
Bombyx larva. The P?TH gene transcript 
was localized t o  two pairs of dorsolateral 
neurosecretory cells of Bombyx brain (Fig. 
2), indicating that M T H  is synthesized by 
these cells. The same cells react immunohis- 
tochemically with a monoclonal antibody 
that recognizes PTTH (13). In Manduca 
sexta, two pairs of brain neurosecretory cells 
at a similar position have been immunohis- 
tochemically identified as the PTTH-pro- 
ducing cells (14). 
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Isolation of a cDNA from the Virus Responsible for 
Enterically Transmitted Non-A, Non-B Hepatitis 

Major epidemic outbreaks of viral hepatitis in underdeveloped countries result from a 
type of non-A, non-B hepatitis distinct from the parenterally transmitted form. The 
viral agent responsible for this form of epidemic, or enterically transmitted non-A, 
non-B hepatitis (ET-NANBH), has been serially transmitted in cynomolgus macaques 
(cynos) i d  has resulted in typical elevation in liver enzymes and the detection of 
characteristic virus-like particles (VLPs) in both feces and bile. Infectious bile was used 
for the construction of recombinant complementary DNA libraries. One clone, ET1.1, 
was exogenous to uninfected human i d  cyno genomic liver DNA, as well as to 
genomic DNA from infected cyno liver. ET1.1 did however, hybridize to an approxi- 
mately 7.6-kilobase RNA species present only in infected cyno liver. The translated 
nucleic acid sequence of a portion of ET1.1 had a consensus amino acid motif 
consistent with an RNA-directed RNA polymerase; this enzyme is present in all 
positive strand RNA viruses. Furthermore, ET1.1 specifically identified similar 
sequences in complementary DNA prepared from infected human fecal samples 
collected from five geographically distinct ET-NANBH outbreaks. Therefore, ET1.l 
represents a portion of the genome of the principal viral agent, to be named hepatitis E 
virus, which is responsible for epidemic outbreaks of ET-NANBH. 

T HE ABILITY TO SEROLOGICALLY DI- nition of other viral hepatitis agents trans- 
agnose viral hepatitis caused by in- mitted either by the percutaneous (blood) 
fection with hepatitis A virus (HAV) or the fecal-oral routes (1). Viral hepatitis 

or hepatitis B virus (HBV) led t o  the recog- resulting from viruses other than HAV or 
HBV, other well-characterized viruses, or 

G. R. Reyes, J. P. Kim, K.-C. Luk, L. M. Young, K. E. predisposing conditions has been referred t o  
Fry, Molecular Virology Department, Genelabs Incorpo- 
rated, Redwood City, CA 94063. collectively as non-A, non-B hepatitis 
M. A. Purdy and D. W. Bradley, Hepatitis Branch, (NANBH) and until recently has been a 
Division of Viral Diseases, Centers for D~sease Control, 
Atlanta, GA 30333. clinical diagnosis of  exclusion. The molecu- 

lar cloning of a parenterallv transmitted 
*To whom correspondence should be addressed. Ad- form of viril NANiH, referr,& to as hepati- dress after 9 April: S)va Company, 900 Arastradero 
Road, P .0 .  Box 10058, Palo Alto, CA 94303. tis C virus (HCV), has recently been de- 
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Fig. 1. ETI.1 is an exogenous sequence. (A) A 
restriction endonuclease map for the ET1.l clone 
and the position of primers (228 and 210). (B) 
Cellular DNAs prepared from the livers of infect- 
ed (lane 1) and uninfected flane 2) cvnos. normal 

A - - As it had been previously postulated that 
- 
= U  = the virus of ET-NANBH was an RNA virus 

52.A (8), the identification of a molecular clone 
from bile would involve the construction of 

4-0 a cDNA library (9). The ET-NANBH 
IOO t cDNA library was constructed in AgtlO and 

screened at a low density (lo3 plaques per 
150-mrn plate) by hybridization to ran- 

