
an effect previously noted by other groups 
(14, 15). 

These results suggest that the 
PtdIns(3,4,5)P3 signal can be transduced by 
the actions of a PtdIns(3,4,5)P3-activated 
protein kinase; thus, the regulation of this 
pathway is analogous to that of other sig­
naling systems that respond to small mole­
cule signals (adenosine 3r,5r-monophos-
phate-dependent protein kinase, protein ki­
nase C, and Ca2+/calmodulin-dependent 
protein kinases). In the PtdIns(3,4,5)P3 

pathway, the lipid signal controls PKB ac­
tivity in two distinct but cooperative ways, 
which is reminiscent of the role of adeno­
sine monophosphate (AMP) to allosterical-
ly activate the AMP-activated protein ki­
nase, and also to activate the kinase that 
phosphorylates the AMP-activated protein 
{24)* This may ensure tight regulation of 
PKB at the correct membrane localization, 
and it will be interesting to see whether this 
dual regulatory principle will apply to other 
targets in the PI3K signaling pathway. 

Note added in proof: A PtdIns(3,4,5)P3-
dependent protein kinase has been purified 
(25) that may be related to the upstream 
kinase described here. 
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A. A. Kolykhalov, E. V. Agapov, K. J. Blight, C. M. Rice, 
Department of Molecular Microbiology, Washington Uni­
versity School of Medicine, 660 South Euclid Avenue, St. 
Louis, MO 63110-1093, USA 
K. Mihalik and S. M. Feinstone, Division of Virology, Cen­
ter for Biologies Evaluation and Research, Food and Drug 
Administration, Bethesda, MD 20892, USA 

*To whom correspondence should be addressed. 

Sf9 cells purifies as a heterogeneous mixture of phos-
phoproteins that is partially active. These species may 
exhibit differences in their ability to become phosphoryl-
ated versus their ability to become activated. An alter­
native possibility is that there is a second activity eluting 
earlier in the gradient that is required in addition to phos­
phorylation of PKB for activation, and it is when both this 
peak and the kinase peak overlap that the activation of 
PKB is seen. The two peak fractions were pooled for 
subsequent analysis of this activity. 

22. Radiolabeled peptides were sequenced in a Beck-
man 890C spinning cup sequenator in the presence 
of Polybrene and horse myoglobin. Each cycle frac­
tion was blown dry in a chemical fume hood, redis-
solved in 6 ml of scintillation fluid and counted for 20 
min, and corrected for background. 

23. K. Datta, A. Bellacosa, T. O. Chan, P. N. Tsichlis, 
J. Biol. Chem. 271, 30835 (1996). 

24. S. Hawley etal., ibid. 270, 27186 (1995). 
25. D. R. Alessi etal., Curr. Biol. 7, 261 (1997). 
26. T. Grussenmeyer, K. H. Scheidtmann, M. A. 

Hutchinson, W. Eckhart, G. Walter, Proc. Natl. Acad. 
Sci. U.S.A. 82, 7952 (1985); L. R. Stephens et al,, 
Cell 89, 105(1997). 

27. This research is supported in part by the National 
Cancer Institute, NIH, Department of Health and Hu­
man Services under contract with ABL. P. Hawkins 
is a Biotechnology and Biological Sciences Re­
search Council Research Fellow. We thank B. Bur­
gering for the PSG5(HA)PKB, E. Porfiri for critical 
reading of the manuscript and helpful suggestions, 
D. Morrison for helpful suggestions, and Bayer Cor­
poration for interactive support. 

25 March 1997; accepted 28 May 1997 

tions as an internal ribosome entry site, a 
long open reading frame (ORF) encoding a 
polyprotein of >3000 amino acids, and a 3' 
NTR. The genome RNA was originally 
thought to terminate with polyadenylate 
[poly(A)] or polyuridylate [poly(U)] tracts, 
but recent studies have revealed the pres­
ence of an internal poly(U)/polypyrimidine 
[poly(U/UC)] tract followed by a highly 
conserved 98-base sequence (4, 5). The 
HCV polyprotein is processed by host signal 
peptidase and two viral proteinases to yield 
at least 10 different structural and nonstruc­
tural (NS) proteins (Fig. 1). Properties of 
many of the HCV-encoded replication en­
zymes, such as the serine proteinase, RNA 
helicase, and polymerase have begun to 
emerge as part of intensive efforts to devel-
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op new and more effective treatments for man host), and the lack of an infectious 
chronically infected HCV carriers. These molecular clone for genetic analysis of 
efforts have been hampered, however, by HCV functions. 
poor replication in cell culture, the restrict- Problems with constructing a functional 
ed host range of the virus (the chimpanzee, HCV cDNA clone include the highly vari- 
Pan troglodytes, is the only known nonhu- able "quasi-species" nature of this RNA vi- 

rus, the small quantities of viral RNA 
present in clinical samples, which necessi- 
tate in vitro amplification before cloning, 
and the lack of a simple and verified trans- 
fection assay for infectivity. As starting ma- 
terial. we used serum obtained from a ~ a t i e n t  
in the early phase of infection (designated 
H77) (6). T h i s  high specific-infectivity se- 
rum contains -lo8 RNA molecules and 
- 106.5 chim~anzee infectious doses Der mil- 

