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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 El 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 El 

and E2. By these techniques El 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 affect 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 
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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 cross 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. 
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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 communication). In addition, the complete amino acid sequences of El and 

E2 have been deduced from the nucleotide sequence of their mRNA (Rice and Strauss, 

manuscript in preparation). The results of these studies show that the N-termini of 

both El 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, manuscript 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 El probably also spans the 

membrane, but with only 2-5 residues exposed on the cytoplasmic 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 described. The 

topological orientations of the Semliki Forest virus membrane glycoproteins El and 

E2 are identical to the results described above for Sindbis virus El and E2, 

respectively. 
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The key features of the approach taken to determine the orientation of the 

Sindbis virus El 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, including 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 µM' 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 µ M chain (Rogers et al., 1980) have been sequenced 

(as cDNA), 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 Hydrophobic Sequences 

Number of residues 

Nearby charged residues 
b 

Number of residues in C-terminal to 

Protein a hydrophobic sequence hydrophobic sequence N-terminal C-terminal 

SV El 33 2 K ( 1) R(l-2) 

SV E2 26 33 H(l),R(2),H(3) K(l),R(3-4),E(5) 

SFV El 24 2 K( 1) R(l-2) 

SFV E2 28 31 None R(l-2),K(3) 

VSV G 20 29 K{l) R(l),H(5) 

Flu HA 26 11 D(l),K(2) K ( 1 or 2)c 

Glycophorin A 23 36 E{l), E(3) R(l-2),K(5) 

HLA-A, HLA-B ? 30 ? R(l-2),K(3) 

µM 25 3 E(2),E(5) K(l), K(3) 

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

references. 

bCharged 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. 

cTwo strains. 

O> 
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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 µ M' the assignment of the C-terminus of the molecule to the cytoplasmic 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 cytoplasm, for it is based on the 

difference of the estimated molecular weights of the intact protein and of the protein 

with its cytoplasmic 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 
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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, manuscript in preparation) and Semliki 

Forest virus (Garoff et al., 1980) El glycoproteins. These two viruses are quite 

similar to the extent that the overall sequence homology of the structural proteins 

and their precursors is 4796, another 1296 of the residues are conservative 

substitutions, and the sequences can be easily aligned (Rice and Strauss, manuscript 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 duri~ studies on a secreted protein (JgG) 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 
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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 occur 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 endoplasmic 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 conclusions 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 stretch 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 occurs 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 8-

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 

leavirg 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 

tryptic 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 

a., S, and y subunits of yeast mitochondrial F 1-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

tinctive 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 for ms 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 mRN A 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 mRN A 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). None the less, 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 envelopti glycoproteins El and E2 l>f Sim.Ibis virus (a member of tht! alphavirus 
group of the Togavirus family) have been purified on the basis of their differential binding 
to glass wool in the pre~nce of the nondi:naturing dt!tergent Triton X-100. and milligram 
amlJunt~ of all t~ structural proteins of the vinu have bet,n prepare<!. The amino acid 
compositions of these proteins have been cleterminf!(I for two strain:1 of the virus, wt and 
HR. Although it is clear from other stuclie!' that one or more structunl protein:1 of the 
heat-resistant variant have been alter-hi relative to the wild type, we were unable to de
tect such chanK'e:I at the level of amino acid composition. A.s e.'t~ted. the cap:1ili protein 
is rich in the b11:1ic amino acids, and in this respt-et show:1 a strong similarity to the Ca!J."id 
protein of the ch~ly related Semliki Fore:.t viru:1. The rnole.:ular wei)(ht of the cap .. id 
protein ha:i been i-timated from the compo:.ition data to ~ :::o,()(l() '.!: 600 dalton><, in goo<! 
agreement With the remits obtain!!(! by soc.lium dodecyl sulfate-polyacrylamide 1tel el~
trophoresi:1. The envelope proteins EI anti E2 contain a proportion of polar amino acirls 
which is typical of water-soluble protein!<, \\;th no appu.rt>nt e~ce:1s of amino acicls with 
hydrophobic !lide chains. Thus it i!I unlikely t hat e~tensive region,. of t he~ proteins are 
buried in the hydrophobic interior of the lipid bilayer of the viral envl'lope. 

INTRODUCTION 

Sindbis virus is an enveloped virus with a 
particularly simpl~ protein composition. Of 
the three structural proteins, one, the 
capsid protein, is found associated with the 
viral RNA in a nucleocapsid structure 
(Strauss et al., 1968), while the other two 
are glycoproteins (Strauss et al., 1!:170; 
Schlesinger et al., 1972) and are largely ex
ternal to the lipid of the envelope (Com pans, 
1971). The glycoproteins, El and E2, are 
anchored in the lipid bilayer by_,short hydro
phobic segments (Garoff and SOOerlund, 
1978) and one or both extends completely 
through the membrane (Garoff and Simons, 
1974). In the infeeted 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 Strcluss, 
1974). The final maturation of the virus par-

1 To whom reprint requests should be addressed. 

ticle occurs as a preformed nudeocapsid 
buds through the plasmalemma, thus ac
quiring thf:' envelope of lipid and El and E2 
(Strauss and Strauss, 1977). Host cell mem
br.me proteins are efficiently excluded from 
the budding virus and are not found in the 
virion (Pfefferkorn and Clifford, 1964; 
Str.mss, 1978). 

We are currently studying the structure 
of the Sinclhis virus proteins ancl have re
cently report~cl the N -terminal amino acid 
sequences of El 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. 

){ATERIALS AND ){ETHODS 

Virus strains. Virus strains used were 
the wild type (from Dr. B. Burge) and HR 
(large plaque) strain (Burge and Pfeffer
korn, 1966). 

28i 0042-68221791120287-08$()2. 00'0 
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Growth and rnirijication of unlabeled i-i
nis. Roller hottles (73i0 cmz) l>f 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 2ii mVliter of culture fluid) of TNE 
(0.2 M NaCl, 0.05 M Tris, pH 7.4. 1 m.\·! 
EDTA) and insoluble material was removed 
by centrifugation at 2000 rpm for 10 min in 
the same rotor. 

A small amount of radioactive vims, 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, ~7.5 ml of vims solution was un
clerlayered with 5.5 ml of 15% (w/v) sucrose 
in TN E, 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 extr.icted twice 
more with a small volume of'FNE. 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 

banding in linear sucro:.-e-DlO gradient:; 
(Strauss et al., 1977). Light and heavy 
gradient ,;olutions were 2~ and -1-1% (\Y/v) 
,;ucro.se, respectively. To a weighed amount 
of sucro,;e, 0.1 final vol of lOx TNE \Vas 
added and the solutions were macle up to 
volume w;th 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-D20 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 (assayed by the 
method of Lowry et o.l., 1951) was obtained 
from the culture fluid of 37:) infected roller 
bottles. and for the wt virus 18 mg of pro
tein was obtained from 12:) roller bottles. 
This repre,;ents a yield of about 60 to 70% 
of the starting material. The various steps 
of the purification procedure were devel
oped because they allow progres.sive con
centration as well a.s purification of the vims 
while no detectable change in the specific 
infecth;ty or physical properties of the vi
rus particle:> occurs in any step. 

