
suruosition in a native ecosvstem. The data 
L L 

presented here demonstrating that her- 
I~ivory by Serengetl grazers tangibly accel- 
erates the mineralization o i  tnio minerals o i  
considerable ilnportance in animal nutri- 
tlon are consistent \vith simulation res~llts 
from grassland ecosystem models (3) .  In 
addition, they indicate that the accelerated 
recycling of plant-available Na is probably 
the ~neclia~iisln leading to levels of tliat 
a~linial nutrient In grazer-exploited 
Serengeti grasslands that are sufficient to 
alleviate nutritional shortage in the grazers, 
particularly reproductive felnales and gron-- 
mg y o ~ ~ n g  (5). 

blamnlalian herbivores have been perva- 
sive in grasslallds through evolut~onarv time " " 

(12), their levels of forage co~is~~mpt ion  are 
cons~derable 16. 13). and the allimals accel- 
erate rather than retard nntrient cycling. 
The intensity of the plant-herbivore interac- 
tion in grasslands, and its evoh~tionary an- 
t i~u i tv ,  lnav have attenuated detri~llental in- 

A ,  

teraction iffects through coevolution (1) .  
Overgraring of grasslands, on the other 
liand, which 1s commonly associated with 
the replacement of free-ranging wild herbi- 
vores w-ith livestock and the resulting higher 
an~mal  densities (14), often causes the re- 
placement of highly palatable forages (15) 
that proii~lce easily deconiposable litter (1G) 
~vi th other rlant species of lon-er nutritional 
cl~~ality and decomposability. 

These data ~ ~ r o v i d e  evidence that a ter- 
restr~al grazer can modify ecosystem pro- 
cesses in such a n-av as to alleviate m~tr i-  
tional def~ciencies and, therefore, plausibly 
to elevate the carrying capacity of the eco- 
system. The data also identify accelerated 
n ~ ~ t r i e n t  cycling as an important property of 
habitats that are cr~tical to large ~ n a m ~ n a l  
conservation (16). The coupling of ani~iial 
site prefere~ice with nutritio~lal effects 
could prov~de a guide for identifying sites 
essential for planning large lnammal conser- 
vation in natural ecosystems. In addition, 
the presence of such sites, and the role of 
mammals in niaintaining them, provide 
clear evidence that habltat deterioration is 
not an inescapable consequence of in- 
creased density of orga~lisms (1 ). 
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Hyaluronan Synthase of Chlorella Virus PBCV-I 
Paul L. DeAngelis,* Wei Jing, Michael V. Graves, 

Dwight E. Burbank, James L. Van Etten 

Sequence analysis of the 330-kilobase genome of the virus PBCV-I that infects a 
chlorella-like green algae revealed an open reading frame, A98R3 with similarity to several 
hyaluronan synthases. Hyaluronan is an essential polysaccharide found in higher animals 
as well as in a few pathogenic bacteria. Expression of the A98R gene product in 
Escherichia coli indicated that the recombinant protein is an authentic hyaluronan syn- 
thase. A98R is expressed early in PBCV-1 infection and hyaluronan is produced in 
infected algae. These results demonstrate that a virus can encode an enzyme capable 
of synthesizing a carbohydrate polymer and that hyaluronan exists outside of animals 
and their pathogens. 