Fig. l. Features of the 10 full-length 5' NTR ORF 3' NTR 
consensus clone derivatives tested ~ P ( U N C ) -  

in chimpanzees. (Top) Schematic c EI ~2 i; NSP N S ~  ;L NSM' N S ~ B  

of HCV H77 cDNA consensus 
RNA. The 5' and 3' NTRs (solid 
lines) and the consensus ORF 

* 0 . 
4 +75UNC- 

(open box) are indicated with the 
approximate locations of the ~c~~ UAJC - 

liliter. A combinatorial library with a com- 
plexity of >lo5 full-length HCV cDNAs 
was constructed by high-fidelity assembly re- 
verse transcription-polymerase chain reac- 
tion (RT-PCR) followed by subcloning into 

polyprotein cleavage products GA+- * o p75 UNC - 
shown below. (Bottom) The 10 
RNA transcripts used for chimpan- GU+- * 0 +75 UNC- 

zee inoculation are diagrammed. 
G c c 7 5  UNC - 

Additional 5' nucleotides and 75- 
base versus 133-base poly(U/UC) 
tracts are indicated. All clones and * + O t133UNC- 
transcripts included two silent nu- 
cleotide substitutions: position 899 ~ 9 ~ l " u ~ ~ c -  

a recipient plasmid vector containing the 5'- 
and 3'-terminal HCV consensus sequences 
(7). A flanking T7 promoter and an engi- 
neered specific restriction site allowed for 
production of runoff RNA transcripts; 233 of 
the clones were   rescreened bv restriction 
analysis, polyprotein processing, and produc- 
t ion of the COOH-terminal NS5B protein 
(the HCV RNA-dependent RNA polymer- 
ase). In an unsuccessful experiment, RNAs 
transcribed from 34 clones that passed these 
analyses were assayed for infectivity by direct 
intrahe~atic iniection in two HCV-na'ive 

(C instead of U, asterisks); position GAr * o r133UNC. 
5936 (C instead of A, open circles) 
(nucleotide positions refer to the G U ~ * ~ ~ U N C -  
HCV H sequence). The substitution GC-~~ uNc- 
at ~osition 5936 inactivated an in- 
ternal Bsm I site in the H77 cDNA 
sequence so that an engineered Bsm I site could be used for production of runoff RNA transcripts with 
the exact 3' terminus of HCV genome RNA (15). Clones with additional 5' bases contained a silent 
marker mutation inactivating the Xho I site at position 514 (solid triangles). Clones with 75-base versus 
133-base poly(U/UC) tracts were distinguished by A (solid circles) versus G at position 8054, respec- 
tively. The 10 derivatives were created by standard recombinant DNA methods and their structures were 
verified by restriction digestion and sequence analysis. 

chimpanzees (8). As a negative control, a 
third animal received similar iniections with 
transcripts from a clone containing a 20- 
amino acid in-frame deletion encompassing 
the NS5B polymerase active site. Serum 
samples were collected for 2 months after 
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inoculation and analyzed for evidence of 
HCV replication. Neither experimental an- 
imal nor the negative control animal exhib- 
ited signs of productive infection (circulating 
HCV RNA, increased liver enzymes, histo- 
~athology, or seroconversion) (9). Of note 
was the absence of detectable circulating 
HCV RNA 2 days after inoculation. 

