLC chromatogram of these acetate-labeled peptides is shown in Fig. 4b.
In this experiment, 3H-acetate labeled capsid protein which became oxidized during
purification was digested with chymotrypsin, chromatographed on Dowex 50W and the
flow through mixed with sss—labeled synthetic markers and subjected to HPLC
chromatography. The major tritium labeled peak comigrates with N-acetyl

methionine sulfoxide, while a minor peak of tritiated N-acetyl methionine is also
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FIG. 3. Dowex 50W chromatography of chymotryptic digests of chick embryo

fibroblast grown Sindbis proteins. The large peaks at fraction 22 are the peptides

eluted from the resin with NaOH. Two scales are given for the 14C label. The left

(more sensitive) scale applies to the first 18 fractions, while the right (less sensitive)

scale applies to fractions 19-30. (a) Peptides derived from tritiated acetate and

1"~'C—me\‘.hionine labeled capsid protein. (b) Peptides derived from tritiated acetate

4

and 1 C-alanine labeled PE2.
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FIG. 4. Analysis of peptides unbound during Dowex 50W chromatography.
(a) Silica gel chromatography of tritiated acetate and 14C-rnethionine labeled
peptides derived from the capsid protein. The origin is located at fraction 0, and
migration is from left to right, with the solvent front at fraction 38. (b) Reversed
phase HPLC of tritiated acetate labeled peptides derived from the capsid protein and
358 labeled markers indicated in the figure as mso (methionine sulfoxide), N-Ac-mso
(N-acetyl methionine sulfoxide), met (methionine), and N-Ac-met (N-acetyl

methionine). (e) and (d) Reversed phase HPLC of peptides derived from PE2 and

labeled with: (c) 3H-proline and 14C-alanine (d) tritiated acetate.
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seen. The peak at fraction 34 in the HPLC chromatogram, Fig. 4b, is probably the
peak labeled II in Fig. 4a.

In order to further characterize the peptide called peak II above, it was purified
from chymotrypsin digests of chemically pure (as opposed to radiochemically pure)
capsid protein by HPLC of the Dowex 50W unbound fraction. HCI hydrolysis followed
by amino acid analysis established that this peptide contained only aspartic acid or
asparagine in addition to the methionine detected by radiolabeling techniques.
(Tryptophan would not have been detected.) Although we have not directly
determined the structure of this peptide, it almost certainly is N-acetyl-met-asx,
also derived from the N-terminus of the protein. It contains the same amount of
tritium label per methionine residue as the N-acetyl methionine, and it was isolated
by Dowex 50W chromatography, selective for blocked peptides. The presence of
asparagine rather than aspartic acid is suggested by the observation that this peptide
is not generated by cleavage of the capsid protein with S. aureus V8 protease under
conditions in which the peptide bonds C-terminal to aspartic acid and glutamic acid
are cleaved (see Fig. 2, and unpublished data).

Assuming that peak II is indeed N-acetyl-met-asn derived from the N-terminal
end of the capsid protein, we can estimate the fraction of the tritium label in the N-
terminal acetyl group of the capsid protein from the fractions of the input tritium
and 14C labels recovered in the Dowex 50W unbound fraction. Since 6% of the

applied 14

C-methionine is found in the Dowex 50W unbound fraction, and there are 10
methionines in the capsid protein (Bell et al., 1979), the yield of acetylated N-
terminal methionine in Fig. 3a is 60%. The recovery of 30% of the tritium label in
this fraction implies that about 50% of the tritium label is in this group in the intact
protein. Comparable results (40% of the‘tritium label in the N-terminal N-acetyl

methionine) are obtained from a similar analysis of the amounts of the two labels in

the N-acetyl methionine peak of the silica gel chromatogram of Fig. 4a.
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Acetate-labeled peptides of PE2

The observation that PE2 is labeled with acetate to the same extent as the
capsid protein, and thus appears to be acetylated also, led us to examine the
Dowex 50W unbound fraction of a proteolytic digest of this protein. Fig. 3b shows the
results of Dowex 50W chromatography of the chymotrypsin digestion products of
14C

tritiated acetate and -alanine labeled PE2. Two unbound peaks are partially

resolved. A large fraction of the tritium label and about 5% of the 1Q'C-alanine label
is found in a flow through peak centered at fraction nine, which appears to be the
included volume of the column and is the same position as the flow through peak for
the digested capsid protein in Fig. 3a. This material was pooled and analyzed by
HPLC and silica gel chromatography (see below). The large alanine-containing peak
centered at fraction six probably contains peptides which are either large or exist in
solution as aggregates so that they cannot enter the pores of the resin, as this is the
expected position of the excluded volume of the column. We have also found that the
peptides in this early peak do not move from the origin in silica gel chromatography
(data not shown).

Figure 4c and d, shows the HPLC chromatogram of the pooled Dowex 50W
included volume flow through peaks of the chymotrypsin digestion products of PE2
radiolabeled with 3H-px'oline and 4C-alanine (Fig. 4c¢) or tritiated acetate (Fig. 4d).
One major acetate labeled peptide is present, and it is also labeled by 3H—proline and
14C-alamine. Many of the additional peptides which elute only with a high organic
solvent concentration in Fig. 4c are probably large peptides contaminating the
included volume pool from the Dowex 50W chromatography (see Fig. 3b). Using silica
gel chromatography instead of HPLC, we also find that an alanine-labeled peak
comigrates with the acetate-labeled peak when the two labeled preparations are

mixed before chromatography (data not shown).

We next purified 80 pmole of the major acetate-labeled peptide by reverse
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phase HPLC from the Dowex 50W unbound fraction of a chymotryptic digest of
chemically pure PE2. The peptide was found to have the amino acid composition
(alal_g, leul_o, Proy o sero_s), without correcting for the decomposition of serine
during HCI hydrolysis. Since there are about 40 alanine residues in PE2 (J. R. Bell,
unpublished data), if we assume this peptide contains two alanines, it is obtained from
chymotrypsin digestion and Dowex 50W chromatography in nearly 100% yield, and it
contains 45% of the total tritium label in PE2. We also found that this peptide is not
labeled if derived from PE2 labeled in vivo with tritiated palmitate (which labels the
covalently coupled lipid of the protein) or tritiated glucosamine (results not shown).
We therefore conclude that this PE2-derived peptide is N-acetylated, and thus
derived from the N-terminus of PE2. This in turn implies that PE2, or at least a

significant fraction of this protein, is blocked in the infected cell.
DISCUSSION

