
are required to  determine a t  what point in 
ey-olution this loss of specificit\- occurred. 

Only a single a-chymase gene is 
present in  humans and baboons (8) and 
only a single a-chymase has been de- 
scribed in Jogs. In  contrast, five chymase 
isoenzr-mes ha\-e been identifled in  mice 

and tn70 in rats. Four of the  fil-e mouse 
chymases are of the  p subtype, and one  is 
of the  a subtype; both  rat chyil~ases are of 
the  p subtype (13) .  O n e  possibility that  
could explain this distribution of ch\-mase 
isoenzvines 1s that  the  a- and B-chvmases 
split adapt when rodents branched oif from 
other  mammals. Lyle believe, however, 
that  the  divisiix~ into a- and p-isoenzymes 
occurred li>ne before maln~nals  branched 

b 

off from therapslds because mouse chy- 
mase-5 segregated from other  rodent chy- 
lnases as an  a-chymase (bootstrap value, 
98%; Fig. IB).  This hypothesis implies 
that  humans and habimns have lost their 
P-chymase genes and that  rats have lost 
their a-chymase gene. Ang  I1 contributes 
t o  cardior-ascular regulation in  several 
non~nam~l la l i ap  species ( I 5), but pat11n.a~~ 
for its synthesis hay-e been explixed largely 
in mammals. Because mast cells occur in 
frogs, birds, and lizards (16)  and because 
the  reconstn~cted ancestral chvmase is an  
efflclent Ang  11-forming enzyme, we spec- 
ulate that  a chymase-dependent pathway 
of Ang  I1 forination occurre'i early in  ver- 
tebrate evolutiixi. 
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Molecular Cloning and Disease 
Association of Hepatitis G Virus: 

A Transf usion-Transmissi ble Agent 
Jeff Linnen, John Wages Jr., Zhen-Yong Zhang-Keck, 

Kirk E. Fry, Krzysztof Z. Krawczynski, Harvey Alter, 
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Stephanos Hadziyannis, Peter Karayiannis, Kevin Fung, 
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An RNA virus, designated hepatitis G virus (HGV), was identified from the plasma of a 
patient with chronic hepatitis. Extension from an immunoreactive complementary DNA 
clone yielded the entire genome (9392 nucleotides) encoding a polyprotein of 2873 amino 
acids. The virus is closely related to GB virus C (GBV-C) and distantly related to hepatitis 
C virus, GBV-A, and GBV-B. HGV was associated with acute and chronic hepatitis. 
Persistent viremia was detected for up to 9 years in patients with hepatitis. The virus is 
transfusion-transmissible. It has a global distribution and is present within the volunteer 
blood donor population in the United States. 

Althi>ugh sensitive and specific tests for 
detection of the known hepatitis viruses are 
available (1 ), the etiology of a substantial 
fraction of post-transf~~sion (2 )  and coininu- 
nity-acquired hepatitis (3) cases has re- 
inailled undefine'i, suggesting the  existence 
of additional causative agents. T o  identify 
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such a n  agent, designated hepatitis G virus 
( H G V )  (4), molecular clixling was initially 
perforn~ed ~v,vlth plasma from a patient des- 
~gna ted  PNF2161, n.11~ was originally iden- 
tified as having IIOII-A, non-B vlral hepatl- 
tis through the  Centers for Disease Control 
and Prevention ( C D C )  Sentinel Counties 
Study of Viral Hepatitis (3).  Patient 
PNF2161 n.as initially believed not to be 
infected n i t h  hepatitis C virus ( H C V ) ,  o n  
the basis of consistently negative results 
with a first-generation immuni>assay ( the  
Ortho H C V  ELISA Test System; Ortho 
Diagnostics, Raritan, Nen. Jersey). Howev- 
er, subsequent testing \vith a second-gener- 
ation H C V  immunoassay (also froin Ortho)  
and a polymerase chain reactiix~ (PCR)  
assay based on H C V  5 '  untranslated region 
priiuers (5) deini>nstrate~i that PNF2161 
mas infected n i t h  HCV.  