1 1 2 3 4 s t n  dom-primed 32P-labeled cDNA probes de- 

h-an f& liver (lane 3), co-n laboratory 
strain ( 1088) of E. coli (lane 4), and clone ET1.l 
as a positive control (lane 5) were tested by direct 
PCR with the indicated primer set. Oligonucleo- 
tides were synthesized by an Applied Biosystems 
380 B DNA Synthesizer and purified for use in 
PCR with disposable Applied Biosystem purifica- 
tion cartridges (Applied Biosystems, Foster City, 
California). The sequence of the specific primers 
was as follows: primer 2 10: 5'-GGGCCCCAAT- 
TC?TCT-3'; primer 228: 5'-TTITCAGGTGG- 
CTGCC-3'. Standard PCR with ET1.l primers 
was performed with 1 pM of the specific primer 
and 1 p g  of the indicated test DNA or 1 ng of the 
positive control template (clone ET1.l). The 
reaction conditions used for melting (94"C, 1 min) 
min) were repeated for 30 cycles. The PCR produc 

rived-from either infected (cyno #121) or 
uninfected (cyno #126) bile. A probe com- - 1353 plexity of one part per lo3 would detect the 

- 603 presence of a specific marker sequence (10). 
- 313 As the complexity approached 1 : lo4, differ- 
- 194 ential hybridization was incapable of detect- 

ing target sequences. We postulated that 
, annealing (37"C, 2 min), and extension (72"C, 4 
:ts were analyzed on 1.5% agarose gels. 

dikereniial hybridization might, therefore, 
have the required sensitivity to detect a 
unique cDNA species when cloning from 
bile. Approximately 1 x lo6 to 2.5 x lo6 
cpm (5 x lo7 to 10 x lo7 cpmlpg) of 
probe was added per filter for hybridization 
at 3TC, 36 hours in 10% dextran sulfate 
and 50% formamide (1 1). The application 
of differential hybridization yielded 16 puta- 
tive ET-NANBH molecular clones after two 
cycles of screening. Analysis of 12 of these 
clones indicated sizes ranging from approxi- 
mately 75 bp to 2.5 kb (12). Of six cloned 
inserts tested, only the 1.3-kb cDNA de- 
rived from clone ETl . l ,  detected a uniquely 
hybridizing band in DNA prepared from 
the ET-NANBH library when compared 
with normal cyno bile and control cDNA 
libraries (12). It was later determined that 
ET1.l cross-hybridized with three other 

described (2) and, by virtue of its blood- 
borne and other routes of transmission. is 

necropsy from one third-passage animal 
(cyno # 12 1) was found by immunoelectron 
microscopy (IEM) to contain large numbers 
of morphologically characteristic 32- to 34- 
nrn VLPs that were serologically specific for 
ET-NANBH (6). This virus-enriched gall 
bladder bile induced serologically confirmed 
ET-NANBH in two cynos after intravenous 
inoculation of 1 : 10 diluted bile preparation 
(6). Both cyno recipients developed anti- 
body to the VLPs found in bile and ex- 
pressed virus-specific antigen in their livers 
(7). No other morphologically distinct 
VLPs were detected by IEM in gall bladder 
bile obtained from cyno #121; this bile was 
used for cDNA cloning. 

the recognized cause of the majority of 
NANBH in the developed world. A second 
epidemiologically distinct form of 
NANBH, transmitted by the fecal-oral 
route, has been documented as causing ex- 
tremely large epidemic outbreaks of viral 
hepatitis, particularly in areas with inade- 
quate public sanitation or malnourished 
populations (3). This form of hepatitis has 
been referred to as water-borne hepatitis. 
epidemic hepatitis, or enterically transmitted 
non-A, non-B hepatitis (ET-NANBH) (3). 
ET-NANBH is a major public health prob- 
lem in those areas of the world where it is 
endemic. Outbreaks of ET-NANBH can 
generally be traced to contaminated water 
supplies. The unique properties of this 
NANBH pathogen, aside from its ability to 
cause major epidemic outbreaks, include its 
associated mortality in pregnant women, 
ranging in some studies to as high as 20% 
(3). Our strategy for isolation of a molecular 
clone of ET-NANBH involved using the 
cynomolgus macaque. The experimental 
transmission of ET-NANBH has been de- 

