tibodies neutralize VSV (18). It may be that
the physicochemical properties of mouse
serum and tissues in vivo are drastically
different from the buffered saline conditions
usually used in vitro. In particular, the ki-
netics of virus neutralization may be con-
siderably slower in vivo than in vitro, be-
cause of complex diffusion kinetics of anti-
bodies in blood and tissue lesions. Because
the host-virus interaction is essentially a
nonequilibrium system, these complex ki-
netics and their changes may drastically
alter the net outcome of infection.
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Bacterial Interference Caused by
Autoinducing Peptide Variants

Guangyong Ji, Ronald Beavis, Richard P. Novick*

The synthesis of virulence factors and other extracellular proteins by Staphylococcus
aureus is globally controlled by the agr locus, which encodes a two-component signaling
pathway whose activating ligand is an agr-encoded autoinducing peptide. The cognate
peptides produced by some strains inhibit the expression of agr in other strains, and the
amino acid sequences of peptide and receptor are markedly different between such
strains, suggesting a hypervariability-generating mechanism. Cross-inhibition of gene
expression represents a type of bacterial interference that could be correlated with the
ability of one strain to exclude others from infection or colonization sites, or both.

“Bacterial interference” refers to the abil-
ity of one organism to interfere with the
biological functioning of another. Although
interference has been assumed to involve
growth inhibition, this has been demon-
strated in only a few instances (I, 2). We
now describe a type of bacterial interference
in staphylococci that does not involve
growth inhibition, but rather is mediated by
inhibition of the synthesis of virulence fac-
tors and other extracellular proteins. Ex-
pression of the genes encoding these pro-
teins is coordinately controlled by the agr
locus (3-5) (Fig. 1), which consists of two
divergent transcription units driven by pro-
moters P2 and P3. The P3 transcript
RNAIIIL, rather than any protein, is the

Skirball Institute of Biomolecular Medicine, New York Uni-
versity Medical Center, New York, NY 10016, USA.
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effector of the agr response, which involves
the up-regulation of genes encoding secret-
ed proteins and down-regulation of genes
encoding surface proteins (5, 6). The P2
operon contains four genes—agrB, D, C,
and A—all required for transcriptional ac-
tivation of the two agr promoters (4). AgrC
corresponds to the signal receptor and
AgrA to the response regulator of a stan-
dard two-component signal transduction
pathway (4). AgrB and D generate an au-
toinducing peptide that is secreted by the
bacteria, can be isolated from culture super-
natants, and is the activating ligand for
AgrC (7). Addition of the autoinducing
peptide to an early exponential phase cul-
ture of the producing strain causes the im-
mediate activation of transcription from the
two agr promoters (7).

The existence of a form of bacterial in-
terference involving this peptide was sug-
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gested by a test of naturally occurring staph-
ylococcal strains for the production of signal
molecules activating agr transcription in a
standard strain, RN6390B. Surprisingly, al-
though all of the strains showed autologous
agr activation by their own culture superna-
tants, in many instances these supernatants
inhibited rather than activated agr expres-
sion by RN6390B (8). We then tested a set
of seven strains for the effects of their culture
supernatants on the same and on different
strains, with respect to the agr response (Fig.
2, A and B). Because the time course of agr
activation varied from strain to strain (8),
the tests used either early (EEP) or mid
(MEP)-exponential phase cells. On the basis
of the cross-activation or -inhibition re-
vealed by these tests, Staphylococcus aureus
strains could be divided into three groups, a
group being defined as a set of strains show-
ing mutual cross-activation of the agr re-
sponse (Fig. 2C). In all instances, members
of one group inhibited agr expression by
members of the other two. Non-S. aureus
strains generally inhibited the agr response of
S. aureus strains from each of the three
groups (8).

These results led us to clone and se-
quence the agrBDC regions from three
group II and two group III strains plus a
second group [ strain, using primers flank-
ing agrBDC (9). A compilation of the pre-
dicted AgrBDC sequences from one strain
of each S. aureus group plus that from S.
lugdunensis (10) is shown in Fig. 3. The
corresponding sequences for the two or
three strains within each group were iden-
tical (11), whereas those for strains from
different groups were highly divergent be-
tween amino acid positions 34 (AgrB) and
205 (AgrC).