Purification of the viml strocturol pro
teins. One-twelfth volume of 20% Triton 
X-100 in TN buffer (0.2 M NaCl, 0.0:> tW 
Tris, pH 7..1) wa8 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 of20% sucrose, 0.05% 
Triton X-100 in 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 El and 
E2, was removed. The remaining liquid was 
removed and discarded and the pelleted 
capsids were dissolved in 1 % sodium do
decyl sulfate (SOS), 0.01 M Tris, pH 7.4, 
and 1 % mercaptoethanol. 

The caps id protein solution was made 0.20 
i~[ in :NaP04 , pH 6.4, and chromatographed 
on hydroxylapatite (Moss and Rosenblum, 
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rnn) on a 1.8 x 2-cm column e(\uilibratefl 
with 0.20 M NaP04 , pH 6.4, 0.1% SOS, 1 
mJ/ dithiothreitol (OTT). The capsid pro
tein was eluted with a linear gratlient of0.20 
to 0.50 M NaP04 , pH 6.4, in 0.1% SDS, 
1 mM OTT at a flow rate of 2.5 mUmin 
at 37°. Under these conditions the viral 
R~A 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 (Com
ing Glass Works) which had been shearecl 
to short fibers at high sp~d in a Waring 
Blendor. Before use, columns were washed 
with 1 liter or 1 % SOS and equilibrated with 
l literof0.1%Triton X-100, 0.05 1W Nasuc
cinate, pH 5.5, 0.3 M NaCl, 1 miU OTT. 
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 J/ 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, O.Ofi JI Tris
Cl, pH 8.0, 0.8 l'vl NaCl, 1 m1W OTT, and 
any material remaining bound to the column 
was recovered by further elution with l % 
SDS, Ci.05 M Tris-Cl, pH 8.0, 1 miW OTT. 
These are referred to as the Triton X-100 
and SOS elutions, respectively. After pool
ing appropriate fractions, SOS was acldetl to 
the E 1 and E2 pools to a final concentration 
of l %; the addition of SOS 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-contamination 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 thr~ purified 
viral proteins were diluted with 0.05% SOS 
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 

precipitated overnight at -20" \\dth 2 vol of 
ice-cold ethanol and collected by centrifuga
tion at l:J,OtJO rpm for 35 min at -20° in a 
SorvaU SS-~ rotor. Ethanol-precipitated 
proteins were dissolved in 0.5% SOS, 10 
mil·/ Tris, pH 7.5, 5 m il-I OTT, and stored 
frozen at -20°. 

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

Amino acid analysis. Except" as noted, 
au amino acids were determined after hy
drolysis of duplicate samples \\l;th 6 N HCI 
at 1100 for 2-1, 48, and 72 hr. Values ob
tained for serine and threonine were extrap
olated to zero time of hydrolysis assuming 
first orrler kinetics. Isoleucine and valine 
were determined primarily from the sam
ples hydrolyzed for 72 hr but data from 48 
and 96 hr hyrlrolyses were also used. Cys
teine was determined after HCl hydrolysis 
of perfonnic acid-oxidized samples for 24 hr. 
Tryptophan was determine<! on single sam
ples hydrolyzed for 15, 27, and 40 hr at 105° 
with mercaptoethanesulfonic acirL Values 
obtained were extrapolated to zero time of 
hydrolysis, assuminF: first-order kinetics 
(Penke Pt al ., 1 ~'74). 

Automated amino acid analyses of protein 
hydroly!'ates were performed on the Dur
rum 0-500 amino acid analyzer. For the de
termination of tryptophan, ethanol was 
added to the "C" buffer (1.0 i\.f 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 electrophoresi.~. Quan
titative gel t>lectrophoresis was p1::rformed 
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 El and E2 

While investigating the chromatographic 
behavior of El 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 E 1 ancl 
E2, with typical results shown in Fig. 1. 
An analysis of pools of the peak fractions 
by SOS-gel electrophoresis is presented in 

~-

I 
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FIG. 1. Chromatography of El a.nd E2 on gl~ wool. 
Protein {5.2 mg) {El a.nd E2, prepared as described 
under Materials and :'Vlethods) was applied to the col
umn, which was then washed with ~uilibr:ition buffer. 
Bu!Ter chanices are indic:ated" by arrows; the Triton 
X-100 elution {high S<llt, high pH) was begun at {a) and 
the SOS elution at (b). The column, 4.7 cm in diameter 
and containing 1!l g of s hean!d glass wool, was op
erated at a flow rate of appro:-cimately 20 mUmin ancl 
20-ml fractions were collected volumetrically. 

Fig. 2. As can be seen from the figures , 
E 1 is founcl in the column flow-through ancl 
wash, while E2 is recovered in the Triton 
X-100 and, to a lesser extent, in the SOS 
elutions. Cross-contamination is negligible. 

The column used in the experiment shown 
was packed with glass wool which hacl been 
sheared to short fibers. When untreated 
glass wool wru; used , greater than 80% of 
the E2 was recovered in the SOS elution 
and little material was found in the Triton 
X-100 elution. Usinli{ 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 ~olutions. 
Extreme presoaking conditions, such as one 
normal acid or base overnight;-resulted in a 
complete loss of binding. The columns bind 
a nearly constant amount of protein ( E 1 or 
E2) per gram of glass wool, so that under
loading the column with respeet to E2 re
sults in a corresponding contamination of 
the E2 pool with E 1. 

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 

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 Pru;teur pipettes. 

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 compo:;itions of cor
responding proteins of the two virus strains 
are quite similar, and it is difficult to attach 
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fie . 2. Polya~-rylamide gel analysis of pooled frac
tions from glas:1 wool chromato~.iphy. Pooled frac
tions from the chromatography of El anil E2 shown 
in Fig. 1 were analyzed by electrophoresi~ on Laemmli 
gels after precipitation with ethanol a.:> described under 
Materials and Methods. After electTOphoresis the 
stacking gel wa~ disearded and the separating gel slicecl 
into 1-mm fraction:i and countt!d in a scintillation fluid 
containing NCS tissue solubiliz~r. Electrophoresis was 
from left to right. Samples on inrlividual gel.5 were a:s 
followi<: (a) i5 µ.I of the column flow-through a.nd wash 
(fractions ti and n; {b) 180 µ.I of the Triton X-100 elu
tion {fractions 21-23), (c) 400 µ.l of the SOS elution 
{fractions 3S and 39). The small ~ near fraction 
16 in panel a is an E 1 dimer. 
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TABLE l 