Before analyzing the incorporation of tritiated acetate into the structural
proteins of Sindbis virus, we considered it desirable to suppress the metabolic
conversion of exogenously supplied acetate into other chemical forms. We estimate
the specificity of the acetate labeling, the fraction of the label not metabolically
converted to other chemical forms in the viral proteins, to be 40-50% in chick cells
labeled with the procedure which we developed. This is based on the amount of label
recovered in two overlapping N-acetylated peptides derived from the capsid protein,
and the amount of label recovered in an N-acetylated peptide derived from PE2. We
also recovered 70% of the acetate derived label in chick grown capsid protein in one
11,000-dalton fragment, which must therefore contain the acetylated (N-terminal)
residues of this protein. The additional tritium label in the large fragment is due to
the fact that it contains 70% of the proline and 50% of the glutamic acid plus

glutamine of the intact protein (unpublished observations). We note that the
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specificity of the label is such that it can be used to identify large proteolytic
fragments containing the N-terminus of the capsid protein as well as small fragments
of one or two amino acids. We have not directly examined the distribution of label in
BHK-21 grown, acetate labeled Sindbis proteins. However, the extent of the
difference in the labeling of E1, compared with PE2 and the capsid protein, suggests
that the specificity of the acetate label may be even greater in this system.
Chromatography on Dowex 50W-X2 of proteolytic digestion products was first
used to purify the N-terminal peptide of a blocked protein in studies on the tobacco
mosaie virus (TMV) coat protein. Narita (1958), in his classic studies, reasoned that a
blocked peptide, if it contained no lysihe or arginine, could not be bound to a strong
cation exchanger, while all other peptides in the digest should contain at least the N-
terminal amino group and so should have an affinity for the resin. Since that time, a
number of authors have used this technique (Ward and Dopheide, 1980; see also Narita
et al., 1975). The use of radiolabel, in particular radioactive acetate in the case of an
acetylated N-terminus, has allowed us to extend this technique to situations in which
it is difficult to obtain sufficient material for the usual biochemical analyses. In the
case of Sindbis virus infected cells, it is easy to obtain radiochemically pure viral
proteins and their precursors since the virus shuts down host cell protein synthesis
(see, for example, Fig. 1). It has also been found that most of the contaminating
peptides which are present in the Dowex 50W-X2 unbound fraction are relatively
large, as they are also not retained by the anion exchanger Dowex 1-X2 (Narita and
Ishii, 1962). The use of radiolabeled acetate has allowed us to extend the
diserimination of the Dowex 50W chromatographic separation, for we can distinguish
and partially separate those small peptides which enter the pores of the resin and are

not bound, from peptides which are not retained on the column simply because they

are excluded from the pores of the ion exchanger.
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This determination of the N-terminal sequence of the capsid protein as N-
acetyl-met-asn- is consistent with the results of other workers. Methionine is the N-
terminal amino acid of the capsid protein when it is synthesized in vitro in the
presence of an enzymatic system which removes acetyl-CoA from the reaction
mixture (Bonatti and Blobel, 1979), and a blocked peptide with the amino acid
composition (asx, met, arg) has been isolated from tryptic digests of the capsid
protein (Boege et al., 1980). Finally, our deduced sequence is consistent with the
sequence of the viral mRNA which codes for the capsid protein (C. M. Rice and J. H.
Strauss, manuseript in preparation).

Experiments on the incorporation of acetate label into PE2 led us to conclude
that a peptide derived from this protein, with the amino acid composition (alal_g,
leuLO, Pro; o sero.s), is N-acetylated and thus derived from the amino-terminus of
N-acetylated PE2. This result is surprising in view of the fact that a partial N-
terminal amino acid sequence has been obtained by Edman degradation of
radiolabeled PE2 (Bonatti and Blobel, 1979). We have obtained a complete N-terminal
sequence (ser-ala-ala-pro-leu-) by Edman degradation of PE2 which is consistent with
the previously determined partial sequence, but the recovery of this sequence
indicated that 80-90% of the protein was blocked, and it was shown to be unlikely
that the blocking occurred during purification (Chapter 5, this thesis). The
composition of the N-acetylated peptide which we have isolated is consistent with the
proposal that it was obtained from a blocked fraction of PE2 which is related to the
sequenceable fraction by N-acetylation. We also note that by far the most common
acetylated amino acid in N-acetylated proteins is serine (Jérnvall, 1975; Narita et al.,
1975). We describe the N-terminus of PE2 in more detail in a separate report
(Chapter 5, this thesis).

One feature of the list of proteins which are known to be blocked (Narita et al.,

1975; Jérnvall, 1975) is that these proteins are often ones which the cell would not be
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expected to turn over and resynthesize extensively. Some examples are actin and
eytochrome ¢, both from a variety of sources, and keratin from sheep wool and emu
feather. The nature of these blocked proteins suggests that the lack of a free N%-
amino group may have some role in the protection of these proteins from proteolytic
digestion, presumably initiated by exopeptidases (Jornvall, 1975; Brown and Roberts,
1976). One might then expect viral proteins to be often blocked, since it is obviously
advantageous to a virus that its structural proteins not be degraded. In fact, blocked
structural proteins have been found in TMV and other plant viruses (Narita et al.,
1975; Jornvall, 1975), Mengo virus (Ziola and Seraba, 1976), Sendai virus (Scheid and
Choppin, 1977), murine leukemia virus (Oroszlan et al., 1978), and influenza virus
(Ward and Dopheide, 1980). In the case of adenovirus, of the five structural proteins
of known N-terminal sequence, four are blocked (Jornvall et al., 1974; Bowdin et al.,
1979; Anderson and Lewis, 1980), and the other is produced by proteolytic cleavage
from a blocked precursor (Sung et al., 1977). Thus the determination of the N-termini
of acetylated proteins may be a problem encountered particularly often in the
sequencing of viral proteins, and in vivo labeling of such proteins with radioactive

acetate may frequently be useful in the elucidation of their primary structures.
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Chapter 5

The N-Terminus of PE2 in Sindbis Virus Infected Cells

JOHN R. BELL, CHARLES M. RICE, MICHAEL W. HUNKAPILLER, and
JAMES H. STRAUSS

This chapter has been prepared for submission to the
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ABSTRACT

Antibodies specific for each of the structural proteins of Sindbis virus were
prepared and characterized, and antibody directed against E2, one of the two
envelope glycoproteins, was used to purify microgram quantities of intracellular E2
and its precursor, PE2, from infected cells. PE2 and E2 were found to constitute a
significant fraction of the total protein in infected cells at an intermediate time
after infection. Two N-termini of PE2 were found, and one, the primary product of
translation, was sequenced by Edman degradation. The second N-terminus, found in
80-90% of PEZ2, is blocked and is produced by N-acetylation of the first. The
N-terminus of PE2, which is probably the signal sequence of this protein, also
contains a glycosylated asparagine residue. The putative signal sequence is not
cleaved by signal peptidase, either under normal conditions or when glycosylation is

prevented by tunicamyein.
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INTRODUCTION

Two of the three structural proteins of Sindbis virus, E1 and E2, are membrane
glycoproteins, each with a molecular weight about 50,000 daltons (Strauss and
Strauss, 1977). In the virion, most of the mass of these two proteins is external to the
lipid bilayer of the virus envelope (Compans, 1971), although each is anchored in the
bilayer by short stretches of hydrophobic amino acids near the C-terminal ends of the
proteins (Garoff and Soderlund, 1978). The structure of these proteins has also been
examined after translation in an in vitro system containing microsomes. In this
system, both E1 and PE2, the precursor to E2, are inserted into membrane vesicles
and this translocation is cotranslational (Garoff et al., 1978; Bonatti et al., 1979).
The third viral structural protein, the capsid protein (mw 30,000 daltons), forms a
complex with the RNA of the virus. This complex, the viral capsid, is found internal
to the lipid envelope in the virion (Compans, 1971), and in the cytosol of infected
cells (Wirth et al., 1977).