To determine whether an agrD-encoded
peptide was responsible for both the activa-
tion and inhibition activities exhibited by
culture supernatants, we used a group I and
a group III agrBDC clone plus the original
RN6390B (group 1) agr clone (7) and a
polymerase chain reaction (PCR) product
containing S. lugdunensis agrBD genes to pre-
pare agrBD clones that were introduced into
an agr-null host strain, RN6911 (5, 9). Su-
pernatants from each of these clones showed
the same activity as that of the supernatant
from the corresponding parental strain (8),
confirming that the agrBD complex was re-
sponsible for the agr-inhibiting as well as the

- agr-activating activity of these strains.

We then purified and sequenced the ac-
tive material from the supernatants of
RN6911 derivatives containing these agrBD
clones and isolated from each a single active
peptide, which showed the same autologous
activation and heterologous inhibition as
the crude supernatant from which it was
purified (Fig. 2D). The four peptides varied
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in length from seven to nine amino acyl
residues and had highly divergent sequences
with the exception of a conserved cysteine
five residues from the COOH-terminus (Fig.
3B). Sequences of the corresponding agrD
loci (Fig. 3B) confirmed that each of the
active peptides, like that of RN6390B (7),
was processed from within the (predicted)
AgrD peptide. Synthetic peptides corre-
sponding to the sequences of the RN6390B
and S. lugdunensis autoinducers, however,
had no detectable activity. Mass spectrosco-

py showed that the synthetic peptides were
dimeric, whereas the native peptide mole-
cules were monomeric and had molecular
masses that were 18 = 1 atomic mass units
less than those predicted by their respective
amino acid sequences (7, 8).

Taken together, these results suggested
that the cysteines in the synthetic pep-
tides had spontaneously formed intermo-
lecular disulfides, whereas those in the
native peptides were involved in an in-
tramolecular bond, most likely a cyclic

—<& agA | agrC agB fid>
RNAII } RNAIII
AgrA AgrC AgrD AgrB Effector of
Response Sensor Autoinducing  Processing agrresponse
regulator transducer peptide AgrD?
—

Two-component signal-
transduction system

Fig. 1. The agr locus of S. aureus. Schematic map of the agr locus showing the major transcripts RNAII
and RNAIIl (arrows) and the genes indicated by boxes (3-7).
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Fig. 2. (A to C) Effects of conditioned media on the

transcription of RNAIll in different S. aureus strains.

Conditioned media from cultures of various S. aureus strains (9) were prepared (7). (A) RN6390B RNAIll
transcription was measured as described (Table 1). (B) Conditioned medium {10%) (or CYGP medium
as control) was added to each culture of RN7843. After 30-min (for EEP) or 60-min (for MEP) incubation
at 37°C, whole cell lysates were prepared and used for Northern blot (RNA) hybridization with a
32P_|abeled RN6390B RNAIlI-specific DNA probe (7). The blots were exposed to x-ray film (Kodak). For
strains RN6596, RN7690, SA502A, RN8462, and RN8463, similar experiments were performed (8). (C)
Summary of the data in (A) and (B). (D) Effects of purified peptides on the RNAIll transcription in different
strains. The P3 promoter regions of SA502A and RN8463 were sequenced (72). The DNA sequences
of these two promoters are identical to that of RN6390B (4), so the RN6390B agr P3-blaZ construct was
used. The peptides of RN6390B, SA502A, and RN8463 were purified from cells containing the cloned
agrBD genes (9) as described (79). RNAIIl transcription was measured as described ( Table 1) with 20

mM tris-HCI (pH 7.5) as control.
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thioester introduced posttranslationally carboxyl group in the molecule. Consis-
and including the COOH-terminal car- tent with this possibility were the results
boxyl, because there is no other conserved of treatment of the native peptides with

Table 1. Complementation analysis of agrB and agrD genes on the production of peptide activity
among three groups of S. aureus and S. lugdunensis. Staphylococcus aureus RN6390B (pRN6683,
containing RN6390B agr P3-blaZ fusion) (4) cells were grown in CYGP medium at 37°C to EEP or MEP.
To each culture, 10% conditioned medium prepared (7) from S. aureus cells containing cloned agrB, or
agrD or various combinations from representative strains of three groups of S. aureus (I, RN6390B; I,
SA502A,; and lll, RN8463) and S. lugdunensis (9), or CYGP medium as control, was added. The cultures
were incubated at 37°C with shaking. After 55-min (for EEP) or 80-min (for MEP) incubation, B-lacta-
mase activity was measured as described (7). +, activation; +*, inhibition; —, no effect.
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Fig. 3. Comparisons of the predicted (A) AgrB, (B) AgrD, and (C) AgrC amino acid sequences from
different S. aureus groups and S. lugdunensis. The sequences were aligned by MegAlign software
(GeneStar). The sequences are as follows: S. aureus group | (RN6390B and RN7690) (4), Il (SA502A,
RN6923, and RN6925) (GeneBank accession number AF001782), and Ill (RN8462 and RN8463)
(GeneBank accession number AF001783), and S.I (S. lugdunensis) (10). Within the same group, the
AgrBDC sequences are identical. Residues identical in all four or in all three groups of S. aureus are
shaded. Dashes indicate gaps generated by the align program. In (B), the sequences of the peptides are
boxed and the conserved aspartate-glutamate are in bold. Asterisks indicate stop codon. 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; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y,
Tyr.