A:1m;o ACID Co;o.iPOS!TIONS OF THE STRl!C:1TR.\L P?.crrE1:->s rno~1 Two STRAl!"S OF S1:-;os1s VIRt:S4 

1::1 E2 C>p..id pr.,tein 

l'n. u( ='o. o( :-;o, o( 

14t HR ~Miu~• k'f HR ~ailue-&• wt HR ....... 1....-

A..partic Kid 

+ti~· i .73 (0.0'l) 7.7910.0'l) 3.~ ; ,g.; (f),ltll 7. 7HO•)'l) 3S 6.41 (0.01) 6.:::1 (0.01) 17 
Thnonln• 7.!C! (0.09) 7.77 C0.08) 3S 9.:!9 10. 111 9 .3.> (0 .00) 42 6 :>& (0.00) 6.5.110.()1;) 18 
Serine 9.:!11 (ll. 1.2) 9.78 (0.08) 4.1 6 .!'l (fJ. 1';') 7.lll 10.0Jil) ~ 4.61 (0.0'l) 4 . .)oi(0.07) 12 
Clutamoc acid 

+ ilutamin• 7.&I (0.0 1) 8. IJ'l (0.01) 311 6.78 (1),06) 7.07 (0.0() 31 9.l!li (ll.00) 10.0.(0.lll) 27 
P,,,line 6.:.1 (0.0.) 6.~(0.1-'"I 29 6.ii5 10. 11> 7.00 (0.1)41 31 10. ~(l). 13) 10.~110.04) 28 
Glycine 6.17 (0.01) 6 :!9 (0.01) 2!l 6.ll! 10 •ti) .;,::s (IJ.01) 2ll 9. 15 (0.0'l) 9.06 I0.01) u 
Alluiin• 9. li.'\ (0 01) 9.68 (0.01) .i:l i .S5 10.01) 7.82 10.01) 3S 8.39 (0.01) 8.:18 (0.01) ~ 

Cyatetn~ 4.31 3.!Al 18 3 . .io; 3.~'6 15 N. F." :-1 .F.' 0 
VaJine 7.119 (0.0'l) 8.01 (0.0.1) :16 7.77 (0 ln1 i . to lft.01> 34 5.97 m.011 5.81 (0.01) 16 
M•thHK'li.ne 2. 1.'\ (0.0'l) 2.:!! (0.04) 10 l.~ 11)1)11 l. i~ tO.•H) 3.67 (l),o,.;) 3. 69 • 0. W) 10 
l:1i11IM1C1ntt 5 23 (0.1"1) 5.31(001) 24 5.3,; (11.0'l) S.:?7 \l}.f).tJ 24 a.oi; 10.01 > 3 ..... •0.lll) 8 
Lt:uci.ne 6.:a! (0.0:1) 6 ,:pi (11.0:1) 18 6. !loi 10 O'll 6.91! (0 01) 31 !i.54(0.0'l) 5.47 Cll.01) 15 
Ty~ine J 1)510.IJli) 2.97 10 07) 14 4.:11 111 IJOi 4.:!fl 1n.oo, 19 1.47 (0.01) l.47 IO.IU) 4 
Ph...,ylal..,,ine 4. 18 (0.ll'l) 4,.j.I (001) 19 2 . .i.; •0 u3) 2.31i , .. 1)1) II 3.r.6 (0.0'.ll 3.411 (0.01) 9 
Hi•titlU"lto 3.0.110.01) i .91 (0.01) 13 •~ 10.011 4. 1.:! 1<1 Ill) I~ 2.23 (0.<tl) :!..~(0.01) 6 
Lysine 5.30 (0 01) 5.211 (0.01) 24 6.:r. l0.01) i; . .io1 101:rll 29 9 39 (0.0'l) 9.42 lO O'll 2S 
Arwnme 2.4t (0 01) 2.~I (0.01) II .&~ ff).UU .&.571fJ.Oh ~~) 8. (4 {ll,1)4) 8.:!S o!l.0:1) 2:! 
Tryptophan 1.15 (0.07) l.lll 10.0l<I t..;<) 10. 1.:.') l,.jl; 111.:::!l 1 .. ~ (0.0:0 l.+I {0 Oo>) 4 

• E•p.-.ed u ""'i,, -tag ... Stan<J&t,I .,,.,,..,. ai. on pannt~ 
• Num~r or '°"iAuH o( nch am\no Kiel P-f" mokrocul ... c:akulat.d ftnfft the rTM"&N u( the wit anti HR moM pttt'Ynt a..(.r:s and MM&mtnJ[ °'total 

of 450 '"""'lu~ earh rn,. El and £:! atHI a total of :!10 "'""'"""" fo,. the C"aJ>6¥1 proc"11. Th4!' ~u an rou""Witl t~ th• n••r"l"'t 1nt""'C'ft'. 

" 0~ttermi.ned M cyst.-ic &&:id. 
" None found (<0. 15>~ 

any significance to those differences which 
are found. In preliminary determinations on 
an independent preparation of the HR 
strai11, relative amounts of the amino acid3 
were found which, while in goocl aweement 
with the HR results in Table 1, did some
times differ by gomewhat more than would 
be expected on the basis of stati::;tical con
siderations (results not shown). We n.:>te 
that the capsid protein contain::; 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 prote-ins, 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 El, E2, and the cap::iid 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 the::;e two. Using the data for the HR 
strain, we obtain the values of278 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 sL"< 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. 

·' I 
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OISClJSSION 

_The purification of the en Vf::'lope glycopro
tems C: l and £2 of Sindbis virus , which re
quires the u~e of detergents for solubiliza
tion, presents special problems. When solu
bilized with SOS, the size difference i::l too 
minor to be use<l as a convenient basis for 
separation, ancl when Triton X-100 is used 
instead of SOS, E2 precipitates unless a 
relatively high ionic strength is maintained 
(Burke and Keegstr.l, 1976; J . R. Bell, un
published observations), although E 1 and 
E2 have been purified by isoelectric focus
ing on sucrose gradients containing Triton 
X-100 <Dalrymple et al., 197fi). H'Owever 
under appropriate conditions, E2 show~ 
much greater binding to certain types of 
glass than does E 1. We have found that 
chromatogrciphy on columns packed with 
glass wool can thus be us~d to prepare milli
gram amounts of pure preparations of El 
~nd E2. As this purification is p~rformed 
tn 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, 1~17:'5). 

We have determined the amino acid com
po.:;itions of the structural proteins of t\vo 
strains of Sindbis vinis, 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 
oft he 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 aci<l com
positions reported in this previous work and 
the results presented here. 