All three structural proteins are translated from a single mRNA, which contains
only one initiation site (Cancedda et al., 1975), and translation results in a polyprotein
product which is processed by proteolytic cleavage while still nascent (Strauss and
Strauss, 1977; Garoff et al., 1978). This mRNA contains, in order from the 5' end, the
sequences for the capsid protein, PE2, and E1 (Welch and Sefton, 1979). The capsid
protein is first cleaved off the growing polypeptide chain, as soon as its translation is
complete, and the nascent PE2 is immediately inserted into the lumen of the
endoplasmic reticulum (Garoff et al., 1978; Bonatti et al., 1979). The cleavages
between the sequences of PE2 and El, and the insertion of E1 into the membrane also
occur before the translation of El is completed (Garoff et al., 1978), but are less well
understood. As a final step in the maturation of the virus, about 20 min after its
synthesis PE2 is cleaved to yield E2, the mature component of the Sindbis virion

(Schlesinger and Schlesinger, 1972).
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We are interested in the primary sequence of the viral structural proteins (Bell
et al., 1978; Rice and Strauss, manuseript in preparation), but the N-terminus of PE2
is of particular interest, for the insertion of the major portion of PE2 into the lumen
of the endoplasmic reticulum has been shown to be mediated by the N-terminal
portion of the protein (Garoff et al., 1978). Proteins secreted from eukaryotic cells,
with one exception, have been found to contain an N-terminal extension of 15-30
amino acids which, for a short time after its synthesis and while most of the rest of
the protein is still untranslated, is able to interact with the rough endoplasmic
reticulum. The interaction of this extension, or signal sequence, with the membrane
results in the translocation of the protein across the membrane and into the lumen of
the rough endoplasmic reticulum, and this translocation is a prerequisite to further
processing of the protein (for review, see Blobel et al., 1979). This model has been
extended (Blobel and Doberstein, 1975) to describe the translocation of the
N-terminal portions of some integral membrane proteins via a similar N-terminal
signal sequence, also cleaved after translocation, and the G protein of vesicular
stomatitus virus has been shown to conform to the model (Lingappa et al., 1978).
The same method of insertion of membrane proteins has also been found in baecteria,
although several exceptions are known both in prokaryotes and eukaryotes (see Davis
and Tai, 1980; Blobel et al., 1979). The N-terminal region of PE2 of Sindbis virus (or
the closely related Semliki Forest virus) also functions as a signal sequence in
translocation, for in an in vitro translation-translocation system PE2 is inserted into
membrane vesicles only if the membranes are added before the first 50 amino acids
of the protein have been synthesized (Garoff et al., 1978). The observation that the
C-terminal 30-40 amino acids of a nascent peptide are sequestered by the ribosome
(Malkin and Rich, 1967; Blobel and Sabatini, 1970) further localizes this translocation
function to the extreme N-terminus.

A partial N-terminal sequence has been obtained from radiolabeled PE2 in
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which 11 of the first 25 amino acids were identified, and this partial sequence was not
inconsistent with its role as a signal sequence for the translocation of the protein
across the membrane of the endoplasmic reticulum (Bonatti and Blobel, 1979). We
now report the preparation of chemically pure PE2 (and also its product E2) from
Sindbis infected cells and the extensive characterization of its N-terminus. During
the course of this work, we found heretofore unknown features of this important

region of the protein which distinguish it from other known signal sequences.

MATERIALS AND METHODS

Virus strain
The virus used in these studies was the large plaque variant of the HR strain of
Sindbis virus, originally obtained from Dr. B. W. Burge and placue purified several times

in our laboratory.

Preparation of antisera

Sindbis virus was purified and structural proteins were prepared as a solution in
sodium dodecyl sulfate (SDS) as previously deseribed (Bell et al., 1979). The purified
proteins were precipitated by the addition of two volumes of 100% ethanol, frozen on
dry ice or incubated overnight at -20°C, warmed to 4°C, and centrifuged at
15,000 rpm for 15 min at 4°C in a Sorvall SS34 rotor. The supernatants were
discarded and the pellets air-dried and resuspended in 10 mM Tris-Cl, pH 7.4, 0.15 M
NaCl, 0.1% SDS to a final protein concentration between 100 and 200 ug/ml. The
antigens were emulsified with an equal volume of complete Freund's adjuvant
(Calbiochem) immediately before injection. Female New Zealand White rabbits were
given multiple subeutaneous and intradermal injections along the lower back, as well
as an intramuscular injection in each hind leg near the lymph node. 100-200 ug of
each protein were used for the primary immunization and 25-100 ug for subsequent

challenges. Immune and non-immune animals were bled from the ear vein and clot
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formation allowed to proceed for at least 1 hr at 23°C. After incubation for at least
24 hr at 4°C, the clots were removed by centrifugation at 5000 x g for 15 min at 4°C.
Serum was stored frozen at -70°C. A crude gamma globulin fraction was prepared by
ammonium sulfate fractionation as described by Garvey et al. (1977). For the
purification of IgG, this erude gamma globulin was first dialyzed against 10 mM
NaPO4, pH 7.2, 15 mM NaCl. After centrifugation at 10,000 x g, for 20 min at 4°C,
the supernatant was passed over a column of CM52, then DE52 (Whatman)
equilibrated in 10 mM NaPO, pH 7.2, 15 mM NaCl (Palacios et al., 1972). The

excluded IgG containing fractions were collected, pooled, and stored frozen at -70°C.