Hyaluronan or hyaluronic acid (H.%), a 
~nelnber of the ~~~~~~~~~~~~~~~~ca family 
that also includes heparin and chondroitan, 
is a linear polysaccharide composed of alter- 
nating @ 1 ,4-gluc~1ronic acid (@ 1.4-GlcA) and 
@ 1 ,3-AT-acetylgl~~cosailline ( @  1 $3-GlcNAc) 
groups. Typically the fi~ll-length polymer 
chains are composed of lo3  to 10' monosac- 
charides (10" to 10' daltons). HA is an im- 
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portant structilral ele~nent in the 1-itreous hu- 
mor of eye, synovial fluid, and skm of verte- 
brates (1 ) .  F~lrt11ermoi-e. HA Interacts ~vitli 
proteins such as CD44, RHAL?bI, and fibrin- 
ogen, thereby ini l~~enci l~g many nat~lral pro- 
cesses s~~clh as angiogenesis, cancer, cell mo- 
tility, rvound healing, and cell adhesion (2). 
t1;i also colistit~ltes the extracell~llar capsules 
of certain bacterial patllogens such as g r o ~ ~ p  .4 
and C St~eptococius and Pasteti~elin tnultoctdn 
type A (3 .  4). These capsules act as virulence 
Qctors tliat protect the microbes fro111 phago- 
cytosis and complelnelit d ~ r i n g  infection (5.  
6 ) .  Beca~lse H.4, a component of the host 
tissues, 1s not normally im~nunogenic, the 
capsule serves as lnolecular camouflage (7). 

HA synthases (HASs) are integral mem- 
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brane proteins that polymerize the HA mol- 
ecule using activated uridine diphosphate 
(UDP)-sugar nucleotides as substrates. 
Amino acid sequences for some HASs have 
been deduced from gene sequencing (8); 
their sizes range from 419 to 588 residues. 
The vertebrate enzymes (DG42, HAS1, 
HAS2, and HAS3) and streptococcal HasA 
have several regions of sequence similarity. 
Recently, while sequencing the double- 
stranded DNA genome of virus PBCV-1 
(Paramecium bursaria chlorella virus), we 
unexpectedly discovered an open reading 
frame (ORF), A98R (GenBank accession 
number U42580), encoding a 568-residue 
protein with similarity to the known HASs 
(28 to 33% amino acid identity in pairwise 
comparisons by FASTA) (Fig. 1). 

PBCV-1 is the prototype of a family 
(Phycodnaviridae) of large (175 to 190 nm 
in diameter) polyhedral, plaque-forming vi- 
ruses that replicate in certain unicellular, 

eukaryotic chlorella-like green algae (9). 
PBCV-1 virions contain at least 50 differ- 
ent proteins and a lipid component located 
inside the outer glycoprotein capsid ( 10). 
The PBCV-1 genome is a linear, nonper- 
muted 330-kb double-stranded DNA mole- 
cule with covalently closed hairpin ends 
(11). 

On the basis of its deduced amino acid 
sequence, the A98R gene product should be 
an integral membrane protein. To test this 
hypothesis, we produced recombinant A98R 
protein in Escherichu coli and assayed the 
membrane fraction for HAS activity (12, 
13). UDP-GlcA and UDP-GlcNAc were in- 
corporated into polysaccharide by the mem- 
brane fraction derived from cells containing 
the A98R ORF on a plasmid, pCVHAS, 
(average specific activity of 2.5 pmol of 
GlcA transferred per minute per microgram 
of protein), but not by samples from control 
cells (<0.001 pmol of GlcA transferred per 

Fig. 1. Sequence similarity of HASs. The Multalin program (26) was used to align the amino acid 
sequences of HASs Xenopus laevis DG42, human HAS2, PBCV-1 A98R, and Streptococcus pyogenes 
HasA (red, 90% consensus; green, 50% consensus, as calculated by Multalin) (8). In the consensus 
sequence, the symbols are: !, any one of I or V; $, any one of Lor M; %, any one of F or Y; #, any one 
of N,D,E, or Q. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M,  Met; N,  Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 
T, Thr; V, Val; W, Trp; and Y, Tyr. 
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minute per microgram of protein). No activ- 
ity was detected in the soluble fraction of 
cells transformed with pCVHAS. UDP- 
GlcA and UDP-GlcNAc were simulta- 
neously required for polymerization. The ac- 
tivity was optimal in Hepes buffer at pH 7.2 
in the presence of 15 mM MnC12, whereas 
no activity was detected if the metal ion was 
omitted. The ions Mg2+ and Co2+ were 
-20% as effective as Mn2+ at similar con- 
centrations. The P. multocida HAS (14) has 
a similar metal requirement, but other HASs 
prefer Mg2 + . 

