mize the single-particle spacing such that we could
neglect transport through excited states.

11. The elastic current is given by the formula / (s) =
eT2l /[T32 + To/T) + T2/4 + (e/h)?]; see Yu. V.
Nazarov, Phys. B 189, 57 (1993); T. H. Stoof and Yu.
V. Nazarov, Phys. Rev. B 53, 1050 (1996).

12. N. C. van der Vaart et al., Phys. Rev. Lett. 74, 4702
(1995).

13. Also, cotunneling can give excess current for ¢ # 0. In
our measurements, however, the cotunneling current
was less than 0.07 pA and can be neglected. For a
review on cotunneling, see D. V. Averin and Yu. V.
Nazarov, in (3), pp. 217-247.

14. A. . Legget et al., Rev. Mod. Phys. 59, 1 (1987).

15. A T2 dependence can also be obtained from pertur-
bation theory when 7_ << ¢ [L. I. Glazman and K. A.
Matveev, Sov. Phys. JETP 67, 1276 (1988)].

16. We have reported a coherent coupling effect in dou-
ble quantum dots using photon-assisted tunneling
experiments [T. H. Oosterkamp et al, Nature, in
press]. These observations were made when a small
bias voltage was applied. In this case, emission pro-
cesses do not give rise to current.

REPORTS

17. Stimulated emission into the electromagnetic envi-

ronment does play an important role for the presence
" of charging effects in single tunnel junctions [T. Holst
et al., Phys. Rev. Lett. 73, 3455 (1994)].

18. Y. Nakamura, C. D. Chen, J. S. Tsai, Phys. Rev. Lett. 79,
2328 (1997).

19. Bosonic excitations in a Fermi liquid (particle-hole
excitations) can also be described as a bosonic bath
with ohmic dissipation. For this case, the inelastic
rate has a power-law dependence, I'(g) ~ &Y, where
v is related to the phase shift, 8, at the Fermi surface
through v = 4/w232 — 1 [see (74) and F. Guinea et
al., Phys. Rev. B 32,4410 (1985)]. Because 82 > 0, the
power v > —1. This does not agree with our ob-
served energy dependence, which is between 1/¢ and
1/€2.

20. We used a cylindrical cavity (diameter = 36 mm and
height = 84 mm), which has a minimum resonance
energy of about 20 peV, and a rectangular cavity (22
mm by 19 mm by 8 mm) with resonance frequency
of about 40 peV.

21. Coupling to optical phonons is efficient only at much
larger energies.

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. A patS$ null
mutant showed an increased frequency of heterocysts and ar 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.

The regulation of cell fate and pattern forma-
tion is a fundamental problem in develop-
mental biology. Cell-cell communication of-
ten plays a key role in controlling develop-
ment. Diffusible molecules that directly in-
fluence cell fate determination have been
found in several eukaryotic organisms (7).
Prokaryotic development in Bacillus, Strep-
tomyces, and Myxococcus is also controlled
by intercellular signaling (2, 3). We have
investigated the regulation of cell fate deter-
mination and pattern formation in a pro-
karyote that grows as a simple multicellular
organism.

When the filamentous cyanobacterium
Anabaena sp. strain PCC 7120 grows dia-
zotrophically, approximately every tenth veg-
etative cell terminally differentiates into a
heterocyst (4) (Fig. 1, A and B). This simple,
one-dimensional developmental pattern spa-
tially separates two incompatible processes:

Department of Biology, Texas A&M University, Col-
lege Station, TX 77843-3258, USA.
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oxygen-evolving photosynthesis in vegeta-
tive cells and oxygen-sensitive nitrogen fix-
ation in heterocysts. We have found that a
small gene, patS, is crucial for the formation
and maintenance of a normal heterocyst
pattern.

The patS gene was identified on the con-
jugal cosmid 8EI1 (5), which suppressed
heterocyst development (Fig. 2A). A 3.3-kb
subclone (pAM1035) was shown to confer
the heterocyst-suppression phenotype (Het®),
and its sequence was determined (GenBank
accession number AF046871). The same
fragment isolated from an independent cos-
mid, 13C12, produced the same phenotype,
indicating that the dominant Het® phenotype
is a property of wild-type sequences. An anal-
ysis of subcloned fragments in shuttle vectors
(Fig. 2A) prompted us to investigate a small,
51-base pair (bp), open reading frame (ORF)
named patS (Fig. 2B).

A 140-bp polymerase chain reaction (PCR)
fragment containing the patS ORF (pAM1686)
conferred the Het® phenotype (Fig. 2A). Over-
expression of patS by the Anabaena PCC 7120
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ginA promoter (pAM1691) completely blocked
heterocyst formation (Figs. 1C and 2A). The
antisense orientation (pAMI1695) produced no
noticeable phenotype. patS blocks development
at an early stage because even the cryptic pat-
tern of nonfluorescent cells, which is produced
by some developmental mutants (6), was not
observed.

