
When the unheated mineral grains were 
examined with XRD, none of these peaks 
could be conclusively identified. Therefore, 
the remaining unheated portion of the sam- 
ple showing the stishovite NMR peak was 
subjected to further acid treatment on a 
steambath. The sample was first digested 24 
hours in 1 : 1 HN03,  followed by 24 hours 
in 1: 1 HCI and a small amount of solid 
ethylenediaminetetraacetic acid, which re- 
duces precipitation of unwanted calcium 
and magnesium fluorides during HF treat- 
ment. Residual granules were twice partially 
digested in 1: 1 H F  in an open platinum 
dish and dried on a steambath. An XRD 
pattern of these final insoluble grains indi- 
cated the presence of quartz, rutile, anatase, 
and zircon. Furthermore, eight clearly ob- 
served XRD peaks (Fig. 2)  have the d- 
spacings of stishovite (Table 2). 

The combination of both "Si MAS NMR 
and XRD data demonstrate that stishovite 
occurs in the K-T boundary layer at Raton, 
New Mexico. Both NMR and powder XRD 
are bulk analytical techniques; neither meth- 
od can determine precise size nor location of 
phases in a sample. However, two potential 
stishovite precursor materials, zircon and 
quartz, occur in the boundary layer at Raton 
and in K-T boundary deposits at Clear 
Creek North, Colorado (19). Transmission 
electron microscope studies of Clear Creek 
quartz grains have shown that shock lamel- 
lae contain glassy material that, unlike natu- 
ral heat-fused silica (lechatelierite), appears 
to be slightly denser than surrounding host 
quartz (19). At the Ries impact structure in 
Germany, stishovite has been reported in 
diaplectic (glassy) quartz shock larnellae 
(20). If stishovite in the Raton K-T bound- 
\ ,  

ary layer is formed from quartz rather than 
zircon, it may occur in these dense glassy 
lamellae. 

Comparison with other 2 9 ~ i - M A ~  NMR 
spectra obtained in our laboratory suggests 
that the K-T boundary grains in the NMR 
split contained 1 to 3 mg of stishovite. 
Therefore, we estimate that from 16 to 48 
mg of stishovite was in the 8 g of material 
separated from the original 8 kg sample. We 
were unable to determine the proportion of 
stishovite to other mineral phases in the K-T 
boundary sample. Stishovite, because of its 
short relaxation time, can be detected with 
enhanced sensitivity relative to other miner- 
al phases (10, 12). The long recycle delays 
needed for more auantitative measurements 
would seriously degrade the sensitivity to 
stishovite. 

At known impact structures, coesite com- 
monly occurs in the same rocks as stishovite 
(8, 20). However, coesite cannot always be 
observed in samples from these sites, even 
where stishovite is present at concentrations 

greater than 0.5% relative to primary 
quartz. Coesite was also not observed in 
stishovite-bearing samples from laboratory 
shock experiments (21). During our study, 
three similar samples (about 8 kg each) of 
boundary material were processed and ex- 
amined. Coesite could not be detected, and 
stishovite was observed in all splits from 
only one sample. Our results indicate that 
stishovite is unevenly distributed within K- 
T boundary deposits and occurs in very 
small amounts. Even when found in situ at 
thoroughly studied impact structures, silica 
pressure polymorphs are rare and occur- 
rences are sporadic. Detection of stishovite 
is strong evidence that shocked components 
in K-T boundary sediments result from ex- 
traterrestrial impact: it is thermally unstable 
at moderate pressures and should not sur- 
vive the prolonged heat of a near surface 
volcanic event. 
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Sequence-Specific Peptide Cleavage 
Catalyzed by an Antibody 

