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Heterocyst Pattern Formation 
Controlled by a Diffusible 

Peptide 
Ho-Sung Yoon and James W. Golden* 

Many filamentous cyanobacteria grow as multicellular organisms that show a 
developmental pattern of single nitrogen-fixing heterocysts separated by ap- 
proximately 10 vegetative cells. Overexpression of a 54-base-pair gene, pats, 
blocked heterocyst differentiation in Anabaena sp. strain PCC 7120. ApatS null 
mutant showed an increased frequency of heterocysts and an abnormal pattern. 
Expression of a pats-gfp reporter was localized in developing proheterocysts. 
The addition of a synthetic peptide corresponding to the last five amino acids 
of PatS inhibited heterocyst development. PatS appears to  control heterocyst 
pattern formation through intercellular signaling mechanisms. 

gh1A promoter @AM1 69 1) completely blocked 
heterocyst formation (Figs 1C and 2A) The 
antisense onentation (pM1695)  prod~~ced no 
noticeable phenotype. pnrS blocks development 
at an early stage because even the ciyptic pat- 
tern of nonfluorescent cells, which is produced 
by some developmental mutants (6)> was not 
obseived. 

To test whether different levels of tran- 
scription coi-selate with the degree of hetero- 
cyst inhibition, we placed pntS under the 
control of the copper-inducible perE promot- 
er (Pper,) (7)  (Fig. 3A). Without the addition 
of CuSO,, the strain containing PJ,erE-pnfS 
was wild type. As pntS transcription was 
increased by the addition of CLISO,, there 
was a coi-sesponding decrease in the f req~~en-  
cy of heterocysts. We obseived no influence 
of CuSO, on heterocyst developn~ent when 

The regulation of cell fate and patter.11 foima- oxygen-evolving photosynthesis in vegeta- p a t s  was cloned in the reverse orientation 
tion is a fundamental problem in develop- tive cells and oxygen-sensitive nitrogen fix- (Fig. 3A). 
mental biology. Cell-cell cornrnunication of- ation in heterocysts. \i7e have found that a Mutations in pa r s  resulted in a loss of the 
ten plays a key role in controlling develop- sinall gene, pntS, is crucial for the foilnation ability to suppress heterocysts. pAM1882 
ment. Diffusible molecules that directly in- and inaintenance of a noimal heterocyst (Fig. 2A) was nlutagenized and screened for 
fluence cell fate determination have been pattern. plasmids that failed to suppress heterocysts 
found in several eukaryotic organisms (1).  The p a t s  gene was identified oil the con- (8 ) .  Four plasmids were identified, each with 
Prokaiyotic development in Bacill~rs, Strep- jugal cosinid 8 E l l  ( 5 ) ;  which suppressed a missense nl~~tation within p a t s  (Fig. 2B). 
toinyces? and :Vb:.xococcla is also controlled heterocyst development (Fig. 2A).,A 3.3-kb pntS potelltially encodes a 17-amino acid 
by intercellular signaling (2; 3). We have subclone (pAM1035) was shown to confer peptide, starting at the first available ATG 
investigated the regulation of cell fate deter- the heterocyst-suppression phenotype (Het"), codon; however. other in-frame ATG and 
mination and pattern formation in a pro- and its sequence was determined (GenBank GTG codons are present. PatS has no ho- 
kaiyote that grows as a simple multicellular accession number AF046871). The same inologs or sequence nlotifs in the databases. 
organism. fragment isolated from an independent cos- It contains a stretch of five hydrophobic ami- 

When the filamentous cyanobacterium mid, 13C12, produced the same phenotype, no acids in its NH,-teiminal half. and its 
Annbnenn sp. strain PCC 7120 grows dia- indicating that the dominant Het"11enotype COOH-terminal half is mostly hydrophilic. 
zotrophically, approximately every tenth veg- is a property of wild-type sequences. An anal- A pats-lncZ translational fusion showed 
etative cell terminally differentiates into a ysis of subcloned fsagments in s l ~ ~ ~ t t l e  vectors that pcrfS is translated and developmentally 
heterocyst (4) (Fig. 1, A and B). This simple, (Fig. 2A) prompted us to investigate a small, regulated (9). P-galactosidase (P-Gal)-spe- 
one-dimensional developmental pattern spa- 51-base pair (bp), open reading frame (OW) cific activity of the in-ftame fusion (Fig. 2C) 
tially separates two incompatible processes: named pntS (Fig. 2B). increased about threefold (to 6000 units) dur- 

A 140-bp polymerase chain reaction (PCR) ing the 6 hours after the heterocyst induction 
Department o f  Biology, Texas A&M University, Col- fsagment containing thepatS ORF (pAifl686) and then decreased to the preinduction level 
Lege Station, TX 77843-3258, USA, conferred the Hets phenotype (Fig. 2A). Over- after 27 hours. A direct analysis of the pntS 
'To w h o m  correspondence should be addressed expression ofpcrtS by the Arlnbaei~ci PCC 7120 message on mA blots yielded similar results 
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(10). The out-of-frame construct produced 
background levels of P-Gal. 

