
agno, S L. Dalton, R K. Assoian. ibld. 122. 461 
(1 993). 

4 M. P h p p e  and J. M. Roberts, Cell 66. 121 7 (1991 1; 
F. Fang and J W. Newport, ihid.. p.  731 ; C. J Sherr, 
!bid. 73, 1059 (1993); E A. Nigg, BloEssap 17 471 
(1995); J Pines, Biochem. J. 308. 697 (1995); A. Koff 
e ta l  J. CelIBiol. 130 755 (1995), M Ohtsubo A. M. 
Theodoras, J. Schumacher, J M. Roberts, M Pa- 
gano. Mol. Cell. Blol 15, 261 2 (1995). 

5, Cells were cultured in 10-cm dishes until they were 
70"" confluent, synchronized by incubating in serum- 
free medium [Dulbecco s minimum essential medium 
IDMEM) supplemented with bovine serum albumin 11 
mglml) bovine insulin 15 p.g/ml), transferrn (5 p.g:ml). 
and sodium selenite (5 nglm)] for 48 to 72 hours, and 
then stimulated by transfer into DMEM containing 
209.0 fetal bovine serum (FBS). For the attached c u -  
tures ce!ls were alov!ed to reattach to tissue culture 
dishes. For the suspended cultures, cells were gently 
scraped from tissue culture dishes, separated by cen- 
tr iugatoi  and resuspended in DMEM supplemented 
with 209.0 FBS and 1% Methocel [J. Rhenwad and H. 
Green, Ce112,287 (1 974;]. Hydroxyurea. an inhibitor of 
DNA synthesis, was added at 1 or 2 mM to the c u -  
tures to prevent any of the cells from progressing into 
the S phase of the ce I cycle. The cell suspension was 
sealed in a50 -m Corning tube, gassed with sterile 5% 
GO2. and incubated in a rolling incubator at 37'C. 
Methoce 11 9.0) had no effect on the protein kinase 
act?,ity of CDK2 in atrached cells. 

6 F. Fang, G. Orend, N. \n!atanabe, T. HLI~;~. E. Ruos- 
ahti, unpublished data. 

7, Immunoprecipitations and in vitro kinase assays 
were performed as described [H Matsushme et a / ,  
Mol. Cell. Biol. 14, 2066 (I99d)j, with the exception 
that 1 k g  of gutathone-S-transferase-pRb1768- 
9281 fusion protein was used in each kinase reaction. 
Antibodies were from the foov!ng sources. Antsera 
to CDK2 (SC-163), CDK4 (SC-260) CDK5 (SC-I 73), 
CDK6, and CDK7 (SC-529) were provided by M. 
Pagano or were from Santa Cruz Biotechnology, an- 
tiserum to c y c n  D l  was from S. Reed. Santa Cruz 
Biotechnology (SC-4501, or Upstate Biotechnology 
(06-137); antibodies to cyclin E (SC-248 SC-198), 
c y c n  H (SC-8551 c y c n  D2 (SC-1811, and cycln D3 
(SC-182) were from Santa Cruz Biotechnology; an- 
tiserum to p2lL1I" was provided by S. Elledge or 
obtained from Oncogene Sciences (OP64,OP68) or 
Pharmingen (15091A), antiserum to p274-' was 
from Transducton Laboratories (K25020) or Santa 
Cruz Biotechnology (SC-776, SC-5281' and antser- 
um to ~ 5 7 ~ ' ; '  was provided by W!. Harper 