BRENT L. IVERSON AND RICHARD A. LERNER 

Monoclonal antibodies have been induced that are capable of catalyzing specific 
hydrolysis of the Gly-Phe bond of peptide substrates at neutral pH with a metal 
complex cofactor. The antibodies were produced by immunizing with a Co(II1) 
triethylenetetramine (trien)-peptide hapten. These antibodies as a group are capable of 
binding trien complexes of not only Co(II1) but also of numerous other metals. Six 
peptides were examined as possible substrates with the antibodies and various metal 
complexes. Two of these peptides were cleaved by several of the antibodies. One 
antibody was studied in detail, and cleavage was observed for the substrates with the 
trien complexes of Zn(II), Ga(III), Fe(III), In(III), Cu(II), Ni(II), Lu(III), Mg(II), o r  
Mn(I1) as cofactors. A turnover number of 6 x per second was observed for these 
substrates. These results demonstrate the feasibility of the use of cofactor-assisted 
catalysis in an antibody binding site to  accomplish difficult chemical transformations. 

M ONOCLONAL ANTIBODIES HAVE specific Claisen rearrangement (4, hydroly- 
been elicited that can catalyze a sis of a p-nitroanilide arnide ( 6 ) ,  and a 
number of chemical reactions, in- photochemical cleavage of thymine dimers 

cluding ester (1) or carbonate (2) hydrolysis, 
a stereospecific lactonization reaction (3)> Deparunent of Molecular Biology, The Research Insti. 
bimolecular arnide formation (4) ,  a stereo- tute of Scripps Clinic, La Jolla, CA 92037. 
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(7). Recently, a system was reported in 
which a reactive group was covalently at- 
tached to an antibody binding pocket (8). 

Most of these catalytic antibodies have 
been produced by immunizing an animal 
with a "transition-state analog" compound 
that, in both shape and charge distribution, 
resembles a high-energy structure thought 
to be an intermediate in the reaction path- 
way. The antibodies then catalyzed the de- 
sired reaction, presumably through binding 
forces that lower the energy of the interme- 
diate and thus reduce the overall reaction 
barrier (1-5). In some instances, chemically 
reactive amino acid side chains in the anti- 
body binding pocket have been implicated 
in the catalyzed reaction (6, 7, 9).  We have 

investigated a new approach whereby a 
chemical cofactor (a metal complex) is non- 
covalently bound by the antibody together 
with the substrate in order to provide chem- 
ical reactivity in the antibody binding pock- 
et. In this way it was anticipated that a 
reaction, even one as energetically demand- 
ing as peptide hydrolysis, could be mediated 
by an antibody. 

We report the production and initial char- 
acterization of monoclonal antibodies that 
catalyze the site-specific hydrolysis of a Gly- 
Phe peptide bond at pH 6.5 with various 
metal cofactors. The recently reported rate 
of 3 x s-' for the uncatalyzed hydrol- 
ysis of a peptide, corresponding to a half-life 
of approximately 7 years, puts the difficulty 

FMOC * O O a  

Fig. 1. Synthetic scheme for the production of hapten 1. The solid-phase portion of the synthesis was 
carried out with the peptide linked to SASRIN resin (Bachem Biosciences Inc.). In reaction a, a 
standard solid-phase protocol was followed with the use of fluorenyl methoxycarbonyl (FMOC) amino 
acids (18). Reaction b was performed with 2 equivalents 3-phenylpyruvate, 2.5 equivalents NaBH3CN, 
in 4 : l  tetrahydrofuran (THF): H 2 0  pH 7.5. The reaction was carried out directly in the shaker 
apparatus, and after 12 hours the reaction was judged complete by ninhydrin. In reaction c, we used 1% 
trifluoroacetic acid in dichloromethane. The peptide was purified by preparative reversed-phase 
chromatography. In reaction d, 1.2 equivalents HCI in H 2 0  were used. In reaction e, 1.1 equivalents of 
peptide in H20,  pH 8.5, were heated at 65°C for 6 hours (13). The metal complex 1 was purified by 
ion-exchange chromatography on CM-50-120 Sephadex eluted with 0.2M KCI. The appropriate 
fraction was lyophilized to dryness, and the pure product was taken up in cold ethanol. Hapten 1 was 
covalently attached to the carrier protein with 100 mM 1-ethyl-3-(3-dimethylarninopropyl)carbodi- 
imide (EDC), 5 mM N-hydroxysulfosuccinimide (sulfo-NHS), pH 7.5. 