Llbrary ci>nstruction and Lmmmlnc- 
screening with plasma from PNF2161 were 
performed as described (6) .  Sequence anal- 
ysls of iinmunoreactive clix~es isolated from 
the PNF2161 h g t l l  library revealed HCV-  
related sequences as well as several sequenc- 
es that did not match any in the GenBallk 
database (7). PCR primers designed frixn 
these nonmatching sequences were used to 
determine that they were exogeni>us to  
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Escherichia coli, Sncchnromyes cerevtstne, or 
human geni>mes (8). Amplificatii>n b\- re- 
verse transcription (RT)-PCR was used to 
sl~i>n. that a n  exogenous clone, 470-20-1, 
was present in the  c l ~ n i n g  source plasma 
but not in healthy control subjects (9) .  
RT-PCR analyses of serial threefol~i Jllu- 
t i m s  of R N A  deril-ed from PNF2161 plas- 
ma \-lelded a 470-20-1 ampllflcation prod- 
uct that was detected by probe hybridiza- 
tion a t  a dllution correspi>nding ti> an  esti- 
mated titer of 106 viral genome copy 
equivalents per milliliter (10).  

Starting,frorn the initial 470-20-1 corn- 
p l e m e n t a r ~  D N A  (cDNA)  isolate, a n  an- 
chored PCR ( 1  1 )  approach n.as used to 
generate multiple overlapping cDNA 
clones whose sequences were determined 
and combineJ to create a 9392-nucleotide 
(n t )  sequence (GenBank accession number 
U44402).  A t  least three independent 
cDNA clones were used. to establish a con- 
sensus sequence for each region of the  ge- 
nome. T h e  extreme 5' and 3' ends of the  
genome were isolated by modified rapid 
amplification of cDNA ends (RACE) 
methods (12).  , 

T h e  ci>nsensus sequence derived fri>m 
the PNF2161 plasma specimen indicated 
that it contains a cont~nuous ope11 rea~iing 
frame (ORF) that could encode a viral 
p i ~ l ~ ~ p r i > t e ~ n  of 2873 amino acids. T h e  long 
ORF 1s preceded b\- a n  apparent 5 '  untrans- 
lated sequence of 458 n~~c leo t ides  and is 
f o l l o ~ ~ e d  b\- a 3 '  untranslated sequence of 
31 5 nucleotides. T h e  anilnc acid sequence 
enci>ded by the  immunoreact~ve 470-20-1 
clone is not present in the  polyprotein en- 
coded by the  putative positive strand. In- 
stead, the  470-20-1 amino acld sequence is 
found as part of a small ORF of 119 amino 
acids enci>ded in the  ci>mplementar\- strand. 
Antibodies contained In the  sera of several 
additional patients with suspected non-A 
through E (non-A-E) hepatitis reacted 
with the  470-20-1 protein in protein immu- 
noblot assays (13).  These observations sug- 
gest that the  negative-strand ORF may be 
expressed during infection. 

Using the sequences of the  cDNAs  so- 
IateJ from patient PNF2161, n.e isolated 
overlapping cDNAs from the plasma of a 
second patient, R10291 (an  asympti>mat~c 
in'iividual with a history of intermittent el- 
evatiixls in liver enzymes), and determined a 
second consensus sequence of 91G3 nucleo- 
tides (GenBank accession number U45966). 
T h e  specimen from R10291 had no  serologic 
evidence of infection with hepatitis B 17irus 
(HBV) or HCV; H C V  infection was also 
excluded by PCR testing (5). T h e  nucleotide 
sequences derived from PNF2161 and 
R10291 are 90.j0/o identical, whereas an  
alignment of the encoded amino acid se- 
quences revealed a 97.596 identity (14).  

As compared ~vi t l i  that isolated from 

PNF2161, the  H G V  variant lsolate Jeriy-ed 
from R10291 is predicted to encode a 
slightly larger polyprotein of 2910 amino 
acids. PNF2161 contains a single nucleotiJe 
deletion that intro~iuces a frame shift, re- 
sulting 111 the  shorter ci>ntinuous ORF. 