Fig. 2. Hybridization analysis of ET-NANBH A B c 
cDNA. The EDNA prepared from infected (I) 
and uninfected (N) cyno bile, was amplified by 
SISPA (16), Southem-blotted (1 7), and hybrid- 
ized with clone ET1.l as probe (A). A similar 
experiment was performed with cDNA prepared 
from infected Mexican (Mex # 14) and uninfected 
human feces (B). SISPA-amplified cDNAs were 
prepared from ET-NANBH fecal material that 
had been collected from outbreaks in Pakistan 
(Pak #I;  lane l ) ,  Borneo (IM35A, lane 2), 
Somalia (#020; lane 3), and Tashkent (#1435; 
lane 4), as well as from a pool of three normal 
individuals (lane 5). These samples, along with a 
negative control (primer alone, lane 6), and a 
positive control with clone ET1.l (lane 7). were tested after PCR with primers 228 and 210 by 

scribed in this macaque with detection of 
characteristic 27- to 34-nm virus-like parti- 
cles (VLPs) and the induction of serologi- 
cally confirmed ET-NANBH (4, 5). In the 
absence of any concomitant infectious proc- 
ess in the liver and biliary system, bile 
collected directly from the gall bladder of 

hybridization with the expected 219-lip band isolated from the ET1.1 clone (c). Feces were prepared 
10% sus~ensions with ~hosohate-buffered saline (uH 6.6) and then vortexed for 2 min after addition of 
five 5-&I glass beads {~rnirican Scientific Products).   he suspensions were clarified by centrifugation 
in an HS4 rotor (5000 revlmin, 45 min, 5°C). The resulting supernatant was either stored at -20°C or 
extracted immediately for RNA. Briefly, 0.5 ml of suspension was mixed with 0.5 ml of 2 x  solution D 
(35), 100 p1 of 2M sodium acetate, 1 ml of water-saturated phenol, and 200 pI of chloroform:isoamyl 
alcohol (49: 1). After 15 min on ice, the phases were separated by centrifugation (10,000 revlmin, 20 
min, 4°C) and the RNA precipitated with two volumes of ethanol. The pelleted RNA was converted to 
cDNA by a commercially available kit (Boehringer Mannheim Biochemicals) and random priming of 
the first strand. Portions of cDNA were modified for SISPA by the ligation of ABIlinkerlprimers (16). 
After Nru 1 cleavage (to remove any linkerlprimer dimers), an aliquot of the reaction was subjected to 
30 cycles ofTaq polymerase-mediated amplification. The reaction conditions used for melting (94"C, 1 
min), annealing (50°C, 2 min), and extension (72"C, 6 min) included 1 pM of "A" primer (5'- 
GGAAlTCGCGGCCGCTCG-3') for 1 pg of cDNA. After amplification, 10% of the SISPA cDNA 
was analyzed by agarose gel electrophoresis and Southern blotting (17). 

infected animals should have a lower nucleic 
acid sequence complexity than samples col- 
lected after passage into the intestinal tract. 
Human fecal material from a Burmese pa- 
tient had been used to inoculate cynos (first 
passage) (5). A 10% w/v stool shspension 
prepared from pooled second-passage cyno 
#37 feces was used as an intravenous inocu- 
lum for third-passage infection of cynos as 
described (5). Gall bladder bile collected at 
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clones initially identified by the differential 
hybridization procedure. The presence of 
ET1.l in the original library indicates that 
the clone was not an artifact associated with 
recloning. 

These experiments did not, however, di- 
rectly address the possibility that an in- 
duced, endogenous agent might be the 
source for the cloned ETl . l  sequence. The 
library hybridization results might also be 
attributed to minute common contamina- 
tion of the human feces or cyno bile with 
bacterial or phage DNA introduced during 
the numerous manipulations. To test these 
possibilities, oligonucleotide primers de- 
rived from the ET1.l sequence (13) were 
used in the polymerase chain reaction 
(PCR) (14) to assay various sources for the 
presence of similar sequences to ET1.l. A 
restriction endonuclease map of the ETl .  1 
molecular clone and the locaiization of these 
primers is shown in Fig. 1A. Genomic 
DNAs obtained from infected and uninfect- 
ed cyno liver, normal human liver, and other 
bacterial and bacteriophage sources were 
tested and found negative by this PCR 
analysis (Fig. 1B). As this procedure would 
detect less than one copy per cell (15), we 
conclude that ET1.l is exogenous to the 
human and cyno genomes and is unrelated 
to several potential sources of exogenous 
sequence contamination. 