2 .  I l l .  2 j 2 N l . ,  , ,bbnr., *"2 

LiN;i\o H ~ N N I  

A H2N+NHR H2NqHR 
0 

Scheme 1. Metal-amide interactions. 

of this reaction into perspective (10). 
Metal-ion participation in amide bond 

hydrolysis has been observed in both enzy- 
matic (11, 12) and model systems (13-16), 
and at least two types of interactions be- 
tween metal and amide have been identified. 
In the first type (reaction A in Scheme l ) ,  
the metal atom directly coordinates the am- 
ide carbonyl oxygen. The resulting polariza- 
tion of the carbonyl group facilitates nucleo- 
philic attack of hydroxide or water at the 
carbonyl carbon atom. Another mode of 
catalysis consists of the delivery of a metal- 
bound hydroxide to the carbonyl carbon 
atom of the amide (reaction B in Scheme 1). 
In the case of the stoichiometric Co(II1)- 
promoted amide hydrolysis in aqueous solu- 
tion in the pH range 9 to 14, both types of 
interaction increased the rate of amide hy- 
drolysis significantly; however, the second 
type involving the metal-bound hydroxide 
nucleophile was much more efficient (14). 
For the Zn(I1)-containing protease enzymes 
thermolysin and carboxypeptidase A, it is 
possible that one or both types of interac- 
tion are operating to increase the rate of 
amide hydrolysis (12, 17). We reasoned that 
if antibodies could be produced that simul- 
taneously bind a metal cofactor and a pep- 
tide substrate in the appropriate geometry, 
the hydrolysis of the peptide in the antibody 
binding pocket would be facilitated. Fur- 
thermore, the specificity of binding so char- 
acteristic of antibody-antigen interactions 
should provide these proposed proteolytic 
antibodies with readily programmable sets 
of selective sequence specificities. 

In order to induce proteolytic antibodies, 
the hapten 1 used for immunization consist- 
ed of a relatively kinetically inert Co(II1) 
(trien) moiety complexed to the secondary 
amino acid site of a four-residue peptide (see 
Fig. 1) (18). We chose P-Ala-Gly (where P- 
Ala is p-amino alanine) as the carboxyl- 
terminal residues as they would form a 
flexible linker between the hapten and the 
carrier protein. Since a kinetically inert metal 
would probably not substitute ligands 
quickly enough to be an ideal hydrolysis 
cofactor (19), it was hoped that some of the 
monoclonal antibodies to 1 would have a 
somewhat promiscuous binding pocket ca- 
pable of accommodating trien complexes 
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Fig. 2. Structures of the synthetic peptides tested 
as possible proteolytic anabody substrates. Com- 
pounds 2 and 3 were cleaved by several of the 
protwlytic antibodies, whereas compounds 4 
through 7 were not subspates. 

of not only &(In) but also kinetically la- 
bile metals such as Zn(II) or Fe(III), which 
should be hydrolytically active cofactors. 
In an earlier study, antibodies generated 
against an EDTA-type complex of In(II1) 
were shown to b i d  several different EDTA- 
metal complexes (20). Thus the general 
strategy is to immunize with a kinetically 
inert coordination com~lex in order to &- 
duce a binding pocket h a t  could accept a 
kinetically labile complex of similar geome- 
W.  

The binding pockets of proteolytic anti- 
bodies derived from hapten 1 were intended 
to bring the metal complex and the peptide 
together in an appropriate geomeay (21) in 
order to allow and possibly facilitate the 
metal-catalyzed peptide hydrolysis reaction 
and, finally, to release t$e products. In this 
regard, hapten 1 differs from a true transi- 
tion-state analog in that no portion of the 
molecule exactlv resembles the  resumed 
metal-bound te&ahedral intermediate. The 
molecule was designed more as a' template 
around which a complementary proteolytic 
antibody binding site would be produced 
that would be capable of simultaneously 
biding an octahedral metal cofactor com- 
plex G d  the substrate peptide. Depending 
on the conformation of hapten and sub- 
strate, it was anticipated that the proteolytic 
antibody binding pocket would accommo- 
date the scissile bond of a substrate in an 
orientation that would place the carbonyl 
group near the metal atom of a simulta- - .  