Because many cell-cell signaling mole- 
cules in Gram-positive bacteria are peptides 
(11, 12) and because a long-standing model 
for the control of the heterocyst pattern in- 
volves a diffusible inhibitor that is produced 
by proheterocysts (4), we suspected that pats  
might encode an exported signaling mole- 
cule. We were intrigued with the phosphate 
regulator (phr) genes from Bacillus subtilis 
(13) and with phrC in particular, which en- 
codes the quorum-sensing pheromone com- 
petence and sporulation stimulating factor 
(CSF) (3). The CSF is an unmodified export- 
ed pentapeptide that is processed from the 
COOH-terminal end of a 40-amino acid pre- 
cursor. These precedents, and the fact that the 
four pats  missense mutations happened to be 
in the last five codons (Fig. 2B), led us to test 
a synthetic pentapeptide corresponding to the 
COOH-terminal end of PatS. 

This pentapeptide, Pats-5 (RGSGR), inhib- 
ited heterocyst formation at submicromolar 
concentrations (Fig. 3B) (14). Two altered pep- 
tides had reduced activity: Pats-4 (GSGR), 
which contains the last four amino acids, and 
Pats-G4S (RGSSR), which contains a G to S 
substitution corresponding to a mutation that 
redwedpats activity (Fig. 2B) (14). A mixture 
of each amino acid (R, G, and S) present in 
Pats-5 had no effect on heterocyst formation 
(Fig. 3B) (14). 

pats is required to inhibit heterocyst forma- 
tion. A patS deletion strain, AMC451 (15), 
formed heterocysts on a nitrate-containing me- 
dium; the wild type does not produce hetero- 
cysts in this medium. Twenty-four hours after 
the nitrogen step-down, wild-type filaments 
formed a pattern of single heterocysts that were 
separated by 8 to 14 vegetative cells (Figs. 1B 
and 3D). AMC45 1 formed multiple contiguous 
heterocysts and short vegetative-cell intervals 
(Figs. i~ and 3E). In theexperiment shown in 
Fig. 3, D and E, the wild &e formed single 
heterocysts (loo%), whereas AMC451 formed 
single (39%), double (55%), quadruple (3%), 
and sextuple (3%) heterocysts. Longer chains 
of up to 10 contiguous heterocysts were occa- 
sionally formed (Fig. ID). The phenotype of 
the ApatS mutant AMC45 1 was due to the loss 
of patS alone because AMC45 1 was comple- 
mented by patS that was introduced on plas- 
mids pAM1882, pAM1835, and pAM1686. 

Heterocyst formation of AMC45 1 was in- 
hibited by exogenously added Pats-5, indi- 
cating a normal response to the pentapeptide 
(Fig. 3C); however, the pattern was still ab- 
normal. The induction of AMC451 in the 
presence of 60 nM Pats-5 reduced the num- 
ber of heterocysts to about wild-type levels 
(1 1%) but failed to restore a normal pattem 
(Fig. 3F). This is consistent with a model that 
requires a gradient of the Pats signal origi- 
nating from proheterocysts. 

ExpressingpatS in only proheterocysts sup- manner that is nonautonomous to the cell. The 
pressed the pattern defects of the ApatS mutant hepA promoter is induced in proheterocysts 
AMC45 1 and indicated that PatS functions in a between 4.5 and 7 hours after the nitrogen 

Fie. 1. ~ a t S  controls 
hzerocy& devebpment 
in Anabaena PCC 7120. 
Wild-type filaments (A) 
grown in BG-11 medi- 
um and (B) after the 
nitrogen step-down in 
BG-11, to induce het- 

hzerocy& development ' 
in Anabaena PCC 7120. 
Wild-type filaments (A) 
grown in BG-11 medi- 
um and (B) after the 
nitrogen step-down in 
BG-11, to induce het- 
erocysts (arrowheads) 
are shown. (C) Over- 
expression of pats from 
pAM1691 (Fig. 2A) pre- 
vented heterocyst for- 
mation in BG-1 I,, and 
(D) deletion of pat5 
(AMC451) resulted in 
supernumerary hetero- 
cysts with an abnor- 
mal pattern in BG-11,. 
Brackets indicate chains 
of contiguous hetero- 
cysts. Anabaena PCC 
7120 and derived strains were mown as ~reviouslv described 1271 
cysts. ~;abaena PCC 
7120 and derived strair 
micrographs were taken before TA) and 24 hours aker (B throuih D) heterocyst induction. Scale bars, 
10 Fm. 