8. T Kakunaga, Proc. Platl. Pcad. S ~ I .  U.S.A. 75. 1334 
(1 978). 

9. Y. Gu, J. Rosenblatt, D 0 Morgan EI"dBO J 11 
3995 (1 992). 

10. KD cells were synchronized in serum-free medium 
for 2 days, and then cultured attached or suspended 
for 20 hours in DMEM supplemented with 109.0 FBS 
and 1 mM hydroxyurea as described 15). The cells 
were transferred to phosphate-free DMEM supple- 
mented with 20% dialyzed FBS and 1 mM hydroxyu- 
rea, and incubaied for 1 hour The cells in each 
10-cm dish were then sv~itched to 5 m of fresh 
phosphate-free DMEM containing 20% dialyzed 
FBS, 1 mM hydroxyurea, and 5 m C  of [32P]ortho- 
phosphate, and incubated for 6 hours. Suspended 
cells v!ere incubated similarly except that the phos- 
phate-free medium contained 1 Yb Methoce Cells 
were later collected and ysed v!th radioimmunopre- 
cipitation assay buffer, Immunoprecipitation was 
performed as described (7).  

11. 'A! J Boyle, P, van der Geer, T. Hunter, iiiletiiods 
tizyrnoi. 201, 110 11991) 

12. G Draetta, Trends Cell Biol. 3 287 (1993). 
13. J Shuttleworth, R Godfrey, A. Colman, EilABO J. 9, 

3233 (1990); R. Y. C. Poon, K Yamashita, J. P 
Adamczewski, T Hunt J. Shuttleworth, ibid. 12, 
3123 (1993): M. J Solomon, J. W. Harper, J. 
Shuttleworth, !bid . p.  3133; R. P. Fisher and D. O 
Morgan Cell 78, 71 3 (1 994): T P Makela et al  , 
Nature 371,254 ( I  9941, R Y. C. Poon and T. Hunter, 
Curr. B~ol. 11 , 1243 (1 995). 

14 J.-P. Tassan, S J. Schultz, J. Bartek, E A. N~gg, J 
Cell Biol 127, 467 (1 994). 

15. R. Y. C. Poon andT. Hunter, Sclence270,90 (1995) 

16. T. Hunter and J. Pines. Cell 79. 573 (1994): S J 
Eedge and J. W Harper. Curr Opin. Cell Biol. 6, 
847 (19941, C. J. Sherr and J M. Roberts, Genes 
Dev. 9 .  I I 49 (I 995). 

17. K. Poyak etal., Cell78, 59 (1994); 0 Aprekova Y. 
Xiong, E. T. Liu, J. Biol. Ciiem. 270, 181 95 11 9951. 

18. M. Pagano et al., Sclence 269 682 ( I  995) 
19. H. Z. Zhang, G. J Hannon. D Beach, Genes Dev 8, 

1750 (1 994). 
20 p 2 I L 1 "  inhibited Tyr15 phospho~~lat ion in c y c n  

A-CDK2 complexes by \n!eel in ?,itro 1R. Y C. Poon 
and T. Hunter, unpublished data). 

21. I. Reynsdottr, K. Poyak, A avarone. J. Massague, 
Genes Dev 9. 1831 (1 995). 

22. T. M. Guadagno, M. Ohtsubo, J. M. Roberts R. K. 
Assoan. Science 262. 1572 119931. 

23. J. Pines and T. Hunter, Nature 346, 760 (1991); F. 
Grard. U. Strausfed. A. Fernandez, N J. C. Lamb, Cell 
67. I I 6 9  11 991 1: M. Pagano R. Pepperkok ;. Verde 
W. Ansorge, G. Draetta. E?/lBO J. 11, 961 (1992). 

24. J. E Meredith, B. Fazeli, M. A. Schwartz, Idol. 6101. 
Cell4, 953 (1 993) S M. Frsch and H. Francs, J. Cell 

Biol. 124, 61 9 11 9941, E. Ruosaht and J C. Reed, 
Cell 77, 477 11 9941. 

25. M D. Schaler and J. T. Parsons. Trends CellBiol. 3. 
258 (1993); E. A Clark and J. S. Brugge Sclence 
268. 233 (1 9951. 