The Sindbis glycoproteins E 1 and E2 are 
known to be integral membrane proteins 
and the hydrophobic interactions between 
the proteins and the lipids of the envelopes 

are. belie\·ed to arise from the presence of 
region;; oft he_ polypeptide chains containing 
almo;;t exclus1vely hydrophuhic amino acids. 
Ou~ data indicate that these hydrophobic 
:eg10ns must be relatively .;; hort, since there 
ts !10 ~pparent excess of hydrophobic amino 
acids m the glycoproteins as a whole. This 
is i~ a!{I"eement with other experiments in 
which the hydrophobic regions of the enve
lope glycoproteins, isolated by digesting 
t_h~se parts of the proteins external to the 
lipid bilayer \"ith proteolytic enzymes, were 
found to be on the order of 5000-10,000 
d~ltons (Garoff and Soderlund, 1978; C. M. 
Rice, personal communication). 

In comparison with the glycoproteins the 
amino acid composition ufthe capsid pr~tein 
clearly reflects the function of the protein. 
Because of its ~:;ociation with the RN A 
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 
de_gree of ~imi~arity between the capsid pro
teins of S1ndb1s ancl Semliki Forest viruses 
in this re=-pect. ThPs€' two viruses have been 
shown to be clo:-:ely related on the hasis of 
antigenic cro=-s-readivity (Casals and Brown, 
19.54), as well as b_y the composition and 
structure of the virion and the biochemical 
events which occur during virus replication 
(Str.iu.;;s and Strauss, 1977). We calculate 
th~t a mulecul~ of the Sinclbis capsicl pro
t:m contains 22 arginine residues, 25 ly
smes, ancl six histidines. From the amino 
acid composition data uf KPnn€'dy an<l 
Burke ( 1 ~72) or Simons and Kaaniiinen 
(~970) we ~alculate that the Semliki Forest 
vu-us capstd protein contains eight or nine 
f~wer arginine residues; but nine more ly
smes and one more histidine per molecule 
than Sindbis, an<l 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
tams 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 Kfiliriainen, 1970). 

Although we have obtained a molecular 
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weight tstimate for the cap:sid protein from 
the compoi-ition data, this approach could 
not be applied with any confidence to E 1 ancl 
E2 due to the lack of any amino acicl,; pres
ent in sufficiently low amounts. We have 
assumed a molecular weight of 53,000 <lal
tons for both El and E2 based on their 
migration, a:s a single band, in SOS-gel 
electrophoresis at neutral pH (Strauss et 
al., 1969). After subtr..icting 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
trophoresi:s is well known. The effect of the 
small amount of carbohydrate in E 1 and E2 
is likely to be slight, for the use of tunica
mycin, a drug which inhibits glyco:sylation 
of proteins, produces an altereri El which, 
from the data of Leavitt et al. ( 1977), 
migrates on gel electrophoresis a:s a protein 
10% smaller than the glyco:sylated 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 SOS (Simons and Kiliiriainen, 
1970), a factor likely to affect their migra
tion rate during electrophoresis. In addi
tion, El and E2 show an apparent differ
ence of 6000 daltons on electrophoresi:s 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 \·ari
ous "electrophoresis purity" SOS prepara
tions are used. Matheka et al. (1977), using 
a different gel system, have also reported 
that the source of the SOS 1:1se<l affects the 
migration rate ofSindbi~_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 El and E2 clearly awaits further 
investigation. 
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ABSTRACT. Th': structural proteim of Sindbis vinu, an 
envelo~ virus which helon~ to the Toitavirus family, have 
been sub1ected lo automated Edman degradation win11: im
proved techniques. Estemive NHrerminal ~uences of about 
50 residues wen· determined for each of the two membrane 
glycoproteins. In both case> the NHt terminus of the molecule 
was found to he similar in compositioo to typical water-solubk 
proteins. The viral caps id protein was found to have a blocked 
a-amino group. This is consistent with other observations that 
viral proteins derived Imm the NH1 tenniaus of precuno< 
mokcules are often blocked. 

SindbLS virus iJ a simple enveloped virus which matures by 
budding through a modified host cell plasma membrane (I). 
The virus particle contains only thrtt structural proteins (2). 
One of these, the capsid protein, can be isolated from virus 
particles in the form of a nucleocapsid structure a.bo containing 
!he vual RNA (3). In the intact Virus particle, thi.s nucleocaps1d 
LS surrounded by a hpid envdope. largdy in the form of a bi· 
layer (4). AJSOCiated with the envelope are the other two 
structural proteins. glyropro1e1ru El and E2. Although moot 
of their mass iJ e•terrial to the lipid bilayer, they have the 
properties of int.-gral membrane proteins. Mild detergent 
treatment is r"luired to separate E l and E2 from the other 
components of the virus (3, 5), and at least one LS a transmem
brane protetn because it e•tends completely through the bilayer 
and can be craalinked to the capsid protein by swt.able reagents 
(6). 

It has bttn shown that all three Sindbis structur:al proteins 
as well as those of the closely related Scmliki Forest Virus are 
formed by cleavage of a single precursor polypeptide (7-9), 
probably while the polypeptide chain is st1JI rwcmt. The capsid 
protein is released into tbe cytoplaJm of the cell, in contrast, EI 
and E2 are inserted into the lumen of the rough endoplasmic 
reticulum (10). At some time alter synthesis. they appear 
glycosylated at the cell plasmalemma, where they diffuse freely 
over the surface of the cell ( 11 ). The buddmg process appean 
to involve an Interaction between preformed nucleocapsids and 
that region of one or both of the envelope proteins ••posed at 
the cytoplasmic face of the plasmalemma. Thls binding of 
capsid protein to a region of the envelope protein is specific 
enough that host cell membrane proteins are e.cluded from the 
bilayer of the budding virus and are not found in mature virus 
particles (12). 

Becall!e of the relative ease ol purifying material for study 
and the availability of muunu containing defects in the viral 
structural proteins. Sindbis virus offers an attractive system for 
the .tudy ol integral membrane proteiN and their Interactions 
with membranes and with other proteins. Recent advances in 

The coots ol publication ol this article were defrayed in put by the 
payment ol page charges. Thas utlcle mull them~ be hettby marked 
"odom*"-•" tn ~.nth 18 U.S. C ft7:W oolely to mdicate 
thb fact. 

the techniques of automated protein sequencing have made 
practtcal 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 microoequencing techniques developed by two 
of the authors ( 13), with the aim of e•plain ing the functional 
roles of the viral proteins on the basis of their sequence and 
structure. 
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MATERIALS AND METIIODS 

Protein Preparation. TI... iuowth and purification of Sindbis 
virus and the separation of the structural proteins will be de
scribed m detail el<ewhere. Briefly. tbe HR strain of Sindbis 
virus. grown at low multipliaty of Infection in prinuiry 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 centrilugatton followed 
by i5opycn1c centrifugation 1n sucrose/ 2H20 gradients. These 
steps of the prooedu,.... ~ sinuw to those described previouslv 
(14) After disruption with Triton X-100. capstds were removed 
by centrifugation and the two e nvelope glycoprole1ns were 
separated by passag<' through a column of glass w09I. In Triton 
X- l 00. E2 binds to gt..., and is retained on the column while 
under appropriate conditions. El is not retained. E2 was r~ 
covered by washing the column with a high-salt hiP,.pH Triton 
X-100 buffer. Both El and E2 were treated with sodium de>
dec:>'I s.ulfate and concentrated by Amicon filtration and pre
c1p1tatlon w1tb ethanol. Tbe capsid protein was frttd of viral 
RNA by hydro• ylapatite chromatography alter solubilization 
with sodium dodecyl sulfate. 