neously bound metal trien complex. The 
metal complex could then facilitate amide 
bond hydrolysis by binding and polarizing 
the carbonyl group, by promoting the nu- 
cleophilic attack of a metal bound hvdroxide 
species, or by both processes operating to- 
gether. Either pathway, or a combination of 
the two, would lead to a metal-bound tetra- 

hedral intermediate. Breakdown of this met- 
al-bound tetrahedral intermediate, proton- 
ation of the leaving amine function, and 
release of the produ-cts would complete the 
hydrolysis reaction. 

Hapten 1 was covalendy attached to key- 
hole limpet hemocyanin, and 129GM' 
mice were immunized with the resulting 
conjugate in a standard immunization regi- 
men (9). One half of the spleen from the 
highest responding mouse was used for 
fusion with SP2/0 myeloma cells (6). A total 
of 13 hybridomas were identified and main- 
tained that secreted monoclonal antibodies 
capable of specifically binding hapten 1 as 
determined by an enzyme-linked immuno- 
sorbent assay (ELISA). 

Competition ELISA studies (22) indicat- 
ed that the 13 antibodies could accommo- 
date a variety of men metal complexes in 
their binding sites, and subtle differences in 
metal binding specificities between different 
antibodies were observed. In general, Cd(I1) 
(men), Co(III) (men), Cu(II)(nien), Fe(III) 
(men), Ni(II) (men), Pd(II) (men), and a- 
(11) (men) were bound with h e  highest atlini- 
ty,althoughbitornetalcomp~essuchas 
~(U)(trien), Ga(W(trien), I4m)(h) ,  La- 
(W(&)Y wm)(men), Mg(II)(&), IMn- 
(11) (men), Sc(III) (men), Tb(III) (men), and 

Yb(III)(men) could also be detected with 
some of the antibodies. Neghgible amounts of 
competition was observed when only metal 
salt was added (no men ligand). 

Each of the 13 monoclonal antibodies 
were screened for proteolytic activity with 
the six substrate peptides 2 through 7. 
Several different men metal complexes were 
used as possible cofactors. A rapid and 
sensitive peptide cleavage assay was devel- 
oped that detected the free amine groups 
revealed during any arnide hydrolysis of the 
substrates. The assay involved spotting the 
reaction mixture on a silica thin-layer chro- 
matography (TLC) plate, which was then 
eluted with a 1 : 4 water:methanol solvent 
mixture. Any hydrolyzed peptide product 
eluted near the solvent front, whereas pro- 
teolytic antibody, mien alone, and metal- 
men cofactor remained at the origin. After 
elution, the plate was sprayed with an ace- 
tone solution of fluorescamine, and any flu- 
orescent green material (long-wavelength 
UV) near the solvent front indicated sub- 
strate hydrolysis. As little as 2 pM of prod- 
uct mine could be detected with this pnxe- 
dure. The routine nature of the assay facili- 
tated investigation of a large number of 
reaction parameters with each proteolytic 
antibody. 

Flg. 3. Cleavage of subsaatc 
2 c a t a l d  bv 28Fl l in the - 
p m &  ofv&ious i : i men- I 

~0111plexe~. In orh K- solvent -1 
aceion 10 uM 28Fll. 1.2 front 
m M i  and 3 mMaien-kd I 
complex were pla&d in 50 
mM NaU, 75 mM phosphate 

proaucr 

.Trien-antibc 

buffer, pH 6.5. The lasi lane --------------,-.---- ------------------  
is a wnml in which an 0th- - - - - - - - - - - - - - - - - - - m  - ---------- -- --- -1113c.s.-- 