We also tested the specificity of recombi- 
nant A98R for UDP-sugars (15). Only the 
two authentic HA precursors were incorpo- 
rated into polysaccharide; neither UDP-ga- 
lacturonic acid (UDP-GalA) nor UDP-N- 
acetylgalactosamine (UDP-GalNAc), the 
C4 epimers of UDP-GlcA or UDP-GlcNAc, 
respectively, were incorporated. Likewise, 
UDP-glucose (UDP-Glc) was not polymer- 
ized in place of either HA precursor. This 
strong substrate specificity for UDP-GlcA 
and UDP-GlcNAc is a general feature of the 
HASs HasA (13) and DG42 (1 6). 

The recombinant A98R enzyme synthe- 
sized a polysaccharide with an average mo- 
lecular size of 3 x lo6 to 6 x lo6 daltons 
(Fig. 2), which is smaller than that of the 
HA synthesized by recombinant HasA or 
DG42 in vitro (-lo7 daltons and -5 x lo6 
to 8 x lo6 daltons, respectively) (13, 16). 

Fig. 2. Size exclusion chromatography of polymer 
product of recombinant A98R HAS. Membranes 
derived from E. colicells transformed with oCVHAS 
were incubated with both radiolabeled HA precur- 
sors diluted to the same specific activity (27). After 
deproteinization and removal of unincorporated 
precursors, samples were injected onto a 
Sephacryl S-SOOHR size exclusion column, and 
the radioactivity in the fractions was measured 
solid squares; 14C, solid circles). A duplicate sam- 
ple was treated with HA lyase before deproteiniza- 
tion and chromatography open squares; 14C, 
open circles); no polymer remains after digestion. 
Size standards: V, arrow, void volume, HA derived 
from recombinant streptococcal HasA (17 ml; 
22  x lo7 daltons) (13); crosshatched box, blue 
dextran (29 to 32 ml; average molecular size 2 
x 1 O6 daltons; Pharmacia); V,i arrow, totally includ- 
ed volume, UDP-sugars (37 ml). 
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T h e  polysacc11~1riJe was completely degraded 
by Str2pton1?crs hyiliti~olyticifi H,A lyase% an  
en:yme that iiepol!-merires H A  hut not 
structllrall\- related gl \ -cosai~~inoglyc~i~~s such 
as l ~ e p a r i l ~  an,i c l~ol~droi tan ( 17).  

\X7e e x a m i ~ ~ e d  PBC17- 1-infecteJ chlor- 
ella cells for A98R gene expression. Aq 
-1720-l~ucleotide ,198R transcript ap- 
peared ahout 15  mil^ after intectiol~ and 
disappeared hl- 62 ~lli l l  after ilitection ( l a ) ,  
inilicating that -198R is an  early gene. Con-  
secluentlv, Lve c~ssaye~i membrane fr,ictions 
from uninfected and PBCV-1-infected 
chlorella cells at 50 and 90 lllill after infec- 
tlon fbr H A S  activity. Infected cells, hut 
not ~111111fected cells, had activity (Table 1 ) .  
Llke the hacteri'11ly ileri\-ed recombinant 
A98R enzyme, r,iiiio,icti\-e label incorpora- 
tion troll1 UDP-["CIGlcA into polys.iccha- 
riJe depel~deii o n  both h 1 n Z  and UDP- 
GlcNAc. This labeled prociuct was '~lso de- 
graileii by HAq lyase. Disrrlpted PBCV-1 
virions had no  H A S  acticit!-. 