Preparation of radiolabeled infected cell lysates and virus

Primary chick embryo fibroblasts were prepared and infected with Sindbis virus
at a multiplicity of infection of 20-40 as described (Pierce et al., 1974). Purified
virus was obtained from infected cell monolayers labeled overnight with 355—
methionine and harvested in high salt (Pierce et al., 1974), and purified by rate zonal
centrifugation followed by isopycnic sedimentation according to Bell et al. (1979).
Infected cell monolayers were labeled and harvested in 0.5-1.0% SDS as described
elsewhere (Chapter 4, this thesis), but this procedure was modified for specific
purposes as follows. For pulse-labeling with 35S—methionine, the cells were washed
twice with methionine-free medium just before the addition of the labeling medium,
which contained no nonradioactive methionine, and in some cases the labeled proteins
were chased by the replacement of the medium with medium containing no
radioactivity but unlabeled methionine at twice the normal concentration, followed
by an additional 20 min incubation before harvest.  Monolayers treated with
tunicamyein (the generous gift of Dr. Robert L. Hamill, Lilly Research Laboratories)
were incubated in medium containing 0.5 pug/ml of the drug for 4.5 to 6.5 hr post-
infection, and labeled from 6.5 to 7.5 hr post-infection in the absence of the drug.

The procedure for in vivo incorporation of 3H-acetate is described in detail elsewhere

(Chapter 4, this thesis).
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Immune-precipitation

In preparation for immune-precipitation, radiolabeled infected cell monolayers
(dissolved in 0.5% SDS) were heated to 56°C for 10 min and diluted and adjusted to
0.05 M Tris-Cl, pH 7.4, 0.2 M NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
0.5% Triton X-100, and 1 mg/ml bovine serume albumin (TNA buffer). After dilution,
there was at least a five-fold excess of Triton X-100 over SDS by weight, and
immune-precipitation was performed directly after Triton X-100 addition, without
freezing. Radiolabeled purified virus samples were similarly denatured by the
addition of SDS to a concentration of 0.5% and heating as above, and diluted into
TNA. Alternatively, the heating step was omitted and an equivalent amount of SDS
was added after the addition of Triton X-100 or omitted entirely.

Rabbit IgG was diluted into TNA before being used at a final concentration of
about 100 ug/ml. Incubation of antigen and antibody was for 30 min at room
temperature, followed by removal of the immune complexes by a 10 min incubation

with an excess of TNA-washed protein A-bearing Cowan I strain of Staphylococcus

aureus (Kessler, 1975) and centrifugation at 3500 x g for 6 min. Immune-precipitates
were washed with 0.05 M Tris-Cl, pH 7.4, 0.2 M NaCl, 1 mM EDTA, 0.1% Triton
X-100, 200 pg/ml bovine serum albumin, and dissolved in sample buffer and analyzed
by SDS-polyacrylamide gel electrophoresis. Before loading on the gel, samples were
heated as above and clarified by centrifugation at 3500 x g for 6 min at room
temperature.

SDS-polyacrylamide gel electrophoresis

The buffer system of Laemmli (1970), except containing half the concentration
of Tris in the gels, was used. For analytical purposes, samples were electrophoresed
in 6 mm diameter cylindrical gels, which were then stained with Coomassie blue or

sliced into 1 mm fractions and counted by liquid scintillation. Alternatively, samples
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were electrophoresed on slab gels, which were dried and analyzed by fluorography
according to Bonner and Laskey (1974). Samples for preparative gel electrophoresis
were precipitated with ethanol as above and electrophoresed in 8 mm diameter
eylindrical gels containing 0.01% mercaptopropioni¢ acid in the sample and upper
electrode buffer. After electrophoresis, the gel was sliced into approximately 100
fractions, each consisting of two 0.5 mm slices, and each fraction was eluted in 1 ml
of 0.5% SDS, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 2.9 mM NaOH, 1 mM
dithiothreitol, 20 ug/ml phenylmethylsulfonyl fluoride. The pH of this buffer, after
equilibration with the gel slices, was approximately 6.4. After shaking for 9 hr at
room temperature, an aliquot of each fraction was assayed for radioactivity by liquid
scintillation counting. Appropriate fractions were pooled, clarified by centrifugation

at 2000 x g, and the supernatant volume reduced 10-fold by lyophilization.

Immuno-affinity chromatography

Ten roller bottles of primary chick embryo fibroblasts (800 cm2 surface area
and 108 cells per roller bottle) were infected as described above, and one was labeled
by the addition of 14C-al.fmine to the medium 6-7 hr post-infection. Seven hours
post-infection, the monolayers were chilled on ice, washed twice with ice-cold
phosphate buffered saline (PBS), and the cells were scraped from the glass with a
rubber policeman in a small volume of PBS, pooled, pelleted by centrifugation at
500 x g for 3 min at 4°C, and washed once more with cold PBS. After resuspension in
15 ml of ice-cold 0.05 M Tris-Cl, pH 7.5, 0.2 M NaCl (TN buffer) plus 20 ug/ml
phenylmethylsulfonyl fluoride, the cells were lysed by the addition of SDS to 2%,
heated to 70°C for 20 min, and centrifuged at 100,000 xg for 1hr at room
temperature to pellet DNA. The supernatant was precipitated with ethanol as above,
and precipitated protein was redissolved in 7.5 ml of 1% SDS, 0.05 M Tris-Cl, pH 7.5,
and diluted and adjusted on ice to 2% Triton X-100, 0.05 M Tris-Cl, pH 7.5, and 0.2 M

NacCl, to a total volume of 35 ml, and applied to the immunoabsorbant.
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Solid phase antibodies were prepared from the crude gamma globulin fraction of
anti-E2 serum, which was first dialyzed against 10 mM NaPO4, pH 7.5, and eclarified
by centrifugation at 10,000 x g for 20 min at 4°C. The supernatant (640 mg of protein
in 26 ml) was gently mixed with 28 ml (wet settled volume) of washed, activated
crosslinked agarose beads (Reacti-gel 6X, Pierce Chemical Co.) in 0.1 M Na-borate,
pH 8.5, for three days at 4°C (Bethell et al., 1979). After washing with 0.1 M Na-
borate, pH 8.5, at 40°C, the protein content of the agarose beads was 8.5 mg/ml wet
settled volume.

A 1.8 ecm diameter column was poured with 28 ml of the immuno-absorbent and
run at 4°C at a flow rate of 18 ml/hr. After washing with 10 bed volumes of 1%
Triton X-100 in TN buffer, the sample was applied and 10 min fractions were
collected. The column was then washed with 1.5 bed volumes of 0.05% Triton X-100
in TN buffer, and warmed and eluted at room temperature with 0.5% SDS, 10 mM
Tris, pH 7.5. Aliquots of each fraction were assayed for radioactivity, and fractions
containing protein eluted with SDS were pooled (22 ml total), lyophilized, and

dissolved in 2.2 ml 0.5% B-mercaptoethanol.