- n o  3 o m  m c  m ~ m c z ~  u o o c  erwise normal reaction is run aouoL,r-lJzz L m + > N z  

with 2, aien, and antibody, z 
but with no metal cofictor. 
All ofthese reactions were incubated at 37°C fbr 5 days, 3.5 pl of each reaction was spotted on a silica TLC 
plate, which was eluted with 4: 1 methano1:water. The plate was sprayed with a 0.2% fluorexamine 
solution in acetone and v i suakd  with long-wavelength ulaaviolet light. Cleavage product appears as the 
fluorexaminereactive material eluting near the solvent front. Antibody and aien metal complexes remain at 
the origin. The men reaction with the fluomamhe appears attenuated in the reactions containing the 
colored memls Co(II), Cu(II), and W(II). Before the reaction, the purified antibody was dialyzed against 
EDTA to remove metals, and all of the solutions were made with Chelex-treated, doubly distilled water. All 
of the metal salts used were of the highest purity currently available. 

Fig. 4. Periodic table illus- 
trating the locations of the 
metals tested for activity as 
cohcmr in the hydrolysis of2 
adyed by 28Fll. All ofthe 
~were tes tedas the1: l  
&-metal cumplex. Dark- 
ened boxes wkh white learn 
indicate active cofaaors, 
whaeas white boxes wid, LUJ 
black lettas in& metals 
that were tested but wap. 
foundtobeinacciveasa3fx- 
tors. 
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Several of the antibodies exhibited sub- 
stantial cleavage of substrates 2 and 3 with 
various metal-complex cofactors (Fig. 2). 
The trien complexes of Zn(II), Fe(III), 
Ga(III), Cu(II), and Ni(I1) were particular- 
ly effective cofactors. Peptides 4 through 7 
were not substrates for any of the antibod- 
ies. One proteolytic antibody, 28Fl1, was 
selected and the peptide hydrolysis activity 
with substrate 2 was analyzed in detail. 

In a typical reaction, 10 pJ4 28Fll was 
placed with 3 mM trien metal complex and 
1.2 mM substrate peptide in 75 mM phos- 
phate buffer. The reaction smctly requires 
the fully complemented system of proteolyt- 
ic antibody, trien-metal, and substrate. O p  
timum cleavage was observed in the pH 
range 6.0 to 7.5 with most of the metals; 
however, different metals displayed different 
pH optima. As can be seen in Fig. 3, at pH 
6.5, cleavage of 2 was observed with the 
men metal complexes of (in decreasing rela- 
tive order of activity) Zar(II), Ga(III), In- 
(W, Fe(W, Cu(W, Ni(fl), Lu(W, m- 
(a), and Mg(II). Small but reproducible 

Fig. 5. SDS-polyacrylarnide gel elaaophomis of 
p d e d  IgG (middle lane) and Fab' (right lane) 
of 28Fll. Molecular-weight standards are shown 
in the left lane for comparison. 

amounts of cleavage were okrved with the 
men complexes of Al(III) and &(a). No 
cleavage by 28Fll was observed without 
cohctors when men alone was wd or with 
the men comp1exes of Cd(II), Hg(II), La- 
w), Pd(E), sc(m), 'Ib(W, and YbP) 
(Fig. 4). 

Zn(II) (men) was observed to be the most 
acient metal cofactor complex and exhibit- 
ed its highest dbiciency at a concentration of 
1.5 mM. The Zn(II)(aien) reaction opti- 
mum was between pH 6.0 and 8.0 and at 
NaCl concentrations below 800 mM. 

Several lines of evidence con6nn that the 
proteolytic activity observed with 28Fll is 
due to a catalytic hydrolysis reaction taking 
place in the proteolytic antibody binding 
site that involves the Zar(II)(aien) as a 
noncovalently bound cofactor. Fim, the 
structures of substrates 2 and 3 resemble the 
structure of the peptide pomon of hapten 1. 
Second, highly p d e d  Fab' fhgments pro- 
duced by limited pepsin proteolysis (6) of 
28Fll retained full catalytic activity (see 
Fig. 5). Third, the trim ligand was shown to 
be a requiremknt of the hydrolysis reaction, 
since i!a(II) alone exhibited only minimal 
activity (23). Finally, the reaction was dtic- 
tively inhibited with hapten 1. 