Comparisi>n of H G V  arnlnc acid se- 
quences with entries in a nonre~iundant  
sequence database revealed statistically 
highly significant similarity (probability of 
matching by chance, P < 10-'") (15) to 
the  amino acid sequences of the GBV-A 
and GBV-B viruses recently isi>lated from 
tainarins (16) and to the  mlmerous se- 
quenced isolates of HCV.  Limited slmllarity 
( P  values between 0.001 and 0.05) was 
observed b e t ~ e e n  H G V  amino acid se- 
quences and those in the  genera Pestiv~rus 
and Flavivil-zis, that together with H C V  be- 
long to tlie family Flaz~~viridae, and with 
those from tobacco necrosis virus and toma- 
to bushy stunt virus, whose RNA-depen- 
dent R N A  pol\-merases are related ti> those 
of tlie meiliber v i r ~ ~ s e s  of the family Flnci- 
t'iridae ( 17) .  T h e  regions of conservation 
among H G V ,  GBV-A, GBV-B, and H C V  
covered the  \\,hole nonstr~lctural region of 
the polypri>tein as defined for H C V  (18) .  

In  palrwise alignments (14) ,  the  greatest 
gli>bal sequence identity was detected be- 
tween the  pol\-proteins of H G V  and 
GBV-A (43.8%), whereas the  identlty of 
the  H G V  polyprotein with GBV-B and the  
HCV-1 isolate of H C V  was 28.4 and 
26.8%, respectively. T h e  sequence identity 
was, however, considerably higher in the  
RNA-dependent R N A  polymerase (RDRP) 
and hellcase domains (1 7) (about 6096 for 
H G V  and GBV-A, and 40 ti> 5096 for H G V  
and GBV-B or H C V ) .  A conlparison with 
the  331 nucleoti~ies of available sequence 
from the  putative NS3 region of the  recent- 

ly identified human virus GBV-C (19) 
showed a n  85.5% nucleotlde identity and a 
10096 amino acld identit\- over the corre- 
sponding region of HGV.  It appears that 
H G V  and GBV-C are very closely related, 
but a comparison ot thelr entire genoines 
 ill be necessar7- to address this issue defin- 
itlvely. Thus, database screening indicated 
that H G V ,  ali>ng with H C V  and the  GBV- 
A, -B, and -C vlruses, beli>ng to a dlstinc- 
tive group of hepatitis-associated viruses 
~ i t h i n  the  falnlly Flaviz~iridae. 

Multiple alignilient a~~a lys l s  (20) con- 
firined the presence of the full ci>mplement 
of conserved iliotlfs typical of the RDRP, 
helicase, and chymotrypsin-llke protease of 
member viruses of the  family Flnviviridae, as 
well as several motifs that appear to be 
unique for the  lien. group of hepatitis-asso- 
ciateJ viruses ( F g .  1) .  

T h e  NHZ-terminal extremity of the  
H G V  polypri>tein that would correspolid to 
the  capsld proteln of H C V  showe~i ni> sim- 
ilarity to  any other viral sequences. Never- 
theless, the  presence of the conserved do- 
lnain that includes tlie COOH-terminal 
portion of envelope protein E l  and the  
NHZ-terminus of envelope protein E2 (Flg. 
1 )  alli>wed us to position the NHZ-terminus 
of the  H G V  pol\-protein relative to that of 
H C V .  T h e  sequence from patient R10291 
contains 71 ammi> acid residues, and that 
from patient PNF2161 contains only 34 
residues in the  domain correspi>ndlng to the  
NHL-terminal 175 residues of the H C V  
polyprotein, indicating that the  capsid prc- 
teln may be absent or defective in H G V .  
Although there is n o  sequence identity, the  
amino acid composition of the  short N H Z -  
teriliinal regli>n of the  H G V  pi>l\-protein is 
similar to that of the H C V  capsid protein 
(21 ), n.hic11 is conipatible ~ \ ~ i t h  the pi>ssibil- 