A procedure for the amplification of 
DNA molecules, independent of their se- 
quence, has recently been developed and 
was utilized in the analysis of genomic DNA 
for the presence of ET1.l sequences. Se- 
quence-independent single primer amplifi- 
cation (SISPA) (16), is a primer-initiated, 
nonselective technique that requires modifi- 
cation of target sequences to achieve ampli- 
fication of heterogeneous cDNA popula- 
tions. This approach is designed to amplify 
messages (as cDNA) derived from minute 
amounts of material for which nucleotide 
sequence information is not currently avail- 
able. In brief, SISPA relies on the directional 
ligation onto cDNA of an asymmetric (one 
end blunt and the other staggered), double- 
stranded linkerlprimer oligonucleotide 
(AB), which provides a common end se- 
quence to all cDNA molecules. We used this 
procedure to evaluate the specificity of clone 
ET1.l for ET-NANBH. 

As a first ex~eriment we tested cDNA 
I 

from infected and uninfected cyno bile 
sources. After SISPA, the amplified cDNA 
was separated by electrophoresis, and then 
probed with ET1.l on Southern blots (Fig. 
2A) (17). A smear of hybridization was 
evident only in the SISPA cDNA derived 
from the infected cyno bile. This result 
indicates that clone ETl .  1 was derived from 
the infected bile source and again excludes 

the possibility of a cloning artifact (9). The 
hybridization smear indicates ET1.l similar- 
ity to a heterogeneously sized population of 
amplified cDNA molecules. The stringent 
conditions of both the hybridization and 
wash indicate that ETl.  1 hybridized specifi- 
cally to SISPA cDNA from the infected 
cyno and exclude the possibility of nonspe- 
cific annealing of probe to target. 

The testing of human material would 
eliminate the possibility that the third pas- 
sage Burma isolate in cyno #121 had in- 
duced the expression of a preexisting nonhu- 
man pathogen or that some cyno pathogen 
other than ET-NANBH had been intro- 
duced and serially passaged. Normal (pool 
of three individuals) and ET-NANBH-in- 
fected (Mex #14) human feces were pre- 
pared for cDNA synthesis and subsequent 
SISPA (Fig. 2B). Hybridization of the 
ET1.l clone to the ET-NANBH-infected 

feces again confirmed that the presumptive 
ET-NANBH clone was specific to the in- 
fected source and excluded the possibility of 
an experimental artifact associated with the 
sequential passage of VLPs in the cyno. 

To determine if a common pathogen was 
associated with ET-NANBH, additional fe- 
cal specimens from five, geographically iso- 
lated epidemics were tested by hybridization 
with ETl . l  after application of the SISPA 
technique. The presence of the characteristic 
VLP had been previously confirmed in the 
primary human fecal specimens obtained 
from Mexico (Mex #14), Tashkent 
(#1435), Somalia (#020), and Pakistan 
(Pak #1) (18). In an initial hybridization 
analysis similar to that shown in Fig. 2B, 
two ET-NANBH specimens (Tashkent and 
Borneo) tested positive and uninfected con- 
trols negative. All SISPA.cDNAs were sub- 
sequently tested by direct PCR with primers 

649 GTGTTTGAGAATGACTTTTCTGAGTTTGACTCCACCCAGAATAACTTTTCTCTGGGTCTAGAGTGTGCTATTATGGAGGAGTGT 
V F E N D F S E F D S T Q N N F S L G L E C A I M E E C  

733 GGGATGCCGCAGTGGCTCATCCGCCTGTATCACCTTATAAGGTCTGCGTGGATCTTGCAGGCCCCGAAGGAGTCTCTGCGAGGG 
G M P Q U L I R L Y H L I R S A U I L Q A P K E S L R G  

8 1 7  TTTTGGAAGAAACACTCCGGTGAGCCCGGCACTCTTCTATGGAATACTGTCTGGAATATGGCCGTTATTACCCACTGTTATGAC 
F U K K H S G E P G T L L U N T V U N M A V I T H C Y D  

9 0 1  TTCCGCGATTTTCAGGTGGCTGCCTTTAAAGGTGATGATTCGATAGTGCTTTGCAGTGAGTATCGTCAGAGTCCAGGAGCTGCl 
F R D F Q V A A F K G D D S I V L C S E Y R Q S P G A A  