The products of the ma ion  with 2 and 3 
were isolated, and they were shown to be 
the result of specific deavage between the 
Gly-Phe bond. The reaction of 3 mM Zn(I1) 
(men), 10 p M  28Fl1, and 4 mg of each 
substrate proceeded to completion in 8 days, 
which corresponds to 400 turnovers per 
antibody bindin site and a turnover num- 
ber of 6 x lO-'s-l. Only two fhgments 
wek observed from the reactions. These 
were isolated by preparative reversed-phase 
high-Wrmance liquid chromatography 
(HPLC), and their s t r u m  were charac- 
terized by nudear magnetic resonance 
(NMR). This analysis showed that the frag- 
ments could only have resulted from hydrol- 
ysis of the amide bond W e e n  the Gly and 
Phe residues of each substrate (Fig. 6). 

A mechanistic interpretation of this pro- 

i 
Antibody 

+ 
M*(trien) 

1 

Fig. 6. Scheme of the peptide hydrolysis y o n  + n , ; ~ h e - B ~ l a - ~ l y q ~ , ,  
reactions catalyzed by 28Fll  in the pm-  or 
ence of trim-mctal complexes. The identi- 
t i e so f theproduct swec~edby3W u , / ~ l & ~ ~  + * ~ - ~ h e - f i ~ l ~ - ~ l y ~ o n  
MHz 'H NMR analysis. n 

teolytic antibody-catalyzed peptide hydroly- 
sis reaction probably depends upon a con- 
formational analysis of hapten 1 or the 
substrates or both. Since the metal men 
complex was shown to be a required cofac- 
tor, it is reasonable to assume the scissile 
bond of the substrate is directly coordinated 
to the metal at some point during the reac- 
tion. On first inspection, the Gly-Phe bond 
of the substrates 2 and 3 would seem to be 
somewhat removed from the meml binding 
site. Preliminary model-building studies 
have indicated that placing both phenyl 
rings adjacent to each other in 1 should 
indesd create a proteolytic antibody binding 
pocket in which 2 and 3 are bound in a 
geometry that places the scissile amide bond 
(Gly-Phe) adjacent to the metal binding site. 
The substrate specificity observed is consis- 
tent with this model, since substrates 4 
through 7 are unlikely to adopt a similar 
geometry. A conformational analysis of 
compounds 1 through 7 is currently under 
way-to help elucidate the details of this 
peptide hydrolysis reaction. 

Peptide hydrolysis is but one example of a 
large number of reactions that could benefit 
tiom incorporation of a labile metal complex 
into an antibody binding site. The geomet- 
ric constraints possible with these systems 
could be exploited to enforce stereoelec- 
aonic control on reactions such as aldol 
condensations or chiral epoxidations. Pro- 
teolytic antibodies have the potential to be 
the protein-cleaving equivalents of the re- 
striction enzymes that cleave nucleic atids at 
specific sequences. We have demonstrated 
the feasibility of inducing proteolytic anti- 
bodies that can catalyze a sequence-specific 
peptide hydrolysis reaction. The challenge is 
to exploit the programmable nature of this 
technology and to develop novel proteolytic 
antibodies that catalyze the hydrolysis of 
other selected peptide or protein sequences. 
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Sindbis Virus: An Efficient, Broad Host Range Vector 
for Gene Expression in Animal Cells 

Sindbis virus, an enveloped virus with a single-stranded RNA genome, was engineered 
to express a bacterial protein, chloramphenicol acetyltransferase (CAT), in cultured 
insect, avian, and mammalian cells. The vectors were self-replicating and gene 
expression was efficient and rapid; up to 10' CAT polypeptides were produced per 
infected cell in 16 to 20 hours. CAT expression could be made temperature-sensitive 
by means of a derivative that incorporated a temperature-sensitive mutation in viral 
RNA synthesis. Vector genomic RNAs were packaged into infectious particles when 
Sindbis helper virus was used to supply virion structural proteins. The vector RNAs 
were stable to at least seven cycles of infection. The expression of CAT increased about 
lo3-fold, despite a 101s-fold dilution during the passaging. Sindbis virus vectors 
should prove useful for expressing large quantities of gene products in a variety of 
animal cells. 