Operation of the Spinning Cup Sequenator. Tbe technique 
~nd instrumentation used for automated Edman degradation 
Ul the sptnrung cup sequenator is described in detail elsewhere 
(13). A Beekman Instruments spinning cup sequenator was 
extensively modified to provide an improved vacuum system, 
and solvents and reagenu were delivered through a system of 
specially constructed z.ero-dead-volume valves. Twenty to 50 
nmol of purified protein was loaded onto the instrument in 
anhydrow trifluoroecetic 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 oequenator a.bo was modified to perform the automated 
conversion ol the anilinothiazolinones to the corresponding 
amino acid phenylthiohydantoim by treatment with aqueous 
trifluoroacetic acid. The reproducibility of thLS conversion re
sulu in stabk background kvels of amino acid derivatives. 
~mino acid phenylthiohydantolm were identified and quan
tiuted by reverse-phase hi~preaure liquid chromatography 
on Du Pont 7.orbu ODS. 
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FIG. l. NHr Terminal amino •cid eequences o ( lht Sindbi.a vfrua envelope proteins. El and E2. 0. Some uncertainty in auignmtnt;?. no 
... icnmenL Underlined amino acida were a1ao identified in preliminary runa on the 10lid-ph.aae aequenator. 

Solid Phase ~uenator. A new type of Edman sequenator 
using gas phase Edman reagents reacting with proteins on a 
solid phase support will be descnbed e~here One to 2 nmol 
of protein was dissolved in formic acid and the >0lution was 
dried onto undenvati...d porous glass The glass support with 
adsorbed protein was loaded into a tubular cartndge in the 
sequenator. where gas phase reagents were pas.<ed through the 
cartridge to eflect the Ulman degradation. ~Labeled 
phenylisoth1ocyanate was used as a reag<'nt to introduce ra
dioactive label into the released amino acid denvallves. Amino 
acid thiazolinones rele:ued by the degradation were washed 
from the porous glass woth a nonpolar solvent and collected in 
fraction collector tubes. Thiaznlinones were automaucallv 
converted to amino acid phenylth1ohydanto1ns by treatme..;t 
with aqueous trifluoroacetic acid delivered by the .equf'nator 
to the fraction collector tubes. The amino acid phenylthiohy
dantoins were odf'ntified by thon-layf'r chromat<>11:raphy (15) 
followed by autoradiography to detect the ~labeled deriva
tives. 

RESULTS 

In preliminary expenments. less than 2 nmol of each of the 
Sindbis envelope proteins was sequenced on the solid-phase 
sequenator and more than I 0 residues were identified in each 
case. Amino acids identified in these experiments are under
lined in Fig. I These results weTe confirmed :ind extended wtth 
the analysis of independent preparations of the envelope pro
teins on the spinning cup .equenator. 

Twenty-live to 50 nmo l of purified El and E2 were se
quenced on the spinning cup sequenator The NHr terminal 
sequences for the two proteins are shown in Fog I , 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 El and E2. respectively. In 
both cases. approaimately 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 amino acid phenylthiohydanto1ns found at each step. 
~can be oeen in Figs. 2 and 3, in some cases amino add 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 attes<ibolity of 
an exposed NHrterminal amino group at thi.s region to the 
coupling reav:ent. the result being a temporary decrease in the 
efficiency of the coupling reaction. In both cases. amino acids 
at ""ch position at least through position 40 could be positively 
identified. The fact that n"ither obvious blank. in the sequence 
nor anomalous pealu on the chromatograms were encountered 
indicates that thf're are no attached carbohydrate chains ov"r 
thf' first 40 resodut'S of "1ther m<'mbrane glycoprot.,in. 

The amino acids identified in the NHrterm1nal .equence< 
of El and E2 were grouped into several classes on the basis of 
the character of their side chains. and relative abundance of 
each of th~ groups of amino acids, on a mol ~ basi.s, are pr~ 
sented in Table I Al.so shown in the table are the compositions 
of the complete protf'1ns. with the amino acids grouped in the 
same way. Neither the complete proteins nor the NH:-term.inal 
50 res1dut'S of El and E2 contain an excess of hydrophobic 
amino acids. Compared to the proteins as a whole, the NHr 
t"rminal rqtions of both El and E2 tend to contain relatively 
more nonb&s1c than basic polar amino acids and more aromatic 
than aliphatic nonpolar rt'Sidues. In addition. praline IS som~ 
what enrich..d in the NHrterminal region of El. 

The capsid protein was also analy...d on the spinning cup 
sequ.,nator and was found to contain a blocked NHrterminal 
amino group When 20 nmol of purified protein was loaded. 
less than 0.2 nmol above background of any one amino acid 
d"rivativ<' could be detected in the first seven sequenator cycles. 
although the background amount of amino acids increased in 
a manner similar to that oeen for El and E2. 

DISCUSSION 

Integral membrane proteins generally are consid.,red 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 I. Compoailion o( Sindbia !iycoprouina 

Amino acid a.ide chain type 

e..ic polar (Hia, Lya, "'-l 
Nonbui< polar (An. Gia. Ser, Thr) 
Aliphalic nonpolar <Cly. Ala. Met. Val, no. I.Aul 
Alomat.ic: ooopolar (Tyr, Pbe, Trpl 
Pro 

El E2 
NH.-unninal Comple"' NH:i-unnmal Compl•u 

nrcion 

8 
38 
34 
II 
9 
0 

prot.ein 

10 
33 
38 
9 
6 
3 

region 

6 
40 
28 
13 

6 
6 

protein 

16 
31 
35 

9 
7 
3 

TIM "'lativw occutn1nee ol ucb croup of amino acids ia .. preMed on a mol ~ buia. Oaia for the NH2-urminal regiona 
ol the prouina _,.computed from Fie. I. includinc all indicated residues. 
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25/5 ..... Olu Al• Arg 

2Ql4 

15/3 

10/2 

5/1 

25/5 

20/4 

15/3 

1012 G_ 5/1 

25/9 

0 
E 

201• 

c: 15/3 

~· 10/2 
): 

5/1 

25/5 

20/4 

15/3 

10/2 

511 

25/5 Th• 

=· 
1513 

10/2 

5/1 

10 20 30 •o 60 10 20 30 40 50 10 20 30 •o 50 10 20 lO 40 50 
Cycle 

F'lc. 2. Yielda or ammo o<id phenyllh1ohydantoin1 from an NHrt.enninaJ sp1nni"( rup oequenal.Or anal~ .. ,. nl !'iO nmol or Sindbis glycopmt.em 
El (ptpUdto molKUlar Wt'lf(hl , -"45.00()) Aliquot.a of tuh cycle were ana.lyud by h1rh· pr-Haurt' liquid c hromat.orraph)'. peaU were qua.nutated 
by companaon W1t.h a •tandard m1.1ture of ammo K:ld pMnvltJuohydantmna, and lhe )'lt-ld~ ~rr nonnal1ud to an 1n)«'tion of I~ of the sample. 
The ordinat.e Jivea two scaJe. which differ &·fold 1n wna1t1vity. F...uly cyclee att plotted on the left ~lf!M aensiuveJ acale, and lat.er cycln an plotted 
on the ri1t:ht fmore ten.s1t1v•) scale. 