Protein sequenation

Samples were precipitated with ethanol as above, dissolved in a small volume of
trifluoroacetic acid, and loaded onto a non-commercial spinning cup sequenator, the
construction and operation of which have been described (Hunkapiller and Hood,
1980). When chemically pure protein was sequenced, the mixture of phenylthio-
hydantoin (PTH) amino acid derivatives released at each cycle was analyzed by
reversed phase HPLC (Johnson et al., 1979). For the analysis of radiolabeled samples,
tuna heart cytochrome ¢ was added to 20 ug/ml before ethanol precipitation, 1 mg of
sperm whale apomyoglobin was added to the spinning cup with the sample, and the
mixtures of PTH amino acid derivatives released were dried under nitrogen and

counted direetly by liquid seintillation without fractionation.
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FIG. 1. SDS polyacrylamide gel electrophoresis of the immune precipitate
obtained with antibodies to the viral structural proteins. (a) 35S-Methionine—labeled
purified virus (lane 1) was precipitated with anti-E1 (lanes 2-4) or anti-E2 (lanes 5-7).
Before immune-precipitation, virus samples were denatured with SDS (lanes 2 and 5),
or solubilized with Triton X-100 (lanes 3 and 6), or solubilized with Triton X-100
followed by the addition of SDS (lanes 4-7) as described in Materials and Methods. (b)
SDS-Denatured infected cell monolayers, pulse-labeled with 35S-methionine for
10 min (lanes 2-6) or chased for 20 min after similar labeling (lanes 7-11), are shown
in lanes 2 and 7. Immune-precipitates were obtained from these samples with anti-E1
(lanes 3 and 8), anti-E2 (lanes 4 and 9), anti-capsid (lanes 5 and 10), or non-immune
IgG (lanes 6 and 11). Lane 1 contained an untreated virus marker. In the infected

cell, E2 is seen only after the chase period, and bands labeled 100 K are discussed in

the text.
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RESULTS

Characterization of antibodies

We first examined the reaction of the antibodies, which had been produced in
response to purified, SDS-denatured Sindbis structural proteins, with the individual
proteins of the virion. Immune-precipitates were analyzed by SDS polyacrylamide gel
electrophoresis, with the results shown in Fig. 1a. As can be seen, the capsid protein
was precipitated non-specifically under all conditions examined. When the viral
proteins were denatured with SDS and then diluted in an excess of Triton X-100
buffer, anti-E1 (Fig. la, lane 2) or anti-E2 (Fig. la, lane 5) antibodies precipitated, in
addition to the capsid protein, only the corresponding envelope protein. However,
when the virus was disrupted not with SDS but with the non-ionic detergent, Triton
X-100, which does not denature most proteins (Helenius and Simons, 1975), quite
different results were obtained. Under these conditions, anti-E1 antibody was no
longer reactive against E1 (Fig. 1a, lane 3), while anti-E2 precipitated a small but
significant amount of E1 in addition to E2 (Fig. la, lane 6), and in control experiments
the same result was obtained when SDS was added after disruption with Triton X-100
(Fig. 1a, lanes 4 and 7). Thus, the different reactivity of the antibodies to the SDS-
denatured proteins, when compared with the Triton X-100 solubilized proteins, must
be due to changes in the tertiary or quaternary structure of the antigens rather than
the physical presence of SDS in the reaction mixture.

We next ascertained the specificities of the antibodies for the viral struetural
proteins and related proteins in SDS-solubilized infected cell lysates (Fig. 1b). After
the addition of anti-capsid antibody, only the capsid protein was precipitated (Fig. 1b,
lanes 5 and 10), although this protein again precipitated non-specifically with all
antibodies, including non-immune IgG (Fig. 1b, lanes 6 and 11). However, other
experiments (using a solid phase immuno-absorbent) have shown that anti-capsid

antibody does in fact bind the capsid protein (unpublished observations). The
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specificities of the antibodies for E1 and E2 are the same as seen when SDS-disrupted
virions are used as antigen. In addition, PE2 is precipitated by anti-E2, but not by
anti-E1 (Fig. 1b, lanes 4 and 9), and two short-lived proteins, labeled v100 K proteins
after their approximate molecular weights, are specifically precipitated by both
anti-E1 and anti-E2 (Fig. 1b, lanes 3 and 4) and so contain antigenic determinants of
both envelope proteins. A 100,000 dalton non-glycosylated protein, the B protein,
which contains the sequences of both PE2 and E1 and which is probably the result of
an error in processing rather than an intermediate in envelope glycoprotein bio-
synthesis, is found in BHK cells infected with Sindbis virus (see Discussion). However,

the relationship of these v100 K proteins in chick cells to the B protein is unknown.

Purification of PE2 and E2

The availability of antibody specific for PE2 and E2 allowed us to use an
immunoaffinity column to purify PE2 from infected cells. Figure 2 shows the pattern
obtained when a 14C-alanino:—: labeled infected cell lysate, harvested in SDS and
diluted with Triton X-100, was passed over a column containing covalently coupled
anti-E2, and Fig. 3. shows the results of SDS polyacrylamide gel electrophoresis used
to follow the purification procedure. Less than 5% of the capsid protein was bound
to the immunoaffinity column, despite the fact that it precipitated non-specifically
during immune precipitation in solution. The specificity of the immune reagent for
PE2 and E2, in comparison with host cell proteins, can be inferred from the pattern of
the stained gel of the antibody bound fraction, Fig. 3¢, as E2 cannot be detected in
polyacrylamide gels of infected cell lysates stained for protein.

We presume that the level of contaminating protein which is seen in Fig. 3¢
could have been further reduced by preliminary passage of the cell lysate through a
column containing covalently coupled non-immune serum before the immunoaffinity
chromatography. However, this was unnecessary since we next separated PE2 from

E2, and from the other contaminating proteins, by preparative polyacrylamide gel
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FIG. 2. Immuno-affinity chromatography with anti-E2. SDS-Denatured
infected cells, labeled with 14C-a1anine, were passed over a column containing the
covalently coupled antibody, and an aliquot of each fraction was counted for
radioactivity, as described in Materials and Methods. The sample was applied in
Triton X-100, and the column was washed with a Triton X-100 containing buffer
beginning with fraction 12. Elution with SDS was begun at fraction 28, and the

fraction size at this point increased from 3.0 to 3.7 ml per fraction.
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FIG. 3. SDS polyacrylamide gel analysis of the results of immuno-affinity
chromatography. The gels in panels a and b were sliced and counted for radioactivity,
while the gel in panel ¢ was stained for protein with Coomassie blue. Eleectrophoresis
was from left to right, and the identities of the viral proteins are indicated in panels
a and c. Samples consisted of: a) the infected cell lysate, and b) and ¢) the pooled

fractions eluted from the immuno-affinity column with SDS.
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electrophoresis. We expected from Fig. 3e¢, the stained polyacrylamide gel pattern of
the antibody-bound fraction, that a preparative application of this technique would
result in an essentially pure protein preparation, and this was substantiated by the
results of N-terminal amino acid sequencing (see below). To minimize the possibility
of modification of N-terminal amino groups, the gel system was modified by the
inclusion of a negatively charged mercaptan in the sample and upper reservoir buffer
and proteins were eluted from the wet gel immediately after electrophoresis at a
slightly acidic pH, at which amino groups are protonated.