T HE GENOME OF SINDBIS VIRUS, AN 

alphavirus, consists of a single- 
stranded RNA molecule that is 

11703 nucleotides (nt) in length (1, 2). It is 
capped at the 5' terminus and polyadenylat- 
ed at the 3' terminus. As the genomic RNA 
is infectious and serves as mRNA it is 
considered to have (+) polarity. The 5' two- 
thirds of the genomic RNA is translated 
early during infection to produce the non- 
structural proteins required for RNA repli- 
cation and transcription; the 3' end of the 
molecule encodes the structural proteins 
that are expressed at high levels throughout 
the infection cycle. Replication proceeds by 
the synthesis of a full-length (-) strand with 
the genomic RNA as template. The (-) 
strand then serves as template for the synthe- 
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sis of new genomic RNA molecules. The 
three structural proteins are not translated 
from the genomic RNA, but are expressed 
via transcription of the (-) strand at an 
internal site, called the junction region, to 
produce a capped and polyadenylated sub- 
genomic mRNA of 4100 nt that is colinear 
with the 3'-terminal one third of the 
genome. The subgenomic mRNA does not 
serve as a template for RNA synthesis nor is 
it packaged into mature virions. Translation 
of the subgenomic mRNA produces a poly- 
protein that is cleaved co- and posttransla- 
tionally by a combination of viral and host- 
encoded proteases to produce the capsid 
protein and the two envelope glycoproteins. 
The capsid protein complexes with the ge- 
nomic RNA to form intracellular icosahe- 
dral nucleocapsids. These interact with the 
cytoplasmic domains of the transmembrane 
envelope proteins, resulting in the budding 
of virus at the plasma membrane. 

Three features of Sindbis virus suggest 
that it might be a useful vector f o h e  " 
expression of foreign genes. First, Sindbis 
virus has a wide host range; it is naturally 
transmitted by mosquitos to vertebrate 
hosts, usually a bird or a mammal (3). In the 
laboratory it infects cultured mammalian, 
avian, reptilian, amphibian, and some insect 
(mosquito and Drosophila) cells (4). Sec- 
ond, Sindbis virus gene expression occurs in 
the cytoplasm of the host cell, and is rapid 
and efficient. During the 8 to 12 hours of a 
typical infection at 3TC, some lo7 to 10' 
molecules of viral structural proteins are 
synthesized by each infected cell. Thus a 
Sindbis virus vector might be useful for 
production of large amounts of gene prod- 
ucts. Third, temperature-sensitive mutations 
in RNA synthesis are available (5)  that may 
be used to modulate the expression of for- 
eign genes by simply shifting cultures to the 
nonpermissive temperature at various times 
after infection. 

As it is technically difficult to engineer 
RNA molecules, a cDNA clone of the Sind- 
bis virus genome was placed immediately 
downstream of a promoter for phage SP6 
DNA-dependent RNA polymerase, such 
that transcription in vitro with SP6 RNA 
polymerase produced infectious RNA tran- 
scripts (6) .  This approach has been used to 
map the cis-acting sequences required for 
replication and packaging of deletion-rear- 
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Fig. 1. Time course of CAT expression by 
TSCAT in chick embryo fibroblasts at 37"C, and 
by TSCAT-ts-6 at 30" with or without shifcing to 
incubation at 40°C. The time course of CAT 
expression by TSCAT at 37" (8) in a repre- 
sentative experiment is shown. In an independent 
experiment parallel cultures were transfected with 
TSCAT-ts-6 at time 0. One set of cultures was 
maintained at 30" and sampled at the indicated 
times (W).  At 0 or 8 (A), 12 (O), 16 (0) and 20 
(a) hours after transfection, plates from another 
set of cultures were shifted to and incubated at 
40°C until 24 hours after transfection. Half of 
each cell extract was assayed for CAT activity, and 
the percent of chloramphenicol converted to acet- 
ylated chloramphenicol (Ac-Cm) is graphed. 
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