However, the r..gions of the protein that extend beyond the 
membrane into an aqueow environment should be folded so 
as to expose only hydrophilic groups to the envuonment, in a 
manner similar to t~t of typical water·10luble proteins. The 
available sequence inlormallon on a few integral membrane 
proteins tends to ronfinn this arrangement. For example. gly
cophorin. a major erythrocyte membrane component. contauu 
a stretch of 23 amino acids, only 3 of which (2 threonines and 
l senne) could be considered hydrophilic (17). No charged 
amino acids are found in this region. On either side of this re
gion of thr molecule. which is protected by thr membrane from 
digestion by protease, the sequence contains a more typical 
distnbuhon of polar amino acids. 

Both of the S1ndbis glycoproteins appear to abo contain a 
hydrophobic region. Upon treatment of the closely related 
Semliki Forest virus w;th low concentration of a mild detergent 
(5), the envelope protein and lipid are released from the nu-

cleocapsid in the forrn of lipoprotein complexes. At higher 
detergent con<"Cntrations, the Upid is displaced from the protem 
and replaced with detergent. Furthermore, in the case of both 
SindbLS Virus (18) and Semliki Forest virus (19). protease 
treatment extensively d..grades the envelope glycoproteins but 
leaves attached to the treated particle small polypeptides de
rived from th.,... proteins. These are quite hydrophobic in 
character and consist primarily of those regions of the proteins 
buned in the lipid bilayer. 

The NH:r-terrnmal 50 residues of El and E2 rontain 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 
NHrterminal region can be expected to be external to the viral 
envelope by romparison with other vir.al (21) and nonviral (17, 
22) membrane proteins. Although the carbohydrate of El and 
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Glu Al• 

Cv•-CvtlCv• Gly 

... 

10 20 30 '0 llO 10 20 30 •O llO 10 20 30 •O 50 10 20 30 '0 50 

Cycle 

Fie. l. Yielda ol anuno ocid phenylthiohydan10ino from on NH,.-t.emunal sp1nn1nic rup ""'l"'"' .. tm analysia o/ 25 nmol of Sindbia , lycoprotA!m 
E2 (peptid• molecular ""'~hi.. ~.0001. Violda w• r• calculat.ed u dHCTibod 1n l h• l~•nd to f iK. 2. and tho date are plotlo<I in a similar fashion 
with a 2.$-fold •G><UUion in IC&le for the later cycl ... 

E2 is known to be external lo the vfral envelope, no evidence 
of carbohydnlte attachment is seen at least through the first 40 
residues of each protein This is in contnlsl to the situation found 
in glycophorin (15) in which carbohydrate is attac hed to t he 
-..ond resid~ and there are 16 c:arbohydnlte attachment sites 
in the lint 50 residues. 

In many virus S}'1tems. the production oi I unctional structural 
proteins in\'Olves proteolytic cleavage (2.'l) ln the cue oi Sindbis 
virus, one large precunor is c.leaved, probably by host cell en
zymeo. to produce all thz..... otructunl protems (i - 9 ). The capsid 
protein is located al the NHt terminus of this ptta1nor, al
though it is not known if its sequence estends completely to the 
pn>cunor NH1 terminus. We have found that the NH: terminus 
of the capoid prolein is blocked. raising the poaibility that this 
same modified residue is the NHt-terminal residue of the 
precunor. Other vinues are also known to produce blocked 
structural proteins from the NHrterminal ends of precunor 
molecules. Mengo virus is similar to Sindbis virus in that only 

the o protein of the virus particle is blocked a nd it LS dem..O 
from the NH1 terminus of a precunor lo all the slructur•I 
proteira (24) In the ea>e of Sendai virus. t here are several dif
ferent mR NAs for the structural proteins. However, proteol~11c 
cleavage still occun in the formation of infectious virus partt· 
cles. The blocked protein, f o. is cleaved and the two products. 
joined by disulfide bonds. form the functional F protein of the 
virus (25). In addition, the NH :z-terminal residue of the ade· 
novirw 2 hexon protein is acety lated (26). It may be that viral 
SITuctural proteira and their precunor polypeptides are often 
blocked, perhaps to increase the resistance of these molecules 
to degradation by exopeptida.ses. In all cases of which we are 
aware, when a blocked viral protein is forrn..O by cleavage of 
a precunor, the blocked product is located at the N H2 terminus 
of the precunor polypeptide. Thu would Sttm to indicate that. 
in these cases, the blocking group is add..0 during or shortl) 
after translation bur before exteraive proteolytic proces.sing 
takes place. 
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The identification of a free NHrterminal lysine for the 
capsid protein of Semliki Forest virus has been reported (27). 
However, nonquantitative methods (the dansyl technique) we-re 
used. and lysine is the most prievalent amino acid in the Semlilti 
Forest virus capsid protein. Becawe the two viruses are closely 
related, it would be surprising if the NH2 terminus of the 
Semliki Forest virus capsid protein is not aho blocked. 

The NH2 termini of El and E2 are both created by proteo
lytic cleavage, raising the possibility that they might share 50flle 
common structural features reflecting similarities at the two 
cleavage Siies. Howiever, no sim1larilles are apparent. other than 
the fact that they both contain a reasonable number of polar 
ammo acids near the NH1 term1nw. Sequen~ data are also 
available for some other viral proteins whose NH1 termini are 
generated by cleavage ievents, including the glycoprotein HA2 
of influenz.a (21) and nonglvcos)·lated proteins such as the 
capsid proteins a , B. and.., of Mengo virus (24 ) and p30 of the 
mammalian RNA leukemia virwes (28) The NH2 termini of 
these proce1ns show little apparent sequence snnilarity wtth each 
other or with El or E2 of Sindbis virus. For example. the 
NHrterminal 10 residues of HA2 of 1nfluenz.a (which are 
highly conserved in all strains studied) are all hydrophobic (21 ). 
Furthermore. l'eSldues ;}-9 form a palindrome, whereas El and 
E2 of S1ndbis virus and the other proteins mentioned above do 
not contain such a sequen~. Despite the fact that they exhibit 
little s1m1larity from o ne protein to another, the NH1 termini 
of some of th.,.., 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 stnkmv; eumple of 
this sequence conservation is provided by p30 of the mamma
lian R:-IA leukemia viruses. Virwes from the cat. mowe. rat, 
gibbon ape. and baboon have been studied (28). and the p30 
protein of each ~ins with the 5eQU<'n~ Pr~Leu-Arg-