26. We thank J. Wanq for the qutatathione-S-trans- 
ferase-pRb (768-928) fusion~protein, and M. Pa- 
gano, S. Reed, S. Elledge. w!. Harper. R. Brent, and 
R. Poon for antibodies and other help with this work. 
Supported by grants CA 60725. CA 67224 and CA 
28896 and Cancer Center Support Grant CA 30199 
(E.R.) as w e  as grant CA 37980 (T.H.1 from the 
National Cancer Institute T.H, is an American Can- 
cer Society research professor N W s a staff scen- 
tist of the Tsukuba Life Science Center at the lnst- 
tute of Physical and Chemical Research 1RKEN1 in 
Tsukuba. Japan, and is a recipient of a long-term 
fellowship from the Human Frontier Science Pro- 
gram. G.0 ,  was supported by a fellowship from the 
Deutsche Forschungsgemenschaft, Germany. 

5 October 1995; accepted 15 November I 995  

Angiotensin !I-forming Activity in a 
Reconstructed Ancestral Chymase 

Unnikrishnan M. Chandrasekharan, Subramaniam Sanker, 
Manuel J. Glynias, Sadashiva S. Karnik, Ahsan Husain* 

The current model of serine protease diversity theorizes that the earliest protease mol- 
ecules were simple digestive enzymes that gained complex regulatory functions and 
restricted substrate specificities through evolution. Among the chymase group of serine 
proteases are enzymes that convert angiotensin I to angiotensin II, as well as others that 
simply degrade angiotensins. An ancestral chymase reconstructed with the use of phy- 
logenetic inference, total gene synthesis, and protein expression had efficient and specific 
angiotensin Il-forming activity (turnover number, about 700 per second). Thus, angio- 
tensin Il-forming activity is the more primitive state for chymases, and the loss of such 
activity occurred later in the evolution of some of these serine proteases. 

Chytnases are a farn~ly of closely related 
mast cell serlne Droteases that are 111vol1red 
in diverse functions such as peptide hor- 
rnone processing ( I -4), the  inflall~lnatory 
response (5), and parasite expulsion (6) .  
Although all chymases resemble chymotryp- 
sin in that they hydrolyze peptide bonds at 
the  COOH-termini of hydrophobic aromat- 
ic residues (such as Phe, Tyr, and Trp) ,  the 
use of an  extended substrate-binding site 
allows a remarkable decree of selectivity in  - 
the bonds that are ul t~matel \  hydrolyzed 
(7 ) .  For example, human and baboon chv- 
lnases efficiently form the potent vasocon- 
strictor hormone angiotensin (Ang)  I1 by 
cleaving the  Phe"His9 bond in Ang  I (2) .  
In  the  ~ r i r n a t e  heart and its vessels, chy- 
tnase is a major Ang  IILforming enzyme (8, 
9). In  contrast to chymotrypsin, which de- 
grades Ang  11, the  high specificity of human 
chytnase is illustrated by the  fact that it 
does not cleave the Tyr4-Ile5 bond in A I I ~  
11, and thus the generated Ang  I1 is not 
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degraded (2) .  Rat chymase-l readily de- 
grades Ang  I and Ang  I1 (3). 

Is the  specificity observed in some chy- 
rnases ( that  is, the  forlnatioll of Ang  I1 
\vithout its subseauellt de~rada t ion)  an  ear- - 
Iy or late feature of evolution? Parsimony- 
based reconstruction of ancestral ribonucle- 
ase (10) suggested that a similar approach 
could he used to reconstruct the  orieinal " 
state for chylnase evolution. LVe created an  
a l~gnlnent  of chylnase and related leukocyte 
serine protease sequences by using several 
conserved primary and secondary structural 
motifs as anchors (Fig. 1 ) .  T h e  most parsi- 
monious phylogenetic tree of leukocyte 
serine proteases was inferred by parsitnony 
analysis, which has been shown to  accurate- 
ly predict known phylogeny ( I  I ). T h e  boot- 
strap value (95%) supports the segregation 
of chymases as a distinct group of enzyrnes 
\vithin the  leukocyte serine protease family 
of enzymes. LV~thin the chylnase group of 
enzymes, human chymase, baboon chymase, 
dog chymase, and mouse chymase-5 form a 
distinct subgroup that n.e have classified as 
a-chymases (bootstrap value, 98?h). Al- 
though we classified the  remaining known 
lnatnrnalian chymases as P-chymases, the  
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moderate bootstrap value (7896) assigned t o  
this branch tnakes it less certain whether 
the P-chymases represent a homogeneous 
subgroup. Hoxeve r ,  we believe that  the 
topology o f  evolutiotlary relations predicted 
bj- parsirnolly is the  best estinlate o f  the  true 
phy loget~y  o f  the leukocyte serine protease 
sequences, because analysis o f  these se- 
quences b y  the  unweighted pair-group 