iodoacetic acid and hydroxylamine. lo-
doacetic acid, expected to react with free
—SH groups, had no effect, whereas hy-
droxylamine, expected to react with thio-
esters, abolished activity (12). We recent-
ly synthesized a small quantity of a cyclic
thioester derivative of the RN8463 (group
III) octapeptide and showed that the syn-
thetic material, still impure, inhibits agr
expression by RN63909B (group I) (13).
We have not demonstrated agr activation
with this material and are currently pre-
paring a larger batch to enable better
purification.

The cyclic thioester bond is probably
introduced during processing, and we sus-
pect that AgrB is responsible for this step
and possibly for secretion as well. The pre-
dicted AgrB sequences (Fig. 3A) suggest
that AgrB is a transmembrane protein, and
we have confirmed this by means of PhoA
fusions (12). Except for the first 34 amino
acyl residues, AgrB is divergent, and we
have shown by analysis of separate agrB and
agrD subclones that AgrB determines the
specificity of AgrD processing. An agr-null
strain containing the cloned group I agrB
and group III agrD produced group III au-
toinducer activity, and vice versa (Table 1);
no other heterologous combinations were
active, although each of the parental agrBD
pairs generated the expected activity. We
conclude that despite the sequence diver-
gence of agrB and D, the two gene products
have retained the specific interactions that
are required for maturation of the peptide
derivatives of AgrD. Genetic and in vitro
biochemical analyses to determine the pre-
cise role of AgrB and the different roles of
the conserved and divergent regions of the
protein are in progress. A single transmem-
brane protein is responsible for processing
and secretion of peptidic bacteriocins by
lactococci (14); however, this protein is
unrelated to AgrB and is much larger.

Similarly, AgrC has diverged in paral-
lel with AgrD so as to retain the specific-
ity of the receptor-ligand interaction that
leads to activation. Here, the divergent
region is the NH,-terminal half, which
was predicted by sequence analysis and
confirmed by PhoA fusions (15) to span
the cytoplasmic membrane and- which
must contain the site of interaction with
the different peptides. The COOH-termi-
nal half, which contains the conserved
histidine and transmits the autophospho-
rylation signal (16), is highly conserved.

The sequence divergence is confined to
the region of the agr locus that is responsi-
ble for the specificity of processing and of
the ligand-receptor interactions, and the
junctions between the conserved and diver-
gent regions are very sharp, at the nucleo-
tide as well as at the amino acid level. This
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type of sequence organization is similar to
that of the exchangeable cassettes that are
responsible for antigenic switching and oth-
er types of phase variation in microorgan-
isms (17). It would not be surprising if some
sort of cassette-switching mechanism were
responsible for exchanging these divergent
gene segments between strains or species, or
both. The evolutionary mechanism for di-
vergence in concert, however, remains un-
known and may involve a hypervariability-
generating system.

Studies are presently directed toward
the biological role or roles of these group-
ings. Group-specific differences in the ex-
pression.of subsets of virulence factors or
other extracellular proteins could be relat-
ed to differences in disease patterns.
Group-specific differences in the expres-
sion of colonization factors could be relat-
ed to interstrain interference with coloni-
zation (1) and to differences in coloniza-
tion site preference. Indeed, we have ob-
served that the vast majority of menstrual
toxic shock strains belong to agr group 111
and are characterized by a coherent over-
all biotype (12). This finding could reflect
a tissue tropism for the human vaginal
mucosa; however, it is inconsistent with
the fact that many surface proteins, pre-
sumably including colonization factors,
are down-regulated by agr (18). Finally,
ligand-based inhibition of virulence or
colonization factor expression, or both,
could represent the basis of a therapeutic
or prophylactic initiative that may not be
limited to staphylococci.