PBC\7-l-inkcteil chlorella cells were 
anal!-red for HA polysaccharide b!- means of 
a highly specific "'I-l,3heled H A - b i n d ~ l ~ g  
protein (19.  2C). Extracts from cells at 50 
and 92 11lil1 after ~ l l f ec t io l~  col l ta i~le~l  sub- 
stantial amoul~ts  of HA (2.7 and 1402 ng 
per ~ ~ ~ i c r o g r ~ ~ ~ ~ l  of protein, respect~vely), but 
not extracts from unintecteil algae (<0.04 
11.: per microgram of p r o t e ~ n )  or d~srupted 
PBC\(.-l \-isions (<?.?-I ng per microgram 
of dry n e ~ g h t ) .  T h e  labeled HA-biniling 
protein also interacted n.it11 intact ~nfected 
cells at 50 and 9C mi11 after ~nfec t io l~ ,  but 
not Ivith healthy cells (21).  Therefore, a 
consi;ierable portion of the nen-ly synthe- 
s ~ r e d  HLq polysaccharide was immobi1i:ed at 
the outer cell surface of the infected algae. 

Table 1. HAS actlvity of membranes derved from 
Ciiiore!is cells infected wlth PBCV-1. The mem- 
orane fractions (370 1p.g of protein) frorn unn- 
fected c e s  or cells at 53 and 90 min after infec- 
t on  la.i 1 were assayed wlth UDP-['4C]GlcA (60 
lp,M 0.32 I.I,CI) In parallel reactions containng the 
folowng col~ponents as Indicated (300 p.M UDP- 
GIciVAc or 15 mM MnCI; or both) for a hour at 
30°C (28) HAS specfc actvty :presented as p -  
cot-ioes of [-4C]GlcA transferred per hour per ITI- 

g ram of proten) was detected in the algal mem- 
banes after infecton with PBCV-' . b,lt not in un- 
infected cells 

LDP- Ivl112- HAS speclfic 
GlcNAc activty 

Lninfected - + 5 6  
- - 5 6  
- + 5 6  

50 t-iln a i - + i 2  
- - 5 6  
- + 5 6 

90 r ~ n  a I + + 173 
+ - 5 6 
- - 5 6 

T h e  extracellular HA does not play a117 
ol3vious role in the interaction l.etn.ee11 the  
virus and its '~lgal host because neither 
plaque size nor plaque number was '~ltereci 
by illclrtdi~lg either testicular hyaluronidase 
(465 unitsiml) or free HA polysaccharide 
(lCC pg/ml) in the top agar of the PBCV-1 
plaque assay (9 ) .  

Among clilorel1,i 1-iruses, HA bias\-nthe- 
sis during ilifectioli is not limited to the 
PBC\l.-1 prototype strain. Thirt\--three in- 
depel~dently isolated and pl, i i i~~e-purif~eil  
virnses fsom the United States. Sollth 
Americ,i. Asia. ,ind Australia Kere tested 
for the nresence ot  ,in A9dR-like oene and 
tor the ability to clirect p r o d u c t i o ~ ~  of HAq 
wlvsaccharicle 111 Chlo~rlla NC64A.  Dot- 
blot 11ybriiii:atlon analyses o t  the individu,il 
1-iral genomes ~ v ~ t h  the  PBC\;-1 A98R 
probe i~~d ica te i l  that 19 isolates (5840) had 
,i similar gene: the algal host D N A  ,liLl not 
cross-react with the probe (21 ) .  Chlorella 
cells intected n-it11 each of these 19 1-iruses 
prod~lced cell surface HA as mea~ured  by 
interaction n-it11 the '"I-HA-bil~ding pro- 
tein (21) .  