9 8 5  GTC CTG ATC GCC GGC TGT 1 0 0 2  
V L l A G C  

(B) 
HEV 
HCV 
HAV 
J E 
POL I0 
FMD 
EMC 
SNBV 
TMV 
AMV 
BMV 
CpMV 

HEV T V U N M A V I T H C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Y D F R D F Q V A A F K ~ ~ S I V L - C S E Y R P S P G - - A - A - - V L I A G C  
HCV T L T C Y I K A R A A C R A A G L Q D C T M L V C - - - - - - - - - - - - - - - - - - - - - - - - - - - - G I ) 6 L V V I - C E S A G V Q E b - - A - A - - S L - R A F  
HAV S l l N N V N L Y Y V F S K l  FGKSPVFFCQALKILCY.&$~VLIV- -FSRDVQI~~NLDLIGQKIVDEF 
J E  TFTNlAVQLVRLMEAEGVlGPPHLEPLPRKTKIAVRTULFENGEERVTRMAIS:~~CVVK-- - - - -PLD~RFATALHFL-NAM 
P O L I O  SMlNNLllRTLLLKTYKGID------------------------LDHLKMIAY.N~VIAS----YPHEVDAS------LLAQS 
FMD T I L N N I Y V L Y A L R R H Y E G V E - - - - - - - - - - - - - - - - - - - - - - - - L D T Y T M I S Y : ~ D I V V A - - - - - - S D Y ~ L D F - - - E A L K P - H  
EMC T I M N N I I I R A G L Y L T Y K N F E - - - - - - - - - - - - - - - - - - - - - - - - F D D V K V L S Y . N D L L V A - - T N Y Q L D F B K V - - - R A S L A K T G  
SNBV T V L N V V I A S R V L E - - - - - - - - - - - - - - - - - - - - - - - - - - - - E R L K T S R C A A F l ~ N l I H - - - - - G V V S D K E M A E R C A T U L - N  
TMV T V I I A A C L A S M L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P M E K I I K G A F C : W D S L L Y - F P K G C E F P @ V Q H S A N - L M U N F E  
AMV T I V T L A C L C H V Y D L M - - - - - - - - - - - - - - - - - - - - - - - - - - - - D P N V K F ~ V A S ~ ~ S L I G - - T V E E L P R ~ Q E F - L F T T L F N L E  
BMV TLVTMAMIAYASDLS------------------------------DCDCAIFSM)RSLII--SKVKPVLOTDM--FTSLFNME 
C ~ M V  S I F N E I L I R Y H Y K K L M R E Q Q A P E - - - - - - - - - - - - - - - L M V P S F D K L I G L V T Y ~ ~ N L I S V N A V V T P Y F ~ G K K L - K Q S L A Q G G  

Fig. 3. ET1.l encodes an RNA-directed RNA polymerase sequence motif. The sequence of a portion 
of clone ETl . l  (A) was derived by the dideoxy method (29) after subcloning into Bluescript KS+ 
(Stratagene, La Jolla, CA). The localization of this sequence within the -1300-bp ET1.l clone is 
indicated by the nucleotide numbering. The translated amino acid sequence was derived by means of the 
DM program (30). Consensus amino acid residues thought to encode the putative RNA-directed RNA 
polymerase (20) are identified by stippling in (B) for the hepatitis E virus (HEV), hepatitis C virus 
(HCV) (31), hepatitis A virus (HAV) (32), Japanese encephalitis virus (JE) (33), polio virus (polio) 
(34), foot-and-mouth disease virus (FMD) (39,  encephalomyocarditis virus (EMC) (36), Sindbis virus 
(SNBV) (37), tobacco mosaic virus (TMV) (38), alfalfa mosaic virus (AMV) (39), brome mosaic virus 
(BMV) (40), and cowpea mosaic virus (CpMV) (41). The Genbank accession number for the sequence 
of clone ET1.l is M32400. 
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(Fig. 1) based on the ET1.l sequence (13). 
In this analysis, SISPA cDNA of specimens 
isolated fro& epidemics in ~omalia and Pa- 
kistan tested positive by the application of 
sequence-specific PCR on SISPA cDNAs. 
  he specificity of the appropriately sized 
fragment was demonstrated by hybridiza- 
tion with the isolated 219-bp fragment 
primed fiom the ET1.l clone (Fig. 2C). 
These results not only indicate a molecular 
epidemiologic association between ET1.l 
and outbreaks of ET-NANBH, but also 
strongly suggest that a single conserved 
agent is responsible for the majority of the 
ET-NANBH observed worldwide. 