Missing terminal sequences, low RNA 
transfection efficiencies in vivo. and er- 
rors introduced during cDNA synthesis or 
PCR amplification might account for 
these negative results. Because the latter 
concern was readily addressed, we se- 
quenced six clones from the combinatorial 
library, as well as uncloned RT-PCR prod- 
ucts, to determine a consensus sequence 
for the H77 isolate (1 0). From this analy- 
sis, it became apparent that each of the six 
clones sequenced contained numerous 
non-consensus sequence changes scat- 
tered throughout the genome, which 
could be deleterious and would ex~lain 
the negative results. We used this infor- 
mation to direct the assembly of a full- 
length clone reflecting the H77 consensus 
sequence (1 1). Aside from the sporadic 
changes corrected in this consensus clone, 
even greater sequence heterogeneity was 
noted in three regions of the HCV ge- 
nome. During analysis of the extreme 5' 

Fig. 3. Circulating HCV nucleic acic' 
is RNA and is RNase resistant. (A 
Serum samples from inoculated an 
irnals do not contain carrvover tern 
plate DNA. The analysis shown i: 
for chimpanzee 1535, which re 
ceived the largest amount of inocu 

;erum from c 
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was separat~ 
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terminus, we found a substantial number 
of clones that contained one or more bases 
in addition to the reported 5'-terminal 
sequence (5'-GCCAG . . . -3') (12). In 
the structural protein coding region, the 
NH,-terminus of the E2 virion envelope 
glycoprotein was highly variable, but a '  
predominant sequence was identified 
(13). Near the 3' terminus, the poly(U/ 
UC) tract was variable in length and com- 
position (14). Because these differences 
might be functionally significant, variants 
of the consensus clone with additional 
bases at the 5' terminus and two different 
poly(U/UC) tracts were constructed (Fig. 
1). Silent nucleotide substitutions were 
engineered as markers so that virus recov- 
ered from transfected animals could be 
sequenced to identify which clones were 
infectious. 

From each of the 10 clones, full-length 
uncapped RNAs were transcribed from lin- 
earized template DNAs (15) and used for 
inoculation of two chimpanzees that were 
seronegative for all known hepatitis viruses, 
were negative for HCV RNA by nested RT- 
PCR, and had normal baseline amounts of 
liver enzymes. Animals were inoculated by 
direct intrahepatic injection at multiple sites 
(1 6). Serum samples and liver biopsies were 
taken before inoculation and at weekly in- 
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amplified by RT-PCR with (+) or without (-) enzyme in I 
RT step (5). The cRNA, which contained an internal 29-b? 
deletion, was added at 1/10 to 1/30 the previously det 
mined HCV nucleic acid concentrations to serve as an int 
nal RT-PCR control. An equal portion of each 
ture was separated by electrophoresis on a 
amide gel and bands were visualized by 
ethidium bromide. In the exposure shown, a weak ba 
corresponding to the cRNA product can be seen in sol 
lanes (such as lane 8). No specific PCR band was detectec 
the absence of cDNA synthesis, indicating that the HCV-SF 
Circulating HCV RNA from inoculated animals is protected trorn HNase. i rie sample analyzed was Week ti 
< :himpawee 1536, which had an HCV RNA titer of 6 x 10" molecules per millil~ter by QC RT-PCR. 
t rlA samples were subjected to nested RT-PCR (5) and an equal portion of each reaction mixture 
b sd by electrophoresis on a 6"'0 polyacrylamide gel. Lane 1. 10 p1 of serum (containing -6 x 1 O4 
h ~ v  KNH molecules) was mixed with excess cRNA (3 X 10' molecules), digested with 0.5 pg of RNase A for 
15 min at room temperature, and extracted with RNAzol. Lane 2, 10 p1 of serum was first extracted with 
RNAzol and then mixed with 3 x 1 O5 molecules of cRNA. Lane 3.10 pl of serum without added cRNA was 
predigested with RNase Aand then extracted with RNAzol. Lane 4, negative control for RT-PCR. The RT-PCR 
products corresponding to HCV genomic and cRNA are indicated. In lane 2, the relative intensitv of the 
genomic and cRNA products reflects the approximately fivefold difference in the molar amour 
RNAs in this competitive RT-PCR reaction.The additional band of higher apparent molecular mas 
a heteroduplex of the genomic and cRNA PCR products, see (5). 

to RNA. (B) . - 

its of these 
; reoresents 

tervals thereafter. For 3 months after inocu- 
lation, serum samples were assayed for liver 
enzymes, antibodies to HCV, and viremia, as 
assessed by quantifying circulating HCV 
RNA by branched DNA (bDNA) and quan- 
titative-comnetitive (QC) RT-PCR (5). 