E l  
HGV 51 ( 34 ) LLLLLV!EAGAILAPATVACRQ:gGQY?LTNCCAP2DIG?CLEGGCLVALGCTIC3Q 5 4  6 
GBV-A 10 WLLVC?PLAGGVL?NSRHQCTNGDHYVLSNCCSRDEVY?CFGDGCLV>YGCTVCTQS 7 9 3  
GVB-B 141 L~WCLLSLACPCSG~VTDPDTNTTILTNCCQRNQVIYCSPSTCLHEPGCVICDE 6 6 3  
HCV 175 I?LLALLSCLTVPASAHEVRN>.SGWH~~TNDCSNSSIV?EAFJ)LIMRTPGCVPCVRE 5 3 9  
Consensus UUUU.U . . . . . . . . . . . . . . . . . . . . .  uSN.C . . . .  U.U . . . . . .  U...GC..C... 
NS2 Zn protease 
HGV Kl!CI.RGAYL?DHM 2 3  LS?TRTDCRIIRDF-WTLSCGQCT/T<GLP'dV.WRGDEVLIG1,~FQDDmHLPPGn'PTAPV 
GBV-A VLRKRGVLLYEW 2 3  VSITXEDCAI\%DSI.RVLGCGQLL~~:iGKP'dV.WRGDEVLIGC~~SR?DLPPGFJPT>.PV 
GVB-B VFGENGVZYXHL 1 8  ~PFEGK~iVYRNEGRRLACGDTVDGLP~!V.~LGDLVFAG~!PPD----GW>.ITAPF 
HCV LGALTGTYVYNHL 2 0  VTFSDMETKIITWGADTFF4CGDIILGLPVSmRGREILLGPP.DSL7J--GQGtJRLMPI 
Consensus . . . . .  G.UW.H. U........UU........CG..U.G.PV.I.R.G. W.G . . . . . . . . . .  GU . . .  APU 

NSSA 
HGV LCP~!VSLPLWHCGEGWSGEWLLDG:C~IE~RCLCGC~ITGD~LNGQLXEP~YSTXL~RHY~J 325  ETLASFSYIWSGVPL 
GBV-A >LPRLRLPLIGCSTGWGGPIIEGNGHLETRCTCGCVITGDIHDGILHDLHYTSLLCRHYY 3 5 3  ETPTSYSYIWSGAPL 
GVB-B I~?JNIPGCPFYSCQXGYKGPWIGSGMLQQ~CPCG~LIFS1NGFFL-YKGPRTCSNYW 3 0 9  EFSCSMSYTWTDVIS 
HCV LPRLPGVPFLSCORGYKG'V~IRGDGIMHTTCPCGAOIAGH~~!~GSMR--IIGPXTCSNTW 3 6 2  WJCCSMSYTWTGALI . 
Consensus . . . . . . . .  PLT.C . .  GU.G.W . . .  G.U...C.CG..U......G... . . . . . .  C...U . . . .  SUSY.WS 

Fig 1. Alignment of selected conserved domains in hepatitis-associated viruses in the family Flaviviridae 
(24). The alignment was constructed w~th the use of the MACAVV program (20). GBV-A, GBV-B, and HCV 
sequences are from the GenBank database (7, 25). The consensus shows the amno ac~d  residues that 
are conserved in all aligned sequences. U, bulky hydrophobic residue ( I .  L ,  V ,  M ,  F, Y,  W);  $, S or T; a dot 
indicates any residue; a dash indicates a gap. The catalytic residues of the nonstructural protein NS2 
protease (26) and the conserved cysteine residues in El  and nonstructural protein NSSA are highghted 
by bold type. The distances between the alignment blocks and the distances from the polyprotein termini 
are indicated by numbers. For HGV, the number in parentheses IS for PNF2161. 
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ity that these regions are truncated deriva- 
tives of a n  ancestral capsid protein. In 
GBV-A, the capsid protein appears to be 
completely deleted. 