After immuno-affinity chromatography and preparative gel electrophoresis, we
recovered 130 ug (determined by quantitative amino acid analysis), or 2.2 n moles, of
PE2 from 10 roller bottles of infected cells (about 109 cells, or 150 mg of protein
total). The E2 from the preparative gels was also recovered, and we obtained 270 pg
of this protein. The yields of both proteins during the individual steps of the
purification, determined by summing the radiolabeled peaks in Figs. 2a and b, were
similar. 47% of the PE2 and 52% of the E2 present in the cell lysate was recovered in

the fraction eluted from the immunoabsorbant, and overall recoveries were 43% for

PE2 and 49% for E2.

N-terminal sequence of PE2

The primary amino acid sequence data obtained by automated Edman
degradation of 780 pmoles of the purified PE2 preparation are shown in Fig. 4. The
first amino acid in the sequence is probably serine, as extensive destruction of the
PTH derivative of this amino acid occurs during sequenation. The rather large
background of several other amino acids during the first cycle is consistent with our
experience in sequencing such small amounts of protein. The amino acid sequence
deduced from the data of Fig. 4 is presented in Fig. 5, which also shows the translated
sequence of a portion of the mRNA coding for the Sindbis structural proteins. During

Edman degradation, we could not detect the cysteine at position 10, the asparagine at
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FIG. 4. Yields of amino acid PTH-derivatives from the spinning cup sequenator
analysis of 780 pmoles of PE2. Aliquots of each cycle were analyzed by HPLC, peaks
were quantitated by eomparison with a standard mixture of PTH-amino acids, and the
yields were normalized to an injection of 100% of the sample. PTH-cysteine was not

determined.
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FIG. 5. The N-terminal sequence of PE2, as determined by Edman degradation.
The sequence of PE2 deduced from the yields of PTH derivatives at each cyecle,
Fig. 4, is labeled "protein." The symbol "™ " indicates that no residue could be
identified, and parentheses indicate some uncertainty in the assignment, when the
sequence is based solely on the results of protein sequenation. Also shown is the
nucleotide sequence ("mRNA") of a portion of the mRNA which codes for PE2, as well
as the translated protein sequence ("translated mRNA") of this RNA sequence, as

determined by Rice and Strauss (manuscript in preparation).



- 5
(Ser)-Ala-Ala-Pro-Leu-Val-Thr-Ala-Met -

AAG ACG ACC CCG GAA GGG ACA GAA GAG UGG UCC GCA GCA CCA CUG GUC ACG GCA AUG
-Lys-Thr-Thr-Pro-Glu-Gly-Thr-Glu-Glu-Trp-Ser-Ala-Ala-Pro-Leu-Val-Thr-Ala-Met-

10 15

? -Leu-Leu-Gly- ? -vVal- ? -Phe-(Pro)- ? - (protein)

UGU UUG CuC GGA AAU GUG AGC uuC CCA UGC (mRNA)
Cys-Leu-Leu-Gly-Asn-Val-Ser-Phe-Pro-Cys- (translated mRNA)

¥8
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14, and the serine at 16. Our failure to find the cysteine and the serine is not
surprising, since the PTH-derivatives of these amino acids are extensively degraded
during sequenation, but the asparagine should have been detected if it were
unmodified. Since the asparagine of the sequence -Asn-Val-Ser- is a potential
glycosylation site (Marshall, 1974), our failure to detect this residue at cycle 14
during Edman degradation strongly implies that it is in fact glycosylated.

An additional result which is apparent from a comparison of the protein
sequence and translated mRNA sequence is that the protein sequence which we have
obtained represents the primary translation product of the RNA, after cleavage of a
single peptide bond to remove the capsid protein sequence. This conclusion is based
upon the fact that other workers have isolated the peptide Thr-Thr-Pro-Glu-Gly-Thr-
Glu-Glu-Trp from tryptic digests of the Sindbis capsid protein (Boege et al, 1980)
and, from Fig. 5, this peptide must be the C-terminus of the capsid protein.

One notable aspect of the sequence data from PE2 presented in Fig. 4 is the low
yield of the PTH derivatives, to the extent that less than 10% of the applied protein
contained an N-terminus accessible to Edman degradation. This may be due to
N-terminal modification of PE2 during purification even though care was taken to
minimize this possibility, or it may be that an extensive fraction of PE2 is blocked in
vivo. In order to resolve this question, we purified amino acid labeled viral proteins
from infected cells by preparative polyacrylamide gel electrophoresis and pooled

1“C—leucine labeled PE2 and E2, derived from the same cell lysate and preparative

gel, and added 1‘q'C-methio:mine labeled PE2 from a separate preparation. This pool,
which was mixed so that PE2 contained twice the CPM per residue as E2 in each
labeled position (based on the amino acid compositions of the proteins, unpublished
data, and Bell and Strauss [1979]), was subjected to automated Edman degradation,

and the mixture of PTH derivatives released at each cycle was counted directly for

radioactivity, with the results shown in Fig. 6. The radioactivity at cycles 8 and 13
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FIG. 6. Spinning cup sequenator analysis of a mixture of E2 and PE2. The

proteins were labeled with 14C-leucine and i

C-methionine so that E2 contained
twice the CPM per labeled residue as PE2, and the PTH derivatives released at each
cycle were counted directly without fractionation. The dashed line represents an
estimate of the background due to internal cleavage of the polypeptide chain during

sequenation. Peaks at cycles 8 and 13 are contributed by E2, while peaks at cycles 5,

9, 11, and 12 are from PE2.
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was derived from leucine labeled E2 (Bell et al., 1979), at cycle 9 from methionine
labeled PE2, and the label at cycles 5, 11, and 12 was from leucine labeled PE2.
There is also an additional peak of radioactivity at eyele 14, and its presence is due to
incomplete cleavage of the Proll-'I‘yr-12 bond of E2 during the appropriate cycle of
Edman degradation, which introduces a lag in the following steps of E2 degradation,
and the signal found at cycle 14 is the lag of the LEU13 signal. Although each labeled
position in PE2 contained twice the radioactivity as each labeled E2 position, the
peaks derived from E2 are considerably larger than those from PE2. Assuming a
repetitive yield of 95%, we calculate that 75% of the E2 was sequencable, compared
with only 15% of the PE2. Thus, while PE2 was found to be largely blocked in this
experiment also, the E2 which was copurified remained largely unblocked. While
these results demonstrate directly that 80-90% of PE2 is blocked in vivo, our
understanding of the nature of this N-terminal modification is based on results
reported elsewhere (Chapter 4, this thesis), in which we have isolated a peptide from
the chymotrypsin digestion products of PE2 which is acetylated and which does not
appear to contain a free amino group. Taken together, the amino acid composition of
this peptide (alal_g, leul.o, Pro; o sero'g) and the N-terminal sequence determined
here show that the blocked fraction of PE2 is derived from unblocked PE2 by
N-acetylation of the N-terminal serine.