A partial nucleotide sequence of the 
ET1.l clone is presented in Fig. 3A. A 
survey of the GenBank version 61-nucleo- 
tide sequence library did not show similarity 
to any entries when searched by the FASTA 
program (19). However, the translated nu- 
cleotide sequence exhibited a single open 
reading frame that is similar to an amino 
acid sequence motif that is present in all 
positive strand RNA viruses (Fig. 3B) and is 
believed to encode the RNA-dependent 

Table 1. Summ of samples with sequence 
content similar t o y ~ l .  1 

- - 

Source* Material? Target* ET1.1S 

#37 Pre Feces 
#37 Post Feces 
#121 Pre Feces 
#121 Post Bile 
#126 Bile 
#121 Post Liver 
#126 Liver 
#121 Post Liver 
#126 Liver 

Borneo Feces 
Mexico Feces 
Pakistan Feces 
Somalia Feces 
Tashkent Feces 
Normal Feces 

- - 

Cyno 
CDNNSISPA 
cDNNSISPA 
CDNNSISPA 
cDNNSISPA 
cDNNSISPA 
RNA 
RNA 
DNA 
DNA 

Human 
cDNA.SISPA 
cDNNSISPA 
cDNNSISPA 
cDNNSISPA 
cDNNSISPA 
cDNNSISPA 

*Source: cyno #37 was the recipient of a sccond-passage 
fecal inoculum (10% wlv) from an animal that had 
received the original inoculum from a Burmcse patient 
(5). Cyno X37 was the source for the third-passage 
inoculum used in cyno X121. Cyno X1M was an 
uninfccted negative control. The cDNA preparation was 
as dcsaibed (9) (see legend to Fig. 2) except for cyno 
X37 where cDNA was prepared by s 'fic priming with 
the 233 oli onucleotidc (sequence, ~ % X I T A T G A A -  
cGACX~-3 ' )  (13), followed by amplification b SI 
SPA (16) and then specific priming with the 210 d 2 2 8  
primer ,pairs (scc legend to Fig. 1). The origins and 
mfcctivlty of the original human inocula used in these 
studies have been previously described (18). Pre, preinoc- 
ulation material; post, matcrial taken after onset of ET- 
NANBH. f Feces were proccsxd as described in Fig. 
2. The extraction of the RNA from liver is described tn 
Fig. 4. $The amplification of cDNA by the SISPA 
protocol (cDNAISISPA) is dcxribed in the legend to 
Fig. 2. §The prrxncc (+) or absence (-) of ETl.1 
xquenccs was determined by a confinnamry direct hy- 
bridization with either the ~solated 219-bp PCR frag- 
ment (Hf), or the full-length (1.3 kb) ETl.l hurt (Hi) 
on the indicated target either directly or after specific 
priming (P) with primers 228 and 210 (Fig. 1). 

RNA polymerase (20). These initial se- 
quence alignments were verified by the 
FASTDB algorithm (21). 

A transcript of approximately 7.6 kb was 
detected only in the total RNA from infect- 
ed cyno liver when hybridized with ET1.l 
(Fig. 4). A similarly sized transcript was also 
detected in polyadenylate-selected RNA 
(22). No other distinctly hybridizing RNA 
species were identified by ETl.l. Specific 
hybridization has been detected against two 
other infected livers as well as to RNA 
extracted from feces (13). 