A diagnostic RT-PCR procedure was de- 
veloped for detection of ~ m i q u e  H G V  R N A  
sequences in plasma or serum specimens 
(22).  In  experiments with purified in vitro 
transcripts as the  target template, the assay 
had a threshold sensitivity of 10 H G V  
R N A  copy equivalents per reaction, corre- 
sponding to approxinlately 200 copy equiv- 
alents per milliliter of starting specinlen 
plasma or serum. 

S e r ~ ~ m  specimens from 12 cases of pro- 
spectively studied post-transfusion hepati- 
tis, in which hepatitis A through E had 
been excluded by serologic testing and 
H C V  RT-PCR (5), were tested for H G V  
R N A  by RT-PCR. Two of our 12 patients 
tested negative for H G V  R N A  before trans- 
f ~ ~ s i o n  and were HGV-positive in multiple 
post-transf~~sion samples. In  addition, plas- 
ma samples from a patient with t ransf~~sion-  
associated non-A-E hepatitis, diagnosed a t  
another institution, were referred to us for 
testing. This patient was also found to have 
converted from H G V  RNA-negative be- 
fore transf~tsion to H G V  RNA-positive af- 
ter transfusion. T h e  biochemical and H G V  
R N A  profile of two post-transf~~sion hepa- 
titis cases is shown in Fig. 2. Initial positive 
results for H G V  R N A  corresponded to an  
elevation of liver enzymes that is character- 
istic of the onset of hepatitis. H G V  R N A  
persisted for a minimum of 1 year in all 
three cases. O n e  patient (Fig. 2, case 1 )  had 
detectable H G V  R N A  and elevated alanine 
arninotransferase (ALT) levels until his 
death from unrelated causes 4 years after 
the onset of infection. In  the  other two 
patients, viral R N A  became undetectable 
12 to 18 months after the  onset of infection. 
In  one case (Fig. 2, case 2),  H G V  R N A  
persisted for approximately 30  weeks after 
the  llormalization of serum ALT. Donor 
plasma samples were available from cases 1 

and 2 and in each a n  H G V  RNA-positive 
donor was identified. 

T o  examine whether H G V  is associat- 
ed a i t h  acute disease, serum specimens 
from patients a i t h  community-acquired 
non-A-E hepatitis in four U.S. counties 
(3, 23) were tested by RT-PCR for H G V  
R N A .  Of 38 patients identified fro111 1983 
to  1993, 5 (13%) were H G V  RNA-posi- 
tive a t  t h e  time of their acute illness. 
N o n e  developed chronic hepatitis, but 
four remained H G V  RNA-positive over a 
f o l l o ~ ~ - ~ ~ p  period of 2 to 9 years. Of 107 
patients with acute hepatitis C identified 
over the  same period, 19 (189'0) a.ere also 
H G V  RNA-positive. T h e  clinical charac- 
teristics of acute hepatitis in patients with 
H G V  infection alone did not  differ fro111 

those of ~ a t i e n t s  co-infected with H C V .  
In  addition, risk factors for infection did 
not  differ between the  two groups, and 
incl~lded t r ans f~~s ion ,  injection drug use, 
and lnultiule sexual Dartners. 

W e  also studled plasma and serum spec- 
imens from Datlents a i t h  a varletv of lwer 
diseases, were broadly distributed geo- 
graphically, and from people a t  high risk for 
infection with parenterally transmitted vi- 
ruses (Table 1 ) .  T h e  observed frequency of 
olasrna H G V  R N A  was similar to the fre- 
quency of serolog~cally diagnosed H C V  in- 
fection in the  same uo~ulat ions ,  although " 

examples of both single H G V  infection and 
H G V  co-infection a i t h  HBV or H C V  were 
observed. H G V  infection was delllollstrated 
in patients with biopsy-documented chron- 

Table 1. Frequency of HGV vremia in people who have hepatlc dlsease, are at rlsk for exposure to 
parenterally transmtted infectlous agents, or are volunteer blood donors. US, Unted States: AUS, 
Austraa; SA, South Amerca; EU, Europe. 