Chimpar -e 1535 had increased con- 
centrations c -serum alanine aminotransfer- 
ase (ALT), which is a marker for liver 
damage, at week 2 after inoculation; ALT 
gradually declined to the preinoculation 
baseline amount and then increased again 
in weeks 10 to 12 (Fig. 2A). HCV RNA 
titers were undetectable before inoculation, 
increased to 0.45 Meqlml by week 1, de- 
creased slightly at week 2 (0.28 Meqlml), 
and then continued to climb steadily, 
reaching 8.3 Meqlml by week 13. This an- 
imal became clearly HCV seropositive at 
week 13 (Fig. 2C) (1 7). Chimpanzee 1536 
showed no evidence of early liver damage 
(Fig. 2B). At week 10, ALT concentrations 
increased sharply and peaked at week 12, 
declining rapidly thereafter. At k 1, the 
HCV RNA titer was undr ztable by 
bDNA (detection limit, 0.2 keqlml or -2 
x 10' RNA molecules per milliliter), but 
lo4 RNA molecules per milliliter were mea- 
sured by QC RT-PCR. The circulating 
HCV RNA titer peaked at week 10 (5.8 
Meqlml) and then declined to quantities 
undetectable by bDNA by week 13. Chim- 
panzee 1536 had seroconverted by week 10 
(Fig. 2C). Histologic changes in liver biop- 
sies were typical for hepatitis C in chimpan- 
zees (18) and were characterized predomi- 
nantly by portal inflammation aid focal 
necrosis. Hepatocyte alterations included 
multinucleated he~atocvtes. cvto~lasmic . , , , -  
clumping, and vacuolization probably rep- 
resenting fat droplets (9). The severity of 
histologic lesions appeared generally to par- 
allel the ALT elevations. These pathogen- 
esis profiles are strikingly reminiscent of 
those obtained in chimpanzees inoculated 
with the infectious H77 material or other 
HCV-containing samples (1 9). 

To prove that the signals detected in the 
bDNA and QC RT-PCR assays were not 
due to residual template DNA from the 
transcription reactions, we assayed all the 
samples by PCR without reverse transcrip- 
tion. No products were obtained, which 
demonstrated that the signals detected were 
due to HCV RNA (Fig. 3A). If the HCV 
RNA detected in serum were from replicat- 
ing virus, RNAs should be packaged in 
enveloped virions and resistant to degrada- 
tion by ribonuclease (RNase), whereas re- 
sidual transcript RNA should be RNase- 
sensitive. Indeed, the HCV RNA in sam- 
ples of chimpanzee serum was resistant to 
RNase digestion under conditions that 
completely degraded excess naked compet- 
itor RNA (Fig. 3B). Moreover, there was no 
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correlation between the level of apparent 
viremia and the amount of inoculated 
RNA. The total amount of transcript RNA 
used for inoculation of chimpanzee 1535 
was —3000 |ixg but it was only —22 |xg for 
chimpanzee 1536. Despite this —150-fold 
difference, similar levels of viremia were 
observed (Fig. 2). Finally, in two previous 
animal experiments (a total of six animals), 
circulating HCV-specific nucleic acid was 
never detected, even as early as 2 days after 
inoculation (9). These experiments suggest­
ed that circulating RNA was a result of 
authentic virus replication rather than re­
lease of inoculated nucleic acid. 

Restriction enzyme digestion and se­
quence analysis of recovered viral RNA 
revealed the presence of engineered mark­
ers, proving that these infections stemmed 
from the inoculated transcript RNAs. Two 
silent mutations at position 899 (C instead 
of T) and at position 5936 (C instead of A, 
which ablated the internal Bsm I site at 
position 5934), marked all the transfected 
RNAs (Fig. 1). For the nucleotide (nt) 899 
marker, the region between nt 466 and nt 
950 was amplified by nested RT-PCR, se­
quenced directly, and found to have the 
expected H77 consensus sequence except 
for the engineered C marker at nt 899 (9). 
The region from nt 5801 to 6257 was also 
amplified by nested RT-PCR and was found 
to be resistant to digestion with Bsm I but 
not to four other enzymes known to cleave 
in that region (9). These analyses were 
conducted for both chimpanzee 1535 (week 
5) and chimpanzee 1536 (week 6). 

Additional silent markers were analyzed 
to identify the 5'-terminal sequence(s) and 
the length(s) of poly(U/UC) tract re­
quired or preferred for initiating infection 
(20, 21). Although it is not possible to 
draw firm quantitative conclusions about 
differences in specific infectivity, the re­
sults clearly demonstrated that the RNA 
transcripts without any additional 5' nu­
cleotides were infectious (20), Transcripts 
with additional 5' nucleotides could also 
initiate infection, although our analysis 
did not allow us to distinguish among the 
various derivatives tested (Fig. 1). Tran­
scripts containing either the 75-base or 
the 133-base poly(U/UC) tracts were in­
fectious, but the 133-base poly(U/UC) 
tract was preferred (21), 