One additional feature of the primary sequence data of Fig. 4 deserves
comment, and that is its role in establishing the purity of the PE2 preparation. The
background of amino acid derivatives in the early cycles, with the exception of eycle
1, is quite low, especially when one considers that the signal results from sequencing
only 10-20% of the PE2 applied. There is a minor sequence, consisting of ?-Val-
lle-Asp-Gly-Phe- ?-Leu-, which is the N-terminal sequence of E2 (Bell et al., 1978).

This E2 sequence is present at about one fourth the level of the unblocked PE2
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sequence, and its presence may be due to a slight contamination of the preparation
with E2 as a result of overloading the preparative gels during purification. Of course,
contaminating proteins which also contained a blocked N-terminus would not have

been detected.

Effect of tunicamycin on the N-terminus of PE2

The finding of the N-terminus of the primary translation product in isolated
PE2, albeit largely in an N-acetylated form, is surprising in view of its probable
function as a signal sequence in the translocation of PE2 across the membrane of the
endoplasmic reticulum during synthesis since such signal sequences are usually rapidly
cleaved from the rest of the protein. By comparison with other signal sequences, the
presence of carbohydrate in this sequence was also unexpected, and so we decided to
see if the N-terminus of PE2 was cleaved in cells treated with tunicamyein, an
effective inhibitor of glycosylation (Krag and Robbins, 1977; Leavitt et al., 1977).
First, nonglycosylated PE2, labeled with 3H-pl'oline, was purified from tunicamyein-
treated infected cells by preparative polyacrylamide gel electrophoresis (Fig. 7a), and
PE2 labeled with 3I-I-acetate (under conditions in which approximately 45% of the
incorporated label is in the Na-acetyl group [Chapter 4, this thesis]) and 14C—alanine
was similarly purified from untreated cells. We next attempted to isolate the
pentapeptide N-acetyl-Ser-Ala-Ala-Pro-Leu, the N-terminal peptide of normal,
blocked PE2 (see above), from the nonglycosylated PE2, since if it were found this
would show that the N-termini of the normal and of the nonglycosylated PE2 were the
same. The isolation procedure, as described elsewhere (Chapter 4, this thesis), con-
sisted of chromatography of an extensive chymotrypsin digest of the protein on
Dowex 50W (largely selective for blocked peptides) followed by silica gel chromatog-
raphy. Figure 7b shows the silica gel chromatogram obtained from the application of

14

the isolation procedure to 3H-acetza.te and = "C-alanine labeled PE2 from untreated

cells; the identification of the acetate-labeled peptide at fraction 18 as the N-
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FIG. 7. Effect of tunicamycin on PE2. (a) Preparative polyacrylamide gel
electrophoresis of 3H—proline labeled PE2 from tunicamycin treated cells. Electro-
phoresis was from left to right, and the first 35 and last 22 fractions of the gel were
not counted. Peaks are as identified. In a parallel gel, E1 from untreated cells was
found at fraction 44. (b) and (¢) Silica gel chromatography of PE2 digested with
chymotrypsin, and chromatographed on Dowex 50W as described elsewhere (Chapter
4, this thesis). (b) *H-acetate and ‘*C-alanine labeled peptides
from PE2 purified from untreated cells. (c¢) 3I—I-pt-oline labeled peptides from PE2

purified from tunicamycin-treated cells.
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terminal blocked pentapeptide of normal PE2 is reported elsewhere (Chapter 4, this
thesis). As can be seen in Fig. 7e, we were able to isolate this peptide from PE2 from

tunicamyecin-treated cells also.

DISCUSSION

In order to fully understand the function and processing of precursors of viral
structural proteins, it is necessary to purify these precursors for chemical charac-
terization. The approach we have taken to purify PE2, an intracellular precursor to
the Sindbis virus envelope protein E2, utilized the extensive purification of E2
provided by its packaging by the infected cell into readily purified virions (Strauss,
1978) which simplified the purification of E2. This E2 was then used for the
production of specific antibody, which was in turn used to obtain the precursor from
infected cell lysates. This approach should be applicable to the purification of
chemically pure precursors to the structural proteins of other viruses, but as far as
we know it has not been previously applied to this problem. We were able to use the
high resolution of polyacrylamide gel electrophoresis for additional purification due
to the extreme sensitivity of the techniques used for subsequent biochemical analysis,
which required only small amounts of protein.

An additional aspect of our approach to the purification of PE2 was the choice
of the detergent used to solubize PE2. The antibody used was produced in response to
SDS-denatured protein, and it was found to be reactive against SDS-denatured
components of the virion or SDS-denatured viral proteins in infected cell lysates.
The use of SDS at all stages of the purification, except during the binding of PE2 to
the immuno-affinity eolumn, was responsible for the high yield of PE2 by eliminating
non-specific losses due to sticking of the protein to glassware, for example, and by

effecting complete elution of bound PE2 from the immuno-absorbant. We have found
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that most of the PE2 which was not recovered in the final preparation could be
accounted for in the flow through of the antibody ecolumn and much of this could be
recovered by subjecting this flow through to a second immuno-absorption (unpublished
observations).

Since we quantitated PE2 and E2 during purification with the use of
incorporated radiolabel and determined the specifiec activity of the final preparation,
we can calculate the amount of PE2 and E2 in the infected cell at the time of
harvest, 7 hr post-infection, or about 5 hr after the initiation of detectable viral
protein synthesis (Strauss et al., 1969). At this time, the extent of accumulation of
viral proteins is impressive. PE2 constitutes about 0.2% of the total protein in the
infected cell, while about 0.35% of the total protein is E2. Labeling experiments
indicate that an approximately equal amount of El is present, while there is an even
greater amount of capsid protein (unpublished observations). We also note that the
fraction of E2 and its precursor PE2 which is eventually packaged into virions is
rather low. At the time of harvest, we found more than 80 pg of PE2 plus E2 in one
roller bottle of infected cells, but after an additional 7 hr of continued synthesis we
can recover less than 80 ug of E2 in the virus released from these cells (Bell et
al., 1979). Clearly the presence of sufficient amounts of viral structural proteins in
the infected cell is not the limiting step in the assembly of the virus particle. These
estimates are consistent with previous estimates, obtained at later times in infection,
of the viral protein content of infected cells and the extent of packaging of these
proteins into virions (Strauss et al., 1969).