The specificity of the clone for RNA or 
cDNA from infected humans or cynos is 
summarized in Table 1. Specifically, clone 
ETl.l only identified similar sequences in 
the feces, bile, and liver taken from infected 
cyno sources. Additionally, the serial pas- 
sage of ET-NANBH in the cyno was accom- 
panied by the serial passage of the ETl.l 
sequence as demonstrated by a retrospective 
analysis of ET-NANBH feces prepared from 
the second passage animal (cyno #37). 
Cyno #37 was the source for the inoculum 
used in the third passage studies in cyno 
#121. The ET1.l clone, derived fiom the 
bile of cyno #121, was also absent from a 
pre-inoculation fecal specimen collected 
from cyno #121 (Table 1). Only RNA or 
cDNA derived from post-inoculation sam- 
ples (cynos #37 and #121) contained the 
ET1.l sequence. Although the RNA from 
post-inoculation cyno #121 was positive for 
the ET1.l sequence (Fig. 4), DNA fiom the 
same liver was negative by PCR analysis 
(Fig. 1B). These findings as well as the 
absence of specific priming from genomic 
DNA from infected liver (Fig. 1B) suggests 
that the infectious agent of ET-NANBH 
carries an RNA genome, that is not being 
integrated into host DNA as a provirus. We 
have subsequently determined by experi- 
mentation with strand-specific oligonucleo- 
tide probes that the viral genome is a posi- 
tive sense, single-stranded RNA genome 
(13). 

Our results indicate that the virus of ET- 
NANBH has a polyadenylated, plus-strand- 
ed RNA genome of approximately 7.6 kb. 
No similarity to any known viral or nonviral 
sequence was detected (13) aside from the 
consensus RNA-directed RNA polymerase 
motif. As the data indicate that this is a 
unique viral entity, we propose the name 
hepatitis E virus or HEV, as previously 
suggested (23). It has been hypothesized 
that HEV is a member of the calicivirus 
family (8). The virus particle size of 32 to 34 
nm (24) compares quite closely to that of 
feline calicivirus particles (25). In addition, 
the sedimentation coefficient of 183s for 
HEV (24) is also similar to that determined 
for the nonenveloped caliciviruses (26). The 

Fig. 4. Northern blot hybrid- 1 2  
ization. RNAs were extracted v 
from the liver of uninfected 
cyno #126 (lane 1) and in- 
fected cyno # 121 (lane 2) for 
hybridization analysis utiliz- Kb 
ing clone ET1.l as probe. To- 9.5 - . -, 
tal RNA (20 kg per lane), was 7,5 - 
prepared from cyno liver tis- 
sue by solubilizing in 2.5M 
guanidinium isothiocyanate 4.4 - 
followed by extraction with 
water-saturated phenol (42). 
The RNA was precipitated 2.4 - 
with two volumes of ethanol 
and the resulting pellet was 
washed in 70% ethanol, dried 
briefly, dissolved in water, 
and stored at - 70°C prior to 
electrophoresis on formalde- 
hyde agarose gels (43), trans- 
fer to nitrocellulose, and hy- 
bridization with the ET1.l 
clone (10' cpm) as the probe. 

viral particles of HEV, like those of other 
characterized caliciviruses, have also been 
found to be sensitive to CsCl (27). Other 
studies have confirmed that HEV is unrelat- 
ed both antigenically and biophysically to 
HAV and other picornaviruses (28). 

The detection of ETl. 1 sequences in hu- 
man fecal material collected from diverse 
geographic and temporally distinct out- 
breaks of epidemic ET-NANBH suggests 
that a single virus is responsible for the 
majority of ET-NANBH seen worldwide. 
Serological data also support this conclu- 
sion, as it has been determined that conva- 
lescent serum from one outbreak will aggre- 
gate virus from case stool specimens derived 
from altogether different outbreaks (5). This 
serologic association may be confirmed by 
the expression of recombinant proteins from 
the cloned sequence for diagnostic assay 
development. 
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Calcium-Induced Movement of Troponin-I 
Relative to Actin in Skeletal Muscle Thin Filaments 

The role of troponin-I (the inhibitory subunit of troponin) in the regulation by Ca2+ of 
skeletal muscle contraction was investigated with resonance energy transfer and photo 
cross-linking techniques. The effect of Ca2+ on the proximity of troponin-I to actin in 
reconstituted rabbit skeletal thin filaments was determined. The distance between the 
cysteine residue at position 133 (Cys'33) of troponin-I and Cys374 of actin increases by 
approximately 15 angstroms on binding of CaZ+ to troponin-C. Also, troponin-I 
labeled at Cys133 with bemphenone-4-maleirnide could be photo cross-linked to actin 
in the absence of Ca2+, but not in its presence. These results suggest that troponin-I is 
attached to actin in the Ca2+-free or relaxed state of muscle, and that it detaches from 
actin on Ca2+ activation of contraction. Thus, troponin-I may function as a Ca2+- 
dependent molecular switch in regulation of skeletal muscle contraction. 