To test whether different levels of tran-
scription correlate with the degree of hetero-
cyst inhibition, we placed patS under the
control of the copper-inducible petE promot-
er (P, (7) (Fig. 3A). Without the addition
of CuSQO,, the strain containing P, -patS
was wild type. As patS transcription was
increased by the addition of CuSO,, there
was a corresponding decrease in the frequen-
cy of heterocysts. We observed no influence
of CuSO, on heterocyst development when
patS was cloned in the reverse orientation
(Fig. 3A).

Mutations in patS resulted in a loss of the
ability to suppress heterocysts. pAMI1882
(Fig. 2A) was mutagenized and screened for
plasmids that failed to suppress heterocysts
(8). Four plasmids were identified, each with
a missense mutation within parS (Fig. 2B).

patS potentially encodes a 17-amino acid
peptide, starting at the first available ATG
codon; however, other in-frame ATG and
GTG codons arec present. PatS has no ho-
mologs or sequence motifs in the databases.
It contains a stretch of five hydrophobic ami-
no acids in its NH,-terminal half, and its
COOH-terminal half is mostly hydrophilic.

A patS-lacZ translational fusion showed
that patS is translated and developmentally
regulated (9). B-galactosidase (B-Gal)-spe-
cific activity of the in-frame fusion (Fig. 2C)
increased about threefold (to 6000 units) dur-
ing the 6 hours after the heterocyst induction
and then decreased to the preinduction level
after 27 hours. A direct analysis of the parS
message on RNA blots yielded similar results
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(10). The out-of-frame construct produced
background levels of B-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 parS
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) (/4). 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
reduced patS activity (Fig. 2B) (/4). 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). AMC451 formed multiple contiguous
heterocysts and short vegetative-cell intervals
(Figs. 1D and 3E). In the experiment shown in
Fig. 3, D and E, the wild type formed single
heterocysts (100%), 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. 1D). The phenotype of
the AparS mutant AMC451 was due to the loss
of patS alone because AMC451 was comple-
mented by patS that was introduced on plas-
mids pAM1882, pAM1835, and pAM1686.

Heterocyst formation of AMC451 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
(11%) but failed to restore a normal pattern
(Fig. 3F). This is consistent with a model that
requires a gradient of the PatS signal origi-
nating from proheterocysts.

REPORTS

manner that is nonautonomous to the cell. The
hepA promoter is induced in proheterocysts
between 4.5 and 7 hours after the nitrogen

Expressing patS in only proheterocysts sup-
pressed the pattern defects of the AparS mutant
AMCA45]1 and indicated that PatS functions in a

Fig. 1. patS controls A B
heterocyst 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
pAM1697 (Fig. 2A) pre-
vented heterocyst for-
mation in BG-11,, and
(D) deletion of patS
(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 grown as previously described (27). Differential interference contrast
micrographs were taken before (A) and 24 hours after (B through D) heterocyst induction. Scale bars,
10 pm.

Clal
A EcoRI Clal Clal
BamHI Kpnl EcoRI Clal  EcoRl EcoRl Clal
Cosmid 8E11 o Ll Ll L | L
pDUCAT7M Vector 5 kb
Subclones  Phenotype patS
BamHl| EcoRV — Scal
pAM1882 Het® : ]
pAM1687 WT ~
pAM1835 Het® ~
pAM1686 Het® —
pAM1685 WT R s
pAM1691 Het® 200 bp P —
pAM1695 WT e [
Deletion
pAM1702 HefC, Pat, Mch
B
700 710 720 730 740 750 760 770 780 790 800

ARAAGTAATTCACCGATTTTAAGATTATGAAGGCAATTATCTTAGTGAATTTCTGTGATGAGCGOGGTAGTOCTAGATAGAACGAGTGTARAATTCTGOCTCG
¥ KA I MNLVNPFCGCDERGS QAR *

s LS IS
c c D S L

pAM1899 (patS-lacZ in frame)

AAAAGTAATTCACCGATTTTAAGATTATGAAGGCAATTATGTTAGTGAATTTCTGTGATGAGCGCGTAGTGGTAGACCCGAGGATCCOGTC . . .
M K AIMNLVUNTFCDERSG GS S® GERTPGDEPV

pAM1860 (patS-lacZ out of frame)

PMLRMCCGAJ'I TT A.-&GAT'TATGAA&GCMT’I‘A [“u‘I‘ TAGTGAATTTCTGTGATGAGCGCGETAGTGGTAGATAGACCCGGGGATCCCGTC. . .«
MK A.I MLVYNPTCDERUGSGGR?*
X 8 AVVYDRPGECD?PY

Fig. 2. (A) Identification of the patS gene on cosmid 8E11. Subclones were generated by cloning the
indicated DNA fragments into shuttle vectors (22). The Bam HI-Cla | fragment in pAM1035 is
indicated as a thick black bar on the 811 map. Cloning and molecular techniques were performed
as previously described (23). Plasmids were transferred into Anabaena PCC 7120 by conjugation
from Escherichia coli (19, 24). WT, wild type; Het®, heterocyst suppression; Het®, 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. (B) Nucleotide sequence of the smallest tested DNA fragment that is sufficient to suppress
heterocyst development and the deduced amino acid sequence of Pat$ (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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step-down (/6). AMC451 containing a plas-
mid-borne P, -patS fusion had a nearly wild-
type pattern (Fig. 3G). Promoterless patS failed
to complement the ApatS phenotype (Fig. 3H).