t l lethod o f  ar i th lnet ic averages yieldeJ a 
tree xith a n  ident ical  topology. 

T h e  predicted sequence o f  the  226-resi- 
due ancestral chymase (Fig. 2) was recon- 
structed by  parsilnony analysis (node +, Fig. 
1B); 93.4'' o f  these residues xe re  deter- 
l n i ~ l e d  ~ ~ ~ ~ a ~ n b i g u o ~ ~ s l y  by  pars i~no l ly  analy- 
us. Assignments for the  rel l la in i l lg 15 resi- 
dues were made f rom chylnase sequences 

(Fig. 21%). T h e  ancestral chylnase differs 
f r om k l l o ~ v n  chyrnases b y  52 t o  100 residues 
(23 t o  34% difference) (Fig. 2B). Because o f  
the number and x i d e  d i s t r i b u t i o ~ ~  o f  these 
chat~ges (Fig. 2 A ) ,  we founL1 it necessary t o  
che~n ica l ly  synthesize the ent i re gene for 
the ancestral chymase. Th i s  gene was con- 
structed w i t h  the  hutnan chymase signal 
and ac t i va t i o~ l  peptide sequences, and re- 

Fig. 1 .  Alignment and phylogenetic relat~ons of several leukocyte serine B 
proteases (I 7). (A) Alignment of chymases (Chy), granzymes [Gr and KCP 
i k e r  cell protease)]. cathepsrn G (CathG), and kalikrerns (Kal). The prefrxes m - G ~ D  
h, b, d, r, and m refer to sequences from human. baboon, dog, rat. and 78 71 m-GrB 

Branch length 
mouse, respectively [see (13) for sources]. The numbering system used here of substitutions, 72 ( 

r-KCPI 

is based on the sequence of the mature human chymase. Aster~sks denote - h.GrB 

0 25 50 I m.GrC 
resdues that are consemed n a serne proteases described here: dashes h - c a t h ~  

indcate agnment gaps. Enzyme sequences were trimmed to remove signal 
aiid act~vat~on pept~de sequeiices. Where necessary, COOH-terni~nal se- 
quences of some enzymes beyond residue 226 (chymase numbering) were P-Chyrnases 
also deleted, (B) Phylogenetc reatons withn leukocyte serine proteases as m-chy4 

derved from parsimony analyss of the 23 aligned enzyme sequences shown m-chy i  

in (A). Parsmony trees were Inferred with PAUP (18). The trees were rooted 
with two closely related mouse kalkrein sequences as an outgroup. A heu- 
rstic method was used to find the shortest trees. However, because heurstic 
parsimony agorthms can get trapped in local optima (181, multiple starting 
trees were generated through random addton. One most parsimonous tree 
of 11 71 steps was found by t hs  method. The bootstrap resampling method 
(79) was used to evaluate the support for the internal branches of ths  tree. 
Bootstrap percentages from 525 repcations are shown on each supported 

At 

branch; values below 60 are omitted for clarity. (1 Indicates the ancestral chymase node. The bar labeled At IS the dstance from the root to the most dvergent tip. 