An e1tens1ve amount of sequence data has bttn obu.1ned for 
the Sindbis Virus glycoproteins from single sequenator runs on 
protein preparations of 50 nmol or leu. 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 
relea.>ed in a sequenator cycle above the backgyound level of 
that derivative. Although the levels of derivatives found in late 
cycles are on the order of 0 !>-2 nmol, the instrument detection 
limit for the va.riou> derivatives is <10 prnol. Thus. even smaller 
amounts (e.g., 1 nmol ) of prolein would have given 30 or more 
residues becawe the backgyound level is proportional to the 
amount of protein loaded. In test ru.ris wing the same -
quencing methodology. Hunkap1llar and Hood (13) were able 
to identify the NHrterminal 47 residues of myoglobin wing 
only 0.2 nmol of protein. It is also readily apparent that th..... 
methods can be applied to OOlated fragments ol these proteins 
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 wed to obtain the 
primary sequen~ of these proteins from quite small amounts 
of matmal. 

Proc. Natl. Acad. Sci. USA 75 (1978) 
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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. 
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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 El 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 .Tornvall 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 

(.Tornvall 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., 197 4). 

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 % mercaptopropionic 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 µg/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 described above with tuna heart cytochrome£ added as 

carrier to at least 20 µg/ 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 rr.M (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 µg/ml actinomycin D. 

At about 7 hr postinfection, cells were labeled for 20 min by the inclusion of 

1 mCi/ml 3H-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 PE2.) 

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 µl of 0.1% SDS, 0.05 M NaP04, pH 7.8, 1 mM ethylenediamine 

tetraacetic acid containing Staphylococcus aureus VS 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 cylindrical 

polyacrylamide gels containing SDS, urea, and a high concentration of acrylamide 

(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 Chromatography 

Ethanol precipitated radiolabeled capsid protein or PE2 was suspended in 0.05 M 

NH4HC03, pH 7.8, usually 0.5 ml, to give a protein concentration (carrier or 

chemically pure capsid protein) of 120 µg/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 µl of 0.5% 8-mercaptoethanol and applied to a 

0. 7 x 4 cm column of AGSOW-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 

1.3S 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 HCI and an aliquot of each fraction 

was assayed for radioactivity by liquid scintillation counting. 

Chymotrypsin digestion and Dowex SOW 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 SOW Unbound Peptides 

Pooled fractions from Dowex SOW chromatography were dried under nitrogen at 

S0°, dissolved in 10 µl of 1 % 8-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 2S cm 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 2S% B buffer (v/v 

in A buff er) 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 HCl 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 

RN A (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 El (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. la). 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 including 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 a 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 Method8, 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 µg/ml actinomycin D, and also 3 µCi/ml 

35s-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 µCi/ml 14c-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 HCl 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 0-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, 197 4). 

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 3H-acetate and 35s-methionine or 14c-

leucine. The results in Fig. la were obtained during preliminary experiments with no 

attempt to suppress metabolic conversion of acetate, while the infected cells of 

Fig. lb 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. la, but 

in Fig. lb El 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 El 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. lb). 

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 §_. aureus VS protease and the digest was analyzed by SDS-polyacrylamide gel 

electrophoresis. As shown in Fig. 2, about 7096 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 

acetate and 14c-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 SOW, 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., 197S). Fig. 3a shows the 

chromatogram obtained. The sample applied to the column contained 14c-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 3H-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 SOW column by silica gel chromatography and reversed phase HPLC. A silica 

gel chromatogram of the Dowex SOW flow through of Fig. 3a is shown in Fig. 4a, and 

as can be seen, the 3H-acetate and 14c-methionine labels comigrate as three peaks. 

Peak ill 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 SOW and the 

flow through mixed with 35s-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 SOW 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 

14c-methionine labeled capsid protein. (b) Peptides derived from tritiated acetate 

and 14c-alanine labeled PE2. 
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FIG. 4. Analysis of peptides unbound during Dowex SOW chromatography. 

(a) Silica gel chromatography of tritiated acetate and 14c-methionine labeled 

peptides derived from the capsid protein. The origin is located at fraction O, 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 

35s 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). (c) and (d) Reversed phase HPLC of peptides derived from PE2 and 

labeled with: (c) 3tt-proline and 14c-alanine (d) tritiated acetate. 



A II 60 
401-

I 

120 

I 

ill 
40 I 

,, ...!... , , 
I I: u 

I') I I 
!! 

~ 
I I 

20 ~ I I 

Cl.. I I 

u I I ,• u 
I I I 

I I 

"' 
I I I 

I I I . I I I 

I ' "' A I 
I\ 1 I 

____ .,, , .... " ~ .. _1 1' \ .... __ .... _,,, .... __ '""-'O 

0 10 20 30 40 
FRACTION NUMBER 

40rc 

T 20 

I 
I') 

~ 
Cl.. 
.u 

'1\~ 
' ""''' v ' ,. ,. 

I
I 1 I ~I I I -.:::::: 

I I u 
0 

~ 
I "'°' o ' 11_ r ' 11 ""°'' ~I •' " ,•J ,, u ' j /•, ''II'' ... , •""'} ' I /" r I' 

w !..10 

20 40 60 80 
FRACTION NUMBER 

80 
8 

T -
I40 

'° mso 
~ 
Cl.. 

i 
u 0 

i N-Ac-mso 

· i met 

~ ,, 
" 1' 
1' I: 
I I 

I 

N-Ac-met 

i 

I I 
\ I \ 

80 'T 
I 
I .._. 

(f) 
I() ,., 

40 ~ 
Cl.. 
u 

I I ,., I 
I \ / \ I __ ,, .... J ,.... \....,.I ~'--""-----" .... ,____ ---.::i I. -- I I ~0 

200 

I 
I') 

~ 
Cl.. 100 u 

D 

10 20 30 40 50 
FRACTION NUMBER 

20 40 60 80 

FR ACT ION NUMBER 

CJl 
~ 



S4 

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 SOW unbound fraction. HCl 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 SOW 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 ~· aureus VS 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 SOW unbound fraction. Since 6% of the 

applied 14c-methionine is found in the Dowex SOW 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 SO% 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 

tritiated acetate and 14c-alanine labeled PE2. Two unbound peaks are partially 

resolved. A large fraction of the tritium label and about 5% of the 14c-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-proline and 14c-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 al . - anme. 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 SOW unbound fraction of a chymotryptic digest of 

chemically pure PE2. The peptide was found to have the amino acid composition 

(alal.9, leul. 0, prol.O' ser 0•8>, without correcting for the decomposition of serine 

during HCl 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 SOW chromatography in nearly 100% yield, and it 

contains 4S% 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-SO% 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 deI"ived 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 SO% 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 El, 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 

mosaic virus (TMV) coat protein. Narita (1958), in his classic studies, reasoned that a 

blocked peptide, if it contained no lysine 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 

discrimination of the Dowex SOW 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 mRN A which codes for the capsid protein (C. M. Rice and J. H. 