REFERENCES AND NOTES

1. H. R. Shinefield et al., Ann. N.Y. Acad. Sci. 236, 444
(1974).

2. W. C. Noble and J. A. Willie, Br. J. Exp. Pathol. 61,
339 (1980); S. E. Holm and E. Grahn, Scand. J.
Infect, Dis. Suppl. 39, 73 (1983); K. H. Wilson and J.
N. Sheagren, J. Infect. Dis. 147, 733 (1983); M. C.
Barc, P. Bourlioux, H. Boureau, F. Nerbone, E. Was-
concellos da Costa, Can. J. Microbiol. 32, 751
(1986).

3. H.L.Peng, R. P. Novick, B. Kreiswirth, J. Kornblum,
P. Schlievert, J. Bacteriol. 170, 4365 (1988); L. Jan-
zon, S. Léfdahl, S. Arvidson, Mol. Gen. Genet. 219,
480 (1989).

. R.P.Novicketal., Mol. Gerk. Genet. 248, 446 (1995).

. R. P. Novick et al., EMBO J\12, 3967 (1993).

. L. Janzon and S. Anvidson, ibid. 9, 1391 (1990); E.
Morfeldt, D. Taylor, A. von Gabain, S. Arvidson, ibid.
14, 4569 (1995).

7. G. Ji, R. Beavis, R. P. Novick, Proc. Natl. Acad. Sci.

U.S.A. 92, 12055 (1995).

, data not shown.

9. Staphylococcus aureus strains used: RN6390B (5),
RN6596 [American Type Culture Collection (ATCC)
27733}, RN7690 (V8), SA502A (ATCC27217),
RNB923, -and RN6925 (methicillin-resistant clinical
isolates); and RN7843, RN8462, and RN8463 (clini-
cal toxic shock syndrome isolates). PCR products
were prepared in which chromosomal DNAs from
these strains were used as templates and oligonu-
cleotides flanking the agrBDC of RNG390B (4) were
used as primers. For strains RN7690, RN6923,
RN6925, and RN8462, the PCR products were di-
rectly sequenced with an automated DNA sequenc-

OO

2030

er (Molecular Dynamics), and sequencing was con-
tinued with the primer walking strategy. For SA502A
and RN8463, the PCR fragments were cloned into
plasmid pRN5548 (5) and sequenced. Staphylococ-
cus lugdunensis RN8160 (10) agrBD strains were

constructed by cloning a PCR product with oligonu- -

cleotides flanking the agrBD genes as primers and
chromosomal DNA as template infto pRN5548.
pRN5548-RN6390B agrBD was constructed as de-
scribed (7). The agrBD genes of SA502A and
RN8463 were cloned by deleting agrC from
pRN5548-agrBDC constructs. Plasmids used in Ta-
ble 1: pRN5548-RN6390B agrD (7) and pRN6441-
RN6390B agrB were constructed by cloning a Cla |
fragment of plasmid pRN6912 (7) into pRNG441 (4);
for other strains: pPRN5548-agrD plasmids were con-
structed by in-frame internal deletion of agrB genes
from pRN5548-agrBD plasmids; pRN6441-agrB
plasmids were constructed by first deleting the agrD
genes from pRN5548-agrBD plasmids, the resulting
plasmids were then digested with Cla |, and the DNA
fragments containing agrD were cloned into
pRNB441. All plasmids were transformed into S. au-
reus RN7667 [RN6911(pl524) (7)].

10. F. Vandenesch, S. J. Projan, B. Kreiswirth, J. Eti-
enne, R. P. Novick, FEMS Microbiol. Lett. 111, 115
(1993); Y, Benlito, B. Donvito, J. Etienne, F. Vanden-
esch, 8th International Symposium on Staphylococci
and Staphylococcal Infections, abstract P124, Aix-
Les-Bains, France, 23 to 26 June 1996 (Societé
Frangaise de Microbiologie, 1996). .

11. G. Ji, R. Beavis, R. P. Novick, data not shown.

12. G. Jiand R. Novick, unpublished data.

13. R. Beavis, T. Muri, G. Ji, R. P. Novick, unpublished
data.

14. L. S. Havarstein, D. B. Diep, |. F. Nes, Mol. Microbiol.
16, 229 (1995).

15. A. Pedraza and R. Novick, unpublished data.

16. G. Lina et al., unpublished data.

17. B. Wilske et al., Res. Microbiol. 143, 583 (1992); J.

Hicks, J. N. Strathern, A. J. S. Klar, Nature 282, 478

(1979); G. L. Murphy and J. G. Cannon, Bioessays 9,
7 (1988).