Fig. 2. (A) Identification of the pats gene on cosmid 8E11. Subclones were generated by cloning rrlr 
indicated DNA fragments into shuttle vectors (22). The Barn H I 4 a  I fragment in pAM1035 is 
indicated as a thick black bar on the 8E11 map. Cloning and molecular techniques were performed 
as previously described (23). Plasmids were transferred into Anabaena PCC 7120 by conjugation 
from Escherichia coli (79, 24). WT, wild type; Hets, heterocyst suppression; Hetc, heterocyst 
formation on a nitrate-containing medium; Pat, abnormal heterocyst pattern; Mch, multiple 
contiguous heterocysts; inverted triangle, transcription terminator; P with arrow, external promot- 
er. (8) Nucleotide sequence of the smallest tested DNA fragment that is sufficient to suppress 
heterocyst development and the deduced amino acid sequence of Pats (74). Potential start codons 
are underlined. The amino acids encoded by four missense mutants are shown below the wild-type 
sequence. Nucleotide numbering begins with the first nucleotide in pAM1882. (C) Sequences of 
in-frame and out-of-frame pats-lacZ translational fusions (9). The Sma I site used for the 
constructions is shown in bold. 
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R E P O R T S  

step-down (16). AMC45 1 containing a plas- As predicted for a gene encoding a diffus- 
mid-borne PA,,,-pats fusion had a nearly wild- ible inhibitor that controls pattern, pats  ex- 
type pattern (Fig. 3G). PromoterlesspatS failed pression was highest in differentiating cells. 
to complement the ApatS phenotype (Fig. 3H). A pats transcriptional fusion with green flu- 

Fig. 3. (A) pats transcrip- 
tion suppressed heterocyst 
formation. Strains contain- 
ing pAM1714 (squares), 
which carries PPetFpatS, or 
the control plasmid '1 /. , LT = 1 PAM 1 71 6 (circles) (7) were 2 
washed and grown for sev- 
eral generations in copper- 0 15 45 135 405 

free BC-11 liquid medium CuS04 (nM) 
to de~lete the residual 
copper: At an optical den- -12 

sity of 750 nm (OD,,,) = & l o  
0.4, cultures were induced 
by transferring the fila- $ 

' 
ments to 2 m l  of BC-11, +q 
that contained different 4 4 

concentrations of CuSO,. 
The percentage of hetero- 
cvsts was determined mi- O 

&oscopically 24 hours af- 30 !ac g 20 
ter induction. At least 1000 25 
cells were scored for each ",5 

P 

sample. Values are shown 'O g lo 
for one representative of 15 
four independent experi- 10 5 

ments. (B and C) Inhibition o 
of heterocyst differentia- C 
tion by synthetic peptides. 0 0.1 1 10 25 

Peptides (Genosys Biotech- Peptides (pM) 20 
nologies, The Woodlands, 
Texas) were added to wild-type (0) and ApatS strain AMC451 (C) 15 

immediately after transfer to 2 ml of BC-11,. One representative 
of three independent experiments is shown. Pats-5 (RCSCR) 
(squares); Pats-4 (CSCR) (triangles); Pats-C4S (RCSSR) (circles); 5 

and mixture of amino acids (R, C, and 5) (diamonds). (D through H) 
Abnormal heterocyst pattern in ApatS strain AMC451 and comple- 
mentation by heterocyst-specific expression of pats. The following 25 

filaments were grown in Liquid BG-1 I to OD,,, = 0.2, induced in 
20 

BC-11, for 24 hours, and scored microscopically: wild type (D), 
AMC451 (E), AMC451 induced in the presence of 60 nM Pats-5 is 
peptide (F), AMC483 (AMC451 containing pAM1715, which carries 
pats that is driven by the hepA promoter) (C), and AMC493 lo 

