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A Proteolytic Transmembrane
Signaling Pathway and
Resistance to 3-Lactams in
Staphylococci

H. Z