A comparison of the partial amino acid sequence of radiolabeled PE2 with that
of its counterpart synthesized in vitro in the absence of microsomes led Bonatti and
Blobel (1979) to conclude that the signal sequence of PE2 is not cleaved after
translocation. We have confirmed this conclusion by showing that isolated PE2 is the

primary translation product of this portion of its mRNA, and extended this finding to
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include the major, blocked fraction of PE2. We do not know why this blocked fraction
was not detected previously, but it may be that PE2 is blocked to a lesser extent in
other cells or other virus strains.

The signal sequence of PE2 shares a common feature with other signal
sequences, in that they contain a stretch of hydrophobic amino acids (Blobel et al.,
1979) (such as is found in the first 19 positions of PE2), although there is otherwise no
direct homology. However, in addition to its presence in the completed protein, the
signal sequence of PE2 differs from the others in a variety of structural details.
Signal sequences of eukaryotes and prokaryotes often contain basic residues at their
extreme N-terminal end, and it has been proposed that in bacteria these positively
charged groups are involved in the initial binding of the nascent polypeptide to the
negatively charged surface of the membrane (Inouye and Halegoria, 1980). The signal
sequence of PE2 not only contains no basic residues, 80-90% of PE2 does not even
contain a positively charged N%-amino group, this group being involved in an amide
bond with an N-acetyl moiety.

The role of N-acetylation of PE2, which makes this the only N-acetylated
signal sequence yet found, is unknown. After translocation across the membrane of
the endoplasmic reticulum and core glycosylation, PE2 is transported to the Golgi
apparatus, where further glycosylation occurs, and is then transported to the
plasmalemma. Late in this sequence of events, the cleavage which produces E2 from
PE2 occurs (Strauss and Strauss, 1977), possibly just before the protein reaches the
cell surface (Rice and Strauss, manuseript in preparation). The N-terminal portion
of PE2 is not retained in E2, but it can be recovered in the culture fluid as a
glycopeptide 64 amino acids long called E3 (Welch and Sefton, 1979; Rice and Strauss,
manuseript in preparation), which has been purified and analyzed in detail (J. T.
Mayne, personal communication). Upon Edman degradation, E3 was found to be

blocked to a similar extent as PE2 ( and the fraction which is sequenceable has the
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same N-terminal sequence as the unblocked fraction of PE2) (J. T. Mayne and M. W.
Hunkapiller, personal communication). In addition, both blocked and unblocked E3 is
glycosylated (J. T. Mayne, personal communication) and there is no potential
glycosylation site in the protein other than :a.sparagine1 4 (Rice and Strauss,
manuseript in preparation). Thus the overall processing of acetylated and non-
acetylated PE2 occurs with equal efficiency.

The recovery of a fraction of PE2 which has escaped N-terminal acetylation
probably reflects the manner in which the modified N-terminus of this protein is
synthesized. [t may be that a reported ribosome-associated acetyltransferase
activity is responsible for this modification, although other such enzymatic activities
have been found (Pestana and Pitot, 1975). At any rate, of the more than 40 N-
acetylated proteins which have been reported (See Narita et al., 1975; Jornvall, 1975),
in all cases this N-terminus is generated in the cytoplasm, although, as is the case
with ovalbumin (Palmiter et al., 1978; Lingappa et al., 1979), the acetylated protein
may be subsequently excreted. Put another way, we know of no secreted protein in
which an N-terminus which is generated by proteolytic cleavage after translocation
across the membrane of the endoplasmie reticulum is blocked by N-acetylation,
although some such proteins are blocked by the formation of a pyrolidone carboxylate
group (see Narita et al., 1975).

We attribute the presence of a minor unblocked fraction of PE2 to the trans-
location across the membrane of the endoplasmic reticulum, and the separation by
this membrane from the acetylating enzyme, of a fraction of the N-termini of PE2
before acetylation occurs. In support of this coneclusion is an analysis of the B protein
of Sindbis virus. This protein contains the sequences of PE2 and E1 (Schlesinger and
Schlesinger, 1973; Bonatti and Blobel, 1979), is not protected from protease digestion
by the membrane of microsomal vesicles and is not glycosylated (Sefton and Burge,

1972), and is not processed to yield components of the virion (Duda and Schlesinger,
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1975). The B protein thus appears to result from the failure of the N-terminus of
PE2 to be inserted through the membrane of the endoplasmie reticulum during
synthesis, and this N-terminus is therefore not rapidly separated from the cytoplasm
by this membrane. Other workers who obtained N-terminal sequence data from PE2
by Edman degradation found the B protein produced in vivo to be blocked to the
extent that no sequence could be obtained (Bonatti and Blobel, 1979).

There is an additional feature of the N-terminus of PE2 which is remarkable,
the glycosylation of an asparagine, at position 14, which would appear to be embedded
in the signal sequence. Although we have found that this glycosylation is not
responsible for the observed lack of cleavage of the signal sequence of PE2, we note
that it does result in the attachment of a large hydrophilic group to an otherwise
hydrophobiec region of the protein, which would be expected to significantly effect the
final conformation of the protein since hydrophobie interactions are among the major
forces in protein folding (Tanford, 1978). In the case of the protein of certain isolates
of vesicular stomatitus virus, the finding that the inhibition of glycosylation also
inhibits transport of the protein to the cell surface has been attributed to a change in
conformation in the non-glycosylated form of the protein (Gibson et al., 1979). It
may well be that the similar inhibition of transport of the Sindbis virus glycoproteins
when glycosylation is prevented (Leavitt et al., 1977) is due at least in part to a
change in the conformation of PE2 when its N-terminus lacks carbohydrate.

The uniqueness of the N-terminus of PE2, when compared with other signal
sequences, makes it unlikely that the transmembrane translocation of secreted and
membrane proteins in general can be completely described by a few simple rules.
This is also apparent from the way in which ovalbumen is translocated across the
membrane prior to secretion, for in this case the signal sequence has been found to be
internal in the polypeptide chain (Lingappa et al., 1979). An even more interesting

example of the extent of the complexity of membrane protein synthesis is provided by
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studies in a prokaryotic system, the cotranslational insertion of the X receptor into
the outer membrane of E. coli (Emr et al., 1980). This protein contains a 25 amino
acid signal sequence which is structually similar to eukaryotic signal sequences and
which is cleaved during translocation of the protein. However, additional information
in the sequence of the )\ receptor is required for the insertion of a cytoplasmic
protein into the membrane when the cytoplasmie protein is fused, by genetic
techniques, to a portion of the N-terminus of the membrane protein. The availability
of the signal sequence of PE2 in E3, although in a modified form may be of use in the
further characterization of the biochemical events involved in the transmembrane

translocation of proteins.
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