[AMC451 containing pAM1685 as a negative control (Fig. ZA)] (H). 5 

O 0 2 4 6 8101214161820 
Number of vegetative cells 

between heterocysts 

orescent protein (GFPmut2) (17) on a low 
copy number plasmid (pAh41951) was used 
as a reporter. Weak GFP fluorescence with no 
obvious pattern was found in nitrate-grown 
filaments (Fig. 4A). A distinct pattern of 
brightly fluorescent cells was formed within 
the 12 hours after induction, which is before 
proheterocysts could be identified. After 18 
hours, strong GFP fluorescence was localized 
to differentiating proheterocysts. After fila- 
ments began diazotrophic growth, GFP fluo- 
rescence was strongest from single cells that 
were midway between two heterocysts, where 
a new heterocyst will form (Fig. 4B). A strain 
containing a vegetative cell-specific promot- 
er fused to & showed fluorescence from 
only vegetative cells (Fig. 4C). A strain con- 
taining pAM1956, which carries promoter- 
less gfp, had no detectable GFP fluorescence. 

PatS seems to play a key role in heterocyst 
pattem formation by inhibiting the formation of 
adjacent heterocysts and by maintaining a min- 
imum number of vegetative cells between het- 
erocysts. The inhibition of neighboring cells by 
select differentiating cells (lateral inhibition) 
is an important mechanism of pattern forma- 
tion in eukaryotic organisms (18). Because it 
takes -20 hours for heterocysts to mature 
and begin supplying fixed nitrogen to the 
filament, a specialized early inhibitory signal 
is required to allow only a fraction of starving 
cells to terminally differentiate. The first cells 
to differentiate increase the production of 
PatS to inhibit neighboring cells from form- 
ing heterocysts. Pats-producing cells must 
themselves be refractory to the PatS signal. 
The mechanism of immunity is unknown, but 
would be expected to involve a cell-autono- 
mous inhibition of self-signaling such as that 
proposed for PrgY in enterococcal conjuga- 
tion (11). 

The PatS signal is likely to be a processed 
COOH-terminal peptide that is confined to 
the periplasm of this Gram-negative cya- 
nobacteriurn. There is no evidence of hetero- 
cyst inhibition between filaments in mixed 
cultures or by a conditioned medium from a 
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strain overexpressing pafS (1 0). 
We propose a model in which a processed 

PatS peptide, originating from differentiating 
proheterocysts, diffuses along the filament's 
contiguous periplasinic space and is taken up 
by neighboring cells? creating a gradient of 
inhibitoiy signal. The intracellular target of 
PatS signaling is unknown, but components 
of a phosphorelay such as that found in Ba- 
cilltls (13) are likely candidates. 
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Binding of Hepatitis C Virus 
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Chronic hepatitis C virus (HCV) infection occurs in about 3 percent of the 
world's population and is a major cause of liver disease. HCV infection is also 
associated with cryoglobulinemia, a B lymphocyte proliferative disorder. Virus 
tropism is controversial, and the mechanisms of cell entry remain unknown. The 
HCV envelope protein E2 binds human CD81, a tetraspanin expressed on various 
cell types including hepatocytes and B lymphocytes. Binding of E2 was mapped 
to the major extracellular loop of CD81. Recombinant molecules containing this 
loop bound HCV and antibodies that neutralize HCV infection in vivo inhibited 
virus binding to CD81 in vitro. 

HCV is a positive strand RNA virus of the 
flaviviridae family (I) chronically infecting 
about 170 million persons world\vide (2). 
Chronic HCV infection results in liver diseases 
(hepatitis? cil~hosis? and hepatocellular carcino- 
ma) in a sizable fraction of cases (3). Infection 
with HCV is also associated with most cases of 
type I1 and type I11 ciyoglobulineinia, B lym- 
phocyte proliferative disorders characterized by 
polyclonal B cell activation and autoantibody 
production (4). The complete HCV sequence 
has been available since 1989 (5); however, 
progress in understanding the viral life cycle 

has been hampered by the lack of virus culture 
systems in vitro. Although hepatocytes and B 
lqmphocytes are thought to be infected by HCV 
(I)? there is no consensus on viral tropism, and 
the cellular receptor for the v u ~ ~ s  has not been 
identified. 

We have shown previously that a recoin- 
binant form of the major envelope protein 
(E2) of HCV binds with high affinity to 
human lymphoma and hepatocarcinoma cell 
lines; whereas it does not bind to mouse cells 
(6). Fulthelmore, in chimpanzees vaccinated 
with recombinant E l  and E2 envelope pro- 
teins; protection from homologous HCV 
challen~e correlated with the oresence of an- 
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E2 to huinan (6)' These suggest- 
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HCV to target cells. 
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