Strauss, manuscript 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.9, 

leul.O' prol.O' ser0•8), 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 (J'6rnvall, 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; Jornvall, 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 

cytochrome c, 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 Na

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 TMY and other plant viruses (Narita et al., 

1975; Jornvall, 1975), Mengo virus (Ziola and Scraba, 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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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 PE2, 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 tunicamycin. 
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INTRODUCTION 

Two of the three structural proteins of Sindbis virus, El 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 El 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 El (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 El 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 ma-turation 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, manuscript 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 bacteria, 

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 plaCjUe 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 described (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 m M Tris-Cl, pH 7 .4, 0.15 M 

NaCl, 0.1 % SDS to a final protein concentration between 100 and 200 µg/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 subcutaneous and intradermal injections along the lower back, as well 

as an intramuscular injection in each hind leg near the lymph node. 100-200 µg of 

each protein were used for the primary immunization and 25-100 µg for subsequent 

challenges. Immune and non-immune animals were bled from the ear vein and clot 



68 

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 crude gamma globulin was first dialyzed against 10 mM 

NaP0
4

, 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 4 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 35s-

methionine and harvested in high salt (Pierce et al., 197 4), 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 

tunicamycin (the generous gift of Dr. Robert L. Hamill, Lilly Research Laboratories) 

were incubated in medium containing 0.5 µg/ml of the drug for 4.5 to 6.5 hr post

inf ection, 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 0.596 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 TN A before being used at a final concentration of 

about 100 µg/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 TN A-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, 0.196 Triton 

X-100, 200 µg/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 

cylindrical gels containing 0.01 % mercaptopropionic 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 µg/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-alanine 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 µg/ml 

phenylmethylsulfonyl fluoride, the cells were lysed by the addition of SDS to 296, 

heated to 70°C for 20 min, and centrifuged at 100,000 x g for 1 hr 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 

NaCl, 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 NaP04, pH 7.5, and clarified 

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 cm 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% 8-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 µg/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 directly by liquid scintillation without fractionation. 



72 

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-El (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-El 

(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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Characterization of antibodies 
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RESULTS 

We first examined the reaction of the antibodies, which had been produced in 

response to purified, SOS-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. la. 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-El (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-El antibody was no 

longer reactive against El (Fig. la, lane 3), while anti-E2 precipitated a small but 

significant amount of El 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. la, 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 structural 

proteins and related proteins in SDS-solubilized infected cell lysates (Fig. lb). After 

the addition of anti-capsid antibody, only the capsid protein was precipitated (Fig. lb, 

lanes 5 and 10), although this protein again precipitated non-specifically with all 

antibodies, including non-immune IgG (Fig. lb, lanes 6 and 11). However, other 

experiments (using a solid phase immune-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 El and E2 are the same as seen when SD8-disrupted 

virions are used as antigen. In addition, PE2 is precipitated by anti-E2, but not by 

anti-El (Fig. lb, lanes 4 and 9), and two short-lived proteins, labeled ..rlOO K proteins 

after their approximate molecular weights, are specifically precipitated by both 

anti-El and anti-E2 (Fig. lb, 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 El 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 "100 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-alanine 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. 3c, 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. 3c 

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. SOS-Denatured 

infected cells, labeled with 14c-alanine, 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 c was stained for protein with Coomassie blue. Electrophoresis 

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 c) the pooled 

fractions eluted from the immuno-affinity column with SDS. 
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electrophoresis. We expected from Fig. 3c, 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 µg (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 µg 

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 comparison 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 cycle, 

Fig. 4, is labeled "protein." The symbol 11 11 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 

(S e r) - A I a - A I a - P r o - L e u - V a I - T h r - A I a - M e t -

AAG ACG ACC CCG GAA GGG ACA GAA GAG UGG UCC GCA GCA CCA CUG GUC ACG GCA AUG 

-L y s - Th r - Th r - P r o - G I u -1 G I y - Th r - G I u - G I u - T r p - S e r - A I o - A I a - P r o - L e u - Va I - Th r - A I a - M et -

10 15 

? -Le u - L e u - G I y - ? -V a I - ? -P h e - (P r o)- ? -
UGU UUG CUC GGA AAU GUG AGC UUC CCA UGC 

(protein) 

(mRNA) 

C y s - L e u - L e u - G I y - As n - Va I - S e r - P h e - P r o - C y s - (trans I ate d m RN A) 

co 
.i:i. 



85 

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-V al-Ser- is a potential 

glycosylation site (Marshall, 197 4), 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 RN A, 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 

14c-leucine labeled PE2 and E2, derived from the same cell lysate and preparative 

gel, and added 14c-methionine 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 [19791), 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 14c-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 cycle 14, and its presence is due to 

incomplete cleavage of the Pro11-Tyr 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.9, leul.O' prol.O' ser0•8) 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 cycle 

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

Ile-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 tunicamycin, an 

effective inhibitor of glycosylation (Krag and Robbins, 1977; Leavitt et al., 1977). 

First, nonglycosylated PE2, labeled with 3H-proline, was purified from tunicamycin-

treated infected cells by preparative polyacrylamide gel electrophoresis (Fig. 7a), and 

PE2 labeled with 3H-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 

the isolation procedure to 3H-acetate and 14c-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, El from untreated cells was 

found at fraction 44. (b) and (c) Silica gel chromatography of PE2 digested with 

chymotrypsin, and chromatographed on Dowex 50W as described elsewhere (Chapter 

4, this thesis). (b) 3H-acetate and 14c-alanine labeled peptides 

from PE2 purified from untreated cells. (c) 3H-proline 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. 7c, we were able to isolate this peptide from PE2 from 

tunicamycin-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 column, 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 column 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 specific 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 µg 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 µg 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 Na-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, manuscript 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, 

manuscript 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 asparagine14 (Rice and Strauss, 

manuscript 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. It may be that a reported ribosome-associated acetyltransf erase 

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 endoplasmic 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 acetyla tion occurs. In support of this conclusion is an analysis of the B protein 

of Sindbis virus. This protein contains the sequences of PE2 and El (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 endoplasmic 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 

hydrophobic region of the protein, which would be expected to significantly effect the 

final conformation of the protein since hydrophobic 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 >.. receptor into 

the outer membrane of ~· 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 cytoplasmic 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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