18. J. Kornblum, B. N. Kreiswirth, S. J. Projan, H. Ross,
R. P. Novick, Molecular Biology of the Staphylococ-
ci, R. P. Novick, Ed (VCH, New York, 1990), chap.
28; C. Wolz, D. McDevitt, T. J. Foster, A. L. Cheung,
Infect. Immun. 64, 3142 (1996).

19. The autoinducing peptide from RN6390B was purified
as described (7). For others, the peptides were purifiect
from the culture supematants of RN7667 cells contain-
ing cloned agrBD genes of SA502A, or RN8463, or S.
lugdunensis grown in dialyzed tryptophan assay medi-
um (7) plus L-tryptophan (50 pg/mi) and 2-(2-carboxy-
phenylbenzoyl-6-aminopenicillanic acid (5 wg/ml) start-
ing at 2 X 10° cells/ml. After 6-hour growth, cells were
removed by centrifugation and the supematant was fil-
tered (0.22-pm filter), boiled for 10 min, lyophilized, and
suspended in solution A (2.5% acetonitrile plus 0.1%
trifiuoroacetic acid). This material was loaded onto a
Sephasil C18 (Pharmacia) column (3 cm X. 5 cm),
washed once with solution A, once with solution B (15%
acetonitrile plus 0.1% triflucroacetic acid), and eluted
with solution C (40% acetonitrile plus 0.1% triflucroace-
tic acid). The eluted material was lyophilized, suspended
in 20 mM tris-HCI buffer (pH 7.5), and filtered through a
Centricon 3 filter (Amicon). The filtrate was then loaded
onto a high-performance liquid chromatography C-18
column and eluted with an acetonitrile gradient (16 to
32%) at 0.2% acetonitrile per minute. Fractions with
activity were pooled, lyophilized, suspended in 20 mM
tris-HCl buffer (pH 7.5), and analyzed by matrix-assisted
laser desorption/ionization-mass spectrometry [F. Hill-
enkamp, M. Karas, R. C. Beavis, B. T. Chait, Anal.
Chem. 63, 1193A (1991) (7)}, and the amino acid se-
quence was determined by a Perkin-Elmer Procise Ed-
man Sequencer.

20. We thank H. F. Ross for discussion and critical read-
ing of this manuscript. Supported by National Insti-
tutes of Health grant R01-A130138 to R.P.N.

23 December 1996; accepted 2 May 1997

An Animal Model for Acute and Persistent
Epstein-Barr Virus Infection

Amir Moghaddam, Michael Rosenzweig, David Lee-Parritz,
Bethany Annis, R. Paul Johnson, Fred Wang*

Epstein-Barr virus (EBV) is a human lymphocryptovirus that causes infectious mono-
nucleosis, persists asymptomatically for life in nearly all adults, and is associated with
the development of B cell ymphomas and nasopharyngeal carcinomas. A highly similar
rhesus lymphocryptovirus naturally endemic in rhesus monkeys was used to orally infect
naive animals from a pathogen-free colony. This animal model reproduced key aspects
of human EBV infection, including oral transmission, atypical lymphocytosis, lymphad-
enopathy, activation of CD23* peripheral blood B cells, sustained serologic responses
to Ilytic and latent EBV antigens, latent infection in the peripheral blood, and virus
persistence in oropharyngeal secretions. This system may be useful for studying the
pathogenesis, prevention, and treatment of EBV infection and associated oncogenesis.

Despite progress in basic and clinical Ep-
stein-Barr virus (EBV) research, the ab-
sence of a suitable animal model for EBV
infection continues to impede studies of
viral pathogenesis, vaccine development,
and therapeutics. EBV infection is typical-
ly initiated by transmission in oral secre-
tions, virus replication in the oropharynx,
and infection of peripheral blood B lym-
phocytes (1). Primary EBV infection is the
most common cause of infectious mono-

nucleosis (2). Thereafter, EBV persists as a
latent infection in a small fraction of B
lymphocytes and replicates sporadically at
low levels in the oropharynx (1). Virus
reactivation and shedding in oral secre-
tions enables completion of the virus life
cycle by infection of naive hosts. Latent
EBV infection is generally asymptomatic
but can lead to polyclonal EBV-infected B
cell lymphoproliferations and lymphomas
when individuals are immunosuppressed
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