A 6 
. . . . * . * * . .  . . . . . .  * * * *  * * * * * * * * * .  * . . . *  t*t.. * . . . . . * . *  t 
IIGGYESKPH SRPYMAYLKI VTWGYKARC GGFLIRRNFV LTAAHCRGRS 50 an-Chy d-Chy h-Chy b-Chy m-Chy5 r-Chyl r-Chy2 m-Chyl m-Chy2 m-ChyL 

d-Chv 75 - 
* * . * . . * . * *  **t.*,*.** ***.**t*** * *  t * tt**.. * . . . . * * * * *  h-ch i  77 82 - 

ITVTLGAHNI NKKEPTQQKI -mKQFPHPK YNDSTLFNDI MLLKLKEKAK 100 b-Chy 77 82 97 - 

m-Chy5 66 73 75 76 - 
****.*tt** **$t*.t*.. * . . *  t *  . . . *  ******t.*. . $ . . $ * * * * *  r-Chyl 72 61 61 61 56 - 
LTSAVELPL PSPEDFVKPG KMCRVAGWGR TGVNEPGSDT LREVELRIMD 150 r-Chv2 69 58 59 59 54 72 . 

NDAKPPAVFT RISHYLPWIN KVLKSK 226 

Fig. 2. (A) Primary structure of the ancestral chymase at node ili 1F1g. 1 B) 
predicted by ,~arsmony analysis. Except for eight resdues ndcated below, 
the ancestral'chymase sequence was Inferred through PAUP (I 7, 18). The 
numbering system used is based on the sequence of the mature human 
chymase. Resdues consemed In all chymases are indicated by a dot. Non- 
conse~fed resdues In chymases that are found in one or more R- and p-chy- 
mases are indicated by an astersk; those found In one or more a but not 
P-chymases are Indicated by the symbol -1.; and thosefound In one or more P- 
but not ol-chymases are ndcated by the sytnbo $. For I 5  resdues (under- 
ned) ,  parsmony-based assgnments were ambguous. Assignment for seven 
of these residues was arbitrarily determined by PAUP. The remaining 

eght residues were assigned to adjust the net postve charge of the ancestral 
chymase to +18. The net positlve charge on a typical chymase is between 
+ I 2  and +22 and 1s organzed in two clusters. These pos~tvely charged 
clusters may play an important role in binding to heparin wthin the mast cell 
granule and In heparin-dependent zymogen activation (13). The substrate- 
bnding cleft is located centrally but is far from these two charged clusters 120). 
In the flna construction, 3 of the 15 ambiguously assigned residues were 
found exclusively in a-chymases; the rest were found exclus~vely in P-chy- 
mases. (B) Similarity of the ancestral chymase to known chymases. Values 
show percentage dentlty among known chymases and the ancestral chy- 
mase (an-Chy, ancestral chymase; other abbreviatons as in Fig. 1). 

cornbinant protein was generated (1 2 ,  13).  tral chymase specifically cleaves the Phe" 
Kinetic studies revealed two properties His-hond in Ang  I to genel-ate Ang  11, but 

of the ancestral chymase. First, the ances- does not cleave the  T y r ~ I l e i  bond in A I I ~  

Fig. 3. Dfferences in specfictes of D R ~y 1 H p F H L 
rat chymase-1 (r-Chyl), human a 
chymase (h-Chy), and ancestral b 1 

chymase (an-Chyj toward angio- I! 
tensins as shown by h~gh-perfor- 
mance llquid chromatography f 

(HPLC) profiles of degradation of 
Ang I. Tiie-dependent incubations 
(20 to 60 mn)  were performed wlth I 
each protease (2 to 100 fmol) in as- 'T" 

say buffer (20 mM trls-HC buffer, 
pH 8.0, containing 0.5 M K C  and 
0.1 % Triton X-100) contanng 500 
1p.M Ang I;  the products were re- 
solved by reversed-phase HPLC as 
descrbed 17). Only one tme  pont, 