Surprisil~gl\-. the PBC\;-1 genome also 
has aciditional genes, nallled .16C9L and 
.ilL'CR, that encode tor a UDP-Glc ilehy- 
drogenase (CDP-Glc D H )  and a glutamine: 
fr~1ctose-6-phosp11~1te amido t ran~ te r~~se  
(GFAT) .  respecti\-ely. UDP-Glc D H  co11- 
vests UDP-Glc into UDP-Glc,q, a r e q ~ ~ i r e d  
precursor for HA 131osvnthesis. G F A T  con- 
\-erts fructose-6-phosphate into glucos- 
amine-6-phosphate, '111 l~lter~lleii iate in the  
UDP-GlcNAc metabolic yathway, Eoth of 
these PEC\,'-1 cenrs, like the  -198R H,G.  
are expresseci early in infection and el~coiie 
el~:ymaticall\- actlve p r o t e ~ l ~ s  (22) ;  hon-el-- 
er, these three genes do  not t~mct ion  as a n  
operon. Al thoug l~  two of these genes, ri98R 
and AlCi2R. are near one another 111 the  
viral genome (bases 5L1,921 to  52.607 and 
52,726 to 54,493, respecti\-ely), A6C9L is 
located -140 kb a m \ -  ani1 1s transcr~bed in 
the  opposite or~entat ion (bases 297,916 to 
791,747). T h e  presence o t  multiple en:ymes 
111 the HA b~osy~lthesis pathway indic'~tes 
that HA production ~ l n ~ s t  ser\-e '111 imuor- 
t a m  f ~ l ~ ~ c t i o n  in the l ~ f e  cycle of these 
cl~lorella viruses. 

T h e  d e t a ~ l s  o t  the  natural h ~ s t o r y  o t  the  
phycoiina\-~ruses are ul~knon-11. These  vi- 
ruses are ubiquitous in freshn-ater collect- 
ed n-orld~vide, and titers as high as 4 x 1C4 
infect~ous vlruses per milliliter o t  native 
11-ater have been reported (23) .  T h e  onl>- 
kno.ivn hosts tor these viruses are chlor- 
e l la- l~ke green algae, n - h ~ c h  normall\- live 
as hereditary endos \ -mb~ol~ t s  in some iso- 
lates of the  ciliate, P, b~irs i lm.  I11 the  
51-mbiotic uni t ,  aleae are el~closeii i l~~i ivi i i -  

4 

uall!- 111 perialgal 1-acuoles and are sur- 
roul~cied by a host-clerlved memllral~e 

(24) .  T h e  el~dosymblotic chlarel1,i are re- 
sistant to vlrus i l~fect ion anil are ollly ill- 
fected \ v l ~ e l ~  they are ontside the  parame- 
cirllll ( 9 ) .  W e  l~ypothesire that  H A  syn- 
thesis and its accumlllatiol~ 011 the  algal 
surface ma\- block the  uptake of \,irus- 
infected algae by the  paramecium. Aqlter- 
natively, the  clili~rella viruses inight have 
another host in nature (such as a11 aquatic 
animal) ;  perhaps the  vir~is is transmitted 
hecause this other host is attracted to or 
billcis to the  HA polysaccl~aride o n  virus- 
infected algae. 

As depicted in Fig. 1, HASs of Strrptococ- 
clis. vertebrates, and PECV-1 have manv 
lilotits of two to four residues that occur in 
the s,ime relative order. These conserved 
motifs probably reflect dom,iins crucial for 
HA hiosyntl~esis. Regions of ~ i m i l ~ i r ~ t y  be- 
tween HAqSs and other enzymes that synthe- 
size P-linked polysacc11,iriJes from UDP-sug- 
ar precursors are also h e i ~ ~ g  cliscor.ered as 
more glycosyltra~lsterases are seLl~lellced 
(25).  T h e  significance o t  these s~~l l i lar  struc- 
tural motits will becollle Illore apparent as 
the three-d~mensio~~al  structures of glycosyl- 
tml~sterases are determil~eci. 