HGV- HGV' HGV- HBV' Orlgln Patlents Total HGV and and 
(n) HGV- only and HBV+ HCV- HCV' 

Post-transfus~on 
non-A-E hepatltls 

Chronc non-A-C 
hepatltls 

Suspected non-A-E hepatltls 
Chronc HBV 
Chronc HCV 
Hepatocellular carcinoma 

Alcohol~c hepatitis 
Autoimmune hepatltls 
Prmary bllary cirrhoses 

Hemophla 
Multiply transfused anemia 
Intravenous drug use 

Accepted donations 
Rejected donatons 

(ALT > 45 IUIml; fresh) 
Rejected donatons 

(ALT > 45 IUIml; frozen) 

Liver disease 
US 12 2 
AUS 1 1 
S A 48 6 
EU 110 9 
EU 12 1 
EU 72 7 
EU 96 18 
EU 30 2 
EU 49 5 

Parenteral exposure r~sk 
EU 49 9 
EU 100 18 
EU 60 20 

Volunteer blood donors 
US 769 13 

Post-transfus~on hepat~t~s case 1 Post-transfusion hepat~t~s case 2 

2 6 0 ~ 0 6  + + + + --I++++ + + 
I I HGVPCR I I 260 011 1 1 1 I I t ~IHGVPCR? 

240 f 240 [: 
220 - 
200 - 
180- Surgery 

t; 120- 
a i o o -  

80 - 
60 - 
40 - 
20 
0 0 1  
Pre 0 5 10 15 20 25 30 35 4045 50 55 60 65 70 " 2 2.5 3 3.5 4 

I- Weeks r( I- Years 4 Weeks after transfusion 
Interval after transfusion 

Fig. 2. Serla ALT levels and HGV RNA'status of two transfuson recpents prevlousy dagnosed w~th non-A-C hepatltls are shown (27) 
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ic hepatitis a.it11 cirrhosis of presumed viral 
etiology, in whom HBV and H C V  infectio11 
had been excluded (Table 1 ) .  

111 assessing the pote~ltial risk of trails- 

fusion-mediated transmission of HGV, we 
e v a l ~ ~ a t e d  serum and plasnla saillples from 
volunteer blood dollars whose Jonations 
were either accepted or from 
transf~~sion because of elevated ALT le \~-  
e!s. Alnollg 779 co~lsecutively screened 
volunteer donors with 11ormal ALT values 
(<45 IU/ml), 13 (1.796) were HGV RNA- 
positive as deternlined by PCR (Table I ) .  In 
testing of specilllens from 709 dollars exclud- 
ed from donation because of an elevated 
ALT level ( > 4 j  IU/inl), 11 ( l . j0h)  were 
HGV RNA-positive. Thus, dollars with el- 
evated ALT levels were no Illore likely to he 
carriers of HGV than were dollars with nor- 
mal ALT levels, Kone of the donors i m ~ l i -  
cated in transf~~sion-mediated HGV trans- 
mission (Fig. 2 )  had an elevated ALT level 
at the time of donation. 

Delnollstratioll of replication of the vi- 
rus in liver tissue, allillla1 transmission stud- 
ies, and characterization of changes in viral 
seauences and immu11e resuollses over the 
course of infection will he h e l p f ~ ~ l  steps in 
~lndersta~lding the f ~ l l l  pathoge~lesis of 
HGV i~lfection. Epidemiological studies 
based on immunoassay approaches \\.ill help 
to establish the overall prevalence and clir- 
ical sig~lificance of H G V  infection. Further 
studies are required to determine the natu- 
ral history of HGV infection and to estah- 
lish its f ~ ~ l l  clinical sienificance. both in the 

L- 

setting of single infectio~l and in relati011 to 
other k ~ ~ o \ v n  and recently described hepa- 
titis viruses. 
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