0 2 4 6 8 10 

representng a -50'0 degradation Retention time (min) 

of Ang I .  is shown for each chymase. HPLC peaks occurrng at the retention tme  of Ang I, Ang I ,  Ang 
-(5- lo) ,  Ang 1-(1-4). Ang (9-101, and Ang -(5-8) synthet~c standards are labeled a, b, c. d, e, and f. 
respectvely [the residues contained in each standard are shown (I 7)j. Note that rat chymase-1 cleaves 
the Tyr"lle5 bond in Ang I more rapidly than it cleaves the Phe"Hsg bond, thereby degrading Ang I at 
a much faster rate than ~t can form Ang I l .  Human chyinase and ancestral chymase only cleave the 
Phee-Hsg bond In Ang I. thereby eadng to a stable formation of Ang I .  A,.,, absorbance at 214 nm. 

Table 1. Kinetic constants for Ang I formation from Ang I by human and ancestral chymases, and for Ang 
I degradation by rat chymase-1 (n = 3: K,,,, Mchaeis constant). Kinetic constants were determined as 
described (7). A kot value for the degradation of Ang I by rat chymase-1 could not be determined (ND) 
because two peptide bonds were split simultaneously. 

Enzyme Substrate K,~, (1J.M) kcst is-') kcat% 
(p.M-' s-') 

Human chymase Ang I 40 i- 1.3 146 i- 1.9 3.6 
Ancestral chymase Ang I 166 ir 16 720 i 65 4.3 
Rat chymase-1 Ang l - N D - 

Human chymase Ang I - <0.05' - 

Ancestral chymase Ang l l  - 10.05' - 

Rat chymase-1 Ang ll 55 = 1.6 4.7 = 0.04 0.085 

'Ivlinimum ko, aetectabe was 0.05 s -' 

I and I1 that is sensitive to rat chymase-l 
and ch\-motrypsin (Fig. 3 and Table 1 ) .  
Ancestral chymasedependent  cleavage of 
the  PheCHis" bond is a t  least 1000 times as 
fast as cleavage of the  Tyr4-Ilei bond (Ta-  
ble 1) .  Second, the turnover number for the  
cleavage of the PheS-His" bond by the an- 
cestral chylnase (Itcai = 700 s-') is about 
five tiines that for human ch\-mase and 
about 80  times that for Anp  Ikonvertiner 
en;\-me (14) ;  indeed, it is one of the  highest 
turnover numbers r e ~ o r t e d  for anv Drotease. , 

W e  previously showed that multiple de- 
terminants, both in the  acvl and leaving 
groups of the substrate, are necessary for the  
high specificit\- of human ch\-mase (7), 
which implies that the  extended substrate- 
binding site of human chymase is involved 
in determining substrate specificit\-. Be- 
cause molecular modeling shonred a mosaic 
of a- and P-chymase residues in  the  ex- 
tended substrate-binding site of the  ances- 
tral chvmase. it is unclear which residues 
in this site are responsible for the  observed 
soecificitv. W e  believe that  the  15 resi- 
dues in  the  ancestral chymase sequence 
that  could no t  be assigned unambiguo~~sl\-  
(Fig. 2 )  did not  bias the  kinetic results in 
favor of Ang  11-forming activity (a-chy-  
lnase phenotype),  because ( i )  only 3 of 
these 15 residues were from a-ch\-mases, 
and (ii)  molecular modeling indicated 
that  none of these 15 residues occur in the  
substrate binding site, and hence they are 
~lnlikel\- t o  alter specificity. These results 
imply that before a- and p-ch\-mases di- 
verged, the  ancestral chymase was a n  effi- 
cient Ang  11-forming enzyme. Thus,  chy- 
mases nrith lower substrate specificity [for 
example, rat chymase-l ( 3 ) ]  must have 
evolved later for less discrete digestive 
f~lnct ions;  however, more recol~structions 
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are required ti> determine a t  ~v l i a t  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 
~soenzr-mes ha\-e been identifled in  mice 