C ONTRACTION OF VERTEBRATE STRI- 

ated muscle is regulated by ca2+ 
and requires the regulatory proteins 

troponin (Tn) and tropomyosin (Tm) (1). 
Troponin is composed of three subunits, the 
Ca2+-binding (TnC), inhibitory (TnI), and 
Tm-binding (TnT) subunits. TnI inhibits 
actomyosin Mg2+-dependent adenosine tri- 
phosphatase (Mg-ATPase) activity by itself 
(2, 3). It binds weakly to filamentous actin 
(F-actin) (4, 5 )  near the NH2-terminus of 
actin (6 )  and more strongly to a complex of 
Tm and F-actin (Tm-F-actin); TnC reverses 
the binding of TnI to Tm-F-actin in the 
presence of Ca2+, but not in its absence (4, 
5 ) .  On the basis of these and other findings, 
a model for regulation by ca2+ of skeletal 
muscle contraction has been proposed (4, 7, 
8). This model postulates that in the relaxed 
state (absence of Ca2+), TnI is attached to 
actin and anchors Tm in a position or state 
that inhibits one of the steps in the actin- 
myosin interaction cycle. In the activated 
state (presence of ca2+), the binding of Ca2+ 
to TnC causes TnI to detach from actin, with 
the result that the inhibitory effect of Tm is 
reversed. With the use of reconstituted rabbit 

skeletal muscle thin filaments composed of 
Tn, Tm, and F-actin. we have directlji exam- 
ined how TnI funaions in the p;oposed 
mechanism of Ca2+ regulation. 

TnI labeled at Cys133 with the fluorescent 
donor 1,5-IAEDANS [N-iodoacetyl-N'-(5- 
sulfo-1-naphthy1)ethylenediaminel and F- 
actin labeled at Cys374 with the nonfluores- 
cent acceptor DAB-Ma1 (4-dimethylamino- 
phenylazophenyl-4'-maleimide) were recon- 
stituted with the other thin filament 
proteins to form the ( T ~ c - T ~ I ~ ~ ~ - T ~ T ) -  
Tm-F-actin and ( T ~ c - T ~ I ~ ~ ~ - T ~ T ) - T ~ -  
F-actinDAB complexes (where T ~ I ~ ~ ~  is 
donor-labeled TnI and  actin in^^^ is accep- 
tor-labeled F-actin) . Resonance energy 
transfer distances were measured in these 
complexes in the following metal-bound 
states: (i) the ca2+-state, in which both the \ ,  

high- and low-affinity metal-binding sites of 
TnC are saturated with ca2+,  simulating the 
in vivo activated state; (ii) the Mg2+-state, 
in which only the high-affinity sites are 
occupied by Mg2+, simulating the in vivo 
relaxed state; and (iii) the apo-state, in 
which none of the sites are occupied. 

Our results show that the extent of reso- 
nance energy transfer is markedly Ca2+- 

T .  Tao, Department of Muscle Research, Boston Bio- dependellt (Fig. 1 and Tables 1 and 2) ,  the 
medical Research Institute, 20 Staniford, Street, Boston, 
MA 02114. and De~artment of Neuroloev. Harvard transfer yield beillg lower in the 

-, 
Medical School, ~ o s t o n ,  MA 021 15. Ca2+-saturated state than in either of the 
B.-J. Gong, Department of Muscle Research, Boston 
Biomedical Research Institute, Boston, MA 02114, Ca2+-free states' Measurements carried 
P. C. Lewis, Department of Muscle Research, Boston out in the presence of both Ca2+ (0.2 mn/l) 
Biomedical Research Institute, Boston, MA 02114; De- ,d Mg2+ (4 yielded the same results parunent of Neurology, Harvard Medical School, Bos- 
ton. MA 02115: and Deoartment of Phvsiolot?.. Tufts as those carried out in the Ca2+-state (9) .  If \ ,  
~ n h e r s i t y  School of ~ e d i c i n e ,  Boston, k 4  0211. we hat the orientation factor, K2, is 
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