The demonstration that RNA tran­
scribed from cloned HCV cDNA can initi­
ate infection and cause hepatitis in trans­
fected chimpanzees provides formal proof 
(22) that HCV alone is the causative agent 
of this disease. With this model, HCV in­
fection can now be launched from clonal 
derivatives to facilitate studies on virus evo­
lution, pathogenesis, and host immune re­
sponse relevant to understanding the fac­

tors that determine viral clearance versus 
chronic infection. Our experiments also de­
fine the elements of functional HCV ge­
nome RNA. Aside from a consensus ge­
nome sequence, no additional 5' sequences 
were required for infectivity and 3' poly(U/ 
UC) tracts of variable length were tolerat­
ed. Infectious HCV RNAs can now be pro­
duced in unlimited quantities and used to 
identify and optimize cell-culture replica­
tion systems and to begin genetic analyses 
of HCV replication in vivo and in vitro. 
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Mi tssis in Living Budding Yeast: Anaphase 
A But No Metaphase Plate 

Aaron F. Straight,* Wallace F. Marshall, John W. Sedat, 
Andrew W. Murray 

Chromosome movements and spindle dynamics were visualized in living cells of the 
budding yeast Saccharomyces cerevisiae. Individual chromosomal loci were detected by 
expression of a protein fusion between green fluorescent protein (GFP) and the Lac 
repressor, which bound to an array of Lac operator binding sites integrated into the 
chromosome. Spindle microtubules were detected by expression of a protein fusion 
between GFP and Tubl, the major alpha tubulin. Spindle elongation and chromosome 
separation exhibited biphasic kinetics, and centromeres separated before telomeres. 
Budding yeast did not exhibit a conventional metaphase chromosome alignment but did 
show anaphase A, movement of the chromosomes to the poles. 

T h e  reproduction of eukaryotic cells de- 
pends on  the ability of the initotic spindle 
to segregate the replicated chroinoso~nes 
into two identical sets. As cells enter mito- 
sis thev oroanize inicrotub~~les into a bivolar , " 
spindle. In most eukaryotes the kineto- 
chore, a sveclallied reeion of the chroma- " 
some, binds inicrotub~~les, and in higher 
eukar~otes the condensed chroinosolnes 
move to a positLon equidistant froin the 
spindle poles called the lnetaphase plate. 
Once all sister chrolnatids are properly 
aligned ill metaphase, the linkage between 
the slster chromatids is dissolved, causing 
two chanees that segregate the sisters from - 
each other: Chro~nosomes move toward the 
spindle pole (anaphase A ) ,  and elongatloll 
of the splndle separates the spilrdle poles 
(anavhase B). , 

Knowledge of initosis comes from three 
sources: microsconic observation and ma- 
nipulatioil of ailiinal and plant cells ( I ) ,  
studies in cell cycle extracts ( 2 ) ,  and genet- 
ic analysis, especially in budding and fission 
yeast (3). To  integrate the findings of these 
different approaches, we need to know if 
the basic features of initosis are conserved 
among eukaryotes. Although the budding 
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yeast Saccharomyces cerevisiae is an excellent 
organism for genetic analysis, its nritotic 
spindle is small and difficult to see in living 
cells. Individual mitotic yeast chromosoines 
are not visible bv conventional lieht or " 
electroil lnicroscopy and can only be seen 
by In situ hybridization to fixed cells (4 ,  5). 
We have sim~~ltaneously visualiied the mi- 
totic snindle and individual chroinosoines 
in living yeast cells. These studies show that 
( i )  b~lddiilg yeast c h r o m o ~ o m e ~  do not align 
on a lnetaphase plate, (ii) spindle elonga- 
tion and chrornosorne senaration exhibit 
biphas1c kinetics, (111) yeast exhibit an- 
avhase A chromosome-to-nole movement. 
(117) c l r ro~no~o~nes  are under poleward force 
as they separate, and (v )  centrolneres sepa- 
rate before teloineres. 

We used green fluorescent protein 
(GFP) (6) to follow chromosolne and spin- 
dle inovernents in living yeast cells by flu- 
orescence microscopy. W e  visualized the 
spindle with a protein fusion between GFP 
and the major alpha tubulin ( T u b l )  (7). 
Specific loci n7ere marked by binding of a 
protein fusion between GFP and the Lac 
repressor (GFP-LacI) to an integrated array 
of the Lac operator (LacO) (8, 9) .  W e  
observed sync11roni:ed cells passing through 
mitosis, taking vertical stacks of images ev- 
ery 26 s and subjecting them to iterative 
deconvolution (1 0 ,  11 ). The top panel of 
Fig. 1A shows a series of optical sections 
after deconvolution nroiected as a stereo 

& ,  

pair to reveal the structure of the entire 
spindle and the staining of the centrolneres 
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