and tn.o in rats. Four of the  fil-e mouse 
chymases are of the  p subtype, and one  is 
of the  a subtype; both  rat chylliases are of 
the  p subtype (13) .  O n e  possibility that  
could explain this distribution of ch\-mase 
lsoenzvliies 1s that  the  a- and B-clivmases 
split adapt n ~ h e n  rodents branched i>if from 
other  mammals. Lyle belleve, holvever, 
that  the  divisii>n into a- and p-isoenzymes 
occurred li>ne before ~iialnlnals branched 

b 

off from theraps~ds because mouse chy- 
mase-5 segregated from other  rodent cliy- 
lnases as an  a-chymase (bootstrap value, 
98%; Fig. IB).  This hypothesis implies 
that  humans and habi>ons 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 
nonmammalia!l species ( I 5), but pathways 
for its synthesis ha.\-e been expli>red 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 for~ilation occurred early in  ver- 
tebrate evolut~i>n.  

REFERENCES AND NOTES 

1 .  C F. Reily, D. A. Tewksbdry, N. M Schechter, J. 
Tra\/is. J. Biol. Chem. 257, 861 9 (1 982) 

2 t i  Urata, A. Kinosh~ta, K S. M~sono, F M Bumpds, 
A Husan, ibid. 265 22348 (1 990) 

3 H. Le Trong. H Neurarh, R G. W o o d b u ~ ~ ,  P1.o~ 
iA!atl. Acad. S o  U.S A. 84, 364 (1 987). 

4. G. t i  Cauyhey, F. L e ~ d y  N F Vlro. J A. Nadel, J 
Pharniacoi. E w .  Ther 244, 133 (I 988). 

5 S. D Bran andT. J Wliams, #\!a:i,~.e 335 73 (1 988) 
6 R G. V\ 'oodbu~~ et a/., ibia'. 31 2, 450 (1 984) 
7 A. K~nosh'ta H. Urata F. M, Bdmpus. A. Husain, J. 

Biol. Ct~ern. 266 191 92 (1 991 i. 
8. t i .  Urata et ai., J. Cii:' lnvesr. 91. 1269 (1 993). 
9. B. D. Holt st a/. !b!d 95. 151 9 (1 995). 
10 T. M. Jermann. J. G. Op~tz. J. Stackhouse S A 

Benner, 'l'arure 374 57 (I 995:. 
1 1  D. M Hi is.  J. J Bull, M. E. Whte M. R. Badyeit, I J 

Molnedx Science 255. 589 (1 9921 
12. H. G Khorana. i ~ i a .  203. 61 4 (1 979) 
13 M Murakam~, S. S. Karnk. A tiusan. J. B~ol. Chern. 

270, 221 8 (1 995) and references therein 
14 E G. Erdos and R A Skidgel, Biocheni Soc. Trans. 

13, 42 (1 9851 
15. I. W Henderson, J. A Oliver. A. McKeever, N Ha- 

zon. In Aa'vances 1n Animal and Com~arative Physi- 
oiogy, G. Pethes and V. L. Frenyo. Eds. (Pergamon. 
New York, 1981). pp 355-363 

16 L. M Pastor e i  ai . J Subni~ciasc. Cytol. Pathol. 20, 
25 (1988) R tiakanson er ai., H!stochemistr)y 86, 5 
(1 986) 

17. Abbreviatons for the amlno acid restdues are as 
follows: A. Ala: C. Cys. D, Asp, E, GILI: F, Phe, G, 
Gly; t i ,  His, I .  e .  K, Lys. L. Leu; M. Mer, N. Asn, P, 
Pro. Q Gln; R Arg. S Ser, T Thr. \I. Val. W, Trp: 
and Y, Tyr 

1 9. D L Swofford PAUP. Phy'ogenetic Ana'ysis Usi,qg 
Paisimony verslon 3.0 (Center for Biodivers~ty, I -  
nois Natdra History Sur~ey Champaign. L ,  1992). 

19. J Fesenstein Evo~ution 39, 783 (1 985). We thank V\' G~ber t  for liepidl criticsm D N ' k  for 
20 S. J. Reinmington R G, i'!oodbur),. R. A. Reynolds. exceeni technca assstance. and C Kassuba for 

B W, Matthews, H Neurath, Biocheniist1y27, 8097 edl-orla assistance 
(1 988) 

21. Sdpported by NIH grants HL44201 and HL33713. 21 kdgdsi 1995, accepted 2 1 Novelnber I 995 

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, 
Eugene Koonin, Margaret Gallagher, Miriam Alter, 
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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>ugli  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 cornmu- 
nity-acquired hepatltis (3) cases has re- 
mained undefine'i, suggesting the  existence 
of additional causative agents. T o  identlfy 

J L~nnen, J. \?!ages Jr, Z.-Y Zhang-Keck. K E FQ~, K 
Fdny L. Young, M. Piatak Jr. C, Hoover, J Fernandez, S 
Chen J.-C Zou, J. D. L~fson S. K. t i .  Foung. J. P Kim, 
GenelabsTechnolog~es Redv~ood Cty. CA 94063, USA 
K Z. Krawczynsk~, M. Gallagher M Alter, T. Morr~s, H. 
Margos Hepatltls Branch. Centers for Dsease Control 
and Preventton. Atlanta GA 30333, USA. 
t i  Alter. Y Nakatsu!~, J W.-K. S l i~h Department of 
Transfusion Medlcne. Nat'ona nstltutes of Health, Be- 
thesda MD 20205 USA 
E. Koonin Nat'ona Center for Biotechnoloyy nforma- 
tion, Natona Llbra~; of Medcine. Natona nstltutes of 
Health, Bethesda, MD 20894, USA 
S, Hadzlyannls, Academic Department of Mediclne, t i p -  
pokraton Hospital, Athens. Greece 
P Karayanns and H. Thomas, Department of Medcine, 
St Mary's tiospita Medlca School, London. UK 
K C Hyams, Naval Medical Research Institute. Rock\/ile, 
MD 20852, USA 
S smay, New South Wales Red Cross Blood Transfu- 
s'on Sewce Sydney, Adstrata 
G Hess, Boehrlnger Mannhelm GmbM, D68305 Mann- 
heim, Germany. 
D Bradley, 2938 Kelly Court, Lawrence\/~lle. GA 30244, 
USA 

"Presenr address: Departlnent of Pathology, Sranford 
Unversity, Sranford. CA 94304, USA. 
+To whom correspondence sho~ild be addressed 

such a n  agent, designated hepatitis G virus 
( H G V )  (4), molecular cli>ning was initially 
perfornied ~v,vltli plasma from a patient des- 
~gna ted  PNF2161, n h c  was originally iden- 
tified as having no11-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 was initially believed not to be 
infected with hepatitis C virus ( H C V ) ,  on 
the basis of consistently negative results 
n i t h  a flrst-generation immuni>assay ( the  
Ortho H C V  ELISA Test System; Ortho 
Diagnostics, Raritan, New Jersey). Howev- 
er, subsequent testing \vlth a second-gener- 
ation H C V  immunoassay (also fro111 Ortho)  
and a polymerase chain reaction (PCR)  
assay based on H C V  5 '  untranslated region 
pri~uers (5) demi>nstrate~i that PNF2161 
xas  infected n i t h  HCV.  

L~brary ci>nstruction and ~mmmlni>- 
screening ~ i t h  plasma from PNF2161 were 
performed as described (6) .  Sequence anal- 
ysls of ~mmunoreactive cli>nes isolated from 
the PNF2161 h g t l l  library revealed HCV-  
related sequences as well as several sequenc- 
es that did not lnatcli any in the GenBank 
database (7). PCR primers designed fri>m 
these nonmatching sequences were used to 
deterlnine that they lvere exogeni>us ti> 
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