REPORTS

As predicted for a gene encoding a diffus-
ible inhibitor that controls pattern, patS ex-
pression was highest in differentiating cells.
A patS transcriptional fusion with green flu-

Fig. 3. (A) patS transcrip- 10 25

tion suppressed heterocyst P~ D
formation. Strains contain- 87 20

ing pAM1714 (squares), 6 151

which carries P,..-patS, or

the  control plasmid 4] 101

PAM1716 (circles) (7) were 24 51

washed and grown for sev- A - | lll o
eral generations in copper- 03 5 15 135 405 L

free BG-11 liquid medium Cus04 (M) o5 ¥ E
to deplete the residual

copper. At an optical den- . 12 20

sity of 750 nm {OD,s,) = & ;04 5.

04, cultures were induced B i (

by transferring the fila- § 10

ments to 2 ml of BG-11, & 8] 5

that ‘contained different £ 4- “ I I I i
concentrations of CuSO,. 2 o (RRRAEEREY 2 n

The percentage of hetero- B 2 o5 F
cysts was determined mi- 0

croscopically 24 hours af- 30 3 220

ter induction. At least 1000 25 - S

cells were scored for each 21

sample. Values are shown 2] £ 107

for one representative of 157

four independent experi- 101 5

ments. (B and C) Inhibition 5 04

of heterocyst differentia- 1 s G
tion by synthetic peptides. o3 o1 by 10 25

Peptides (Genosys Biotech- Peptides (M) 20

nologies, The Woodlands,

Texas) were added to wild-type (B) and Apat$ strain AMC451 (C) 151

immediately after transfer to 2 ml of BG-11,. One representative

of three independent experiments is shown. PatS-5 (RGSGR)

(squares); PatS-4 (GSGR) (triangles); PatS-G4S (RGSSR) (circles); 54 II |

and mixture of amino acids (R, G, and S) {(diamonds). (D through H) 0 Iy II .
Abnormal heterocyst pattern in ApatS strain AMC451 and comple- S H
mentation by heterocyst-specific expression of patS. The following 25
filaments were grown in liquid BG-11 to OD,;, = 0.2, induced in
BG-11, for 24 hours, and scored microscopically: wild type (D),

20-
AMC451 (E), AMC451 induced in the presence of 60 nM PatS-5 15
peptide (F), AMC483 (AMC451 containing pAM1715, which carries
patS that is driven by the hepA promoter) (G), and AMC493 10
[AMC451 containing pAM1685 as a negative control (Fig. 2A)] (H). 5
0

02 4 6 81012141618 20

Number of vegetative cells
between heterocysts

www.sciencemag.org SCIENCE

Fig. 4. Temporal and spatial expressions of a patS-gfp reporter (25). GFP
fluorescence (left) and the corresponding differential interference contrast
photomicrographs (right) (A) after induction for 0, 12, and 18 hours and (B)
after prolonged diazotrophic growth. (C) A control strain containing gfp
driven by the vegetative cell-specific rbcL promoter (25). Triangles, prohet-

orescent protein (GFPmut2) (/7) on a low
copy number plasmid (pAM1951) 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 gfp 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
pattern 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 (/8). 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-
nobacterium. There is no evidence of hetero-
cyst inhibition between filaments in mixed
cultures or by a conditioned medium from a

erocysts; arrowheads, mature heterocysts; scale bars, 10 um.
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strain overexpressing patS (10).

We propose a model in which a processed
PatS peptide, originating from differentiating
proheterocysts, diffuses along the filament’s
contiguous periplasmic space and is taken up
by neighboring cells, creating a gradient of
inhibitory signal. The intracellular target of
PatS signaling is unknown, but components
of a phosphorelay such as that found in Ba-
cillus (13) are likely candidates.
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Binding of Hepatitis C Virus
to CD81
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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 £2 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 (/) chronically infecting
about 170 million persons worldwide (2).
Chronic HCV infection results in liver diseases
(hepatitis, cirrhosis, and hepatocellular carcino-
ma) in a sizable fraction of cases (3). Infection
with HCV is also associated with most cases of
type II and type III cryoglobulinemia, 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
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has been hampered by the lack of virus culture
systems in vitro. Although hepatocytes and B
lymphocytes are thought to be infected by HCV
(1), there is no consensus on viral tropism, and
the cellular receptor for the virus has not been
identified.

We have shown previously that a recom-
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). Furthermore, in chimpanzees vaccinated
with recombinant E1 and E2 envelope pro-
teins, protection from homologous HCV
challenge correlated with the presence of an-
tibodies capable of inhibiting the binding of
E2 to human cells (6). These results suggest-
ed that E2 may be responsible for binding of
HCV to target cells.

To identify the E2-binding molecule on hu-
man cells, we prepared a cDNA expression
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