T h e  fact that Chlorella 1-irus PECI7-1 
el~codes a f ~ ~ ~ ~ c t i o n a l  glycos\-ltral~sferase 
that can synthesiie HA 1s contrary to the 
general observat~on that viruses e ~ t h e r  ( i )  
use host cell gl\-cosl-ltra~lsferases to create 
nen. carbohydrate structures, or (i i)  accu- 
mmllate host cell glycoconjugates during 
virion maturation. Furthermore. HA has 
been generally regarded as restr~cted to an- 
~mals  and a fen, of their ~ i n l l e n t  bacterial 
pathogens. Though 111~1ny plant carbohy- 
iirates have been c l~~~racter ized,  to  our 
k n o ~ l e d g e ,  neither HLq nor a related analog 
has prev~ously been iietecteil 111 cells of 
plants or protists. 
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Specific Inhibition of Stat3 Signal 
Transduction by PIAS3 

Chan D. Chung," Jiayu Liao," Bin Liu, Xiaoping Rao, 
Philippe Jay, Philippe Berta, Ke Shuaif 

The signal transducer and activator of transcription-3 (Stat3) protein is activated by the 
interleukin 6 (IL-6) family of cytokines, epidermal growth factor, and leptin. A protein 
named PIAS3 (protein inhibitor of activated STAT) that binds to Stat3 was isolated and 
characterized. The association of PIAS3 with Stat3 in vivo was only observed in cells 
stimulated with ligands that cause the activation of Stat3. PIAS3 blocked the DNA- 
binding activity of Stat3 and inhibited Stat3-mediated gene activation. Although Statl is 
also phosphorylated in response to IL-6, PlAS3 did not interact with Statl or affect its 
DNA-binding or transcriptional activity. The results indicate that PIAS3 is a specific 
inhibitor of Stat3. 

S t a t 3  participates in  signal t r a n s d u c t i o ~ ~  (another nle~nber  o t  the STAT tamily), by 
p a t l ~ n ~ a r s  activated by the  IL-6 family of the yeast two-hybrid assays (6) .  W e  
cytokines and by eClder~llal  groli~th factor searched the  expressed sequence tag 
( 1 .  2 ) .  Stat3  is also activated in cells (EST) database for o ther  PIAS family 
treated with leutin,  a prowth hormone 

u 

that  tunct iol~s  in regulating food intake 
and energy e x p e n d i t ~ ~ r e  (3) .  Targeted dis- 
n ~ p t i o n  of the  mouse gene e t~cod ing  Sta t3  
leads to  early e ~ n b r y o ~ l l c  lethality (4) .  Like 
other  members of the  S T A T  tamily, Sta t3  
beco~lles tyroslne phospllorylated by Janus 
kinases (JAKs) .  Phosphorylated Sta t3  
the11 forlns a d i ~ n e r  and translocates into 
the  nucleus to  activate specific genes (5). 

W e  cloned a protein t~amed  PILqS1, 
n ~ h i c h  can specifically interact with S ta t l  
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~llernbers and identified a human  EST 
clone encoding a polypeptide related to 
the  COOH-terminal  por t io t~  of P IASl  
(7) .  W e  obtamed a full-length c D N A  con- 
tainitlg an  ope11 reading frame of 583 ami- 
n o  acids by screetling a mouse thymus 
library ivith the  h ~ l ~ n a n  EST clone (8). 
T h e  corresponding protein, named PILqS3, 
cotltains a putative slnc-binding motif 
[CZ-(X)L1-CL] ( 9 ) '  a feat~lre  conserved in  
the  PILqS farnlly (Fig. 1,q). Northern 
(RNLq)  blot a~lalysis indicated tha t  PIAS3 
is widely expressed in various human  tis- 
sues (Fig. IB) .  

T o  study the f~inct ton of PIAS3, n7e 
prepared a specitic antiserum (anti-  
PILqS3c) to  a r e c o i n b i ~ ~ a n t  fus iol~ protein 
of glutathione-S-transterase ( G S T )  wi th  
the  79 COOH-terminal  amino acid resi- 
dues of PIAS3. This  antibody detected a 
protein n ~ i t h  a molecular mass of about 68  
kD,  the  p red~c ted  size of PILqS3, in both  
cytoplasmic and n~lclear  extracts of a 
11~11nber of human  and murine cell lines 
(10).  T o  identify which STAT protein 
interacts with PIAS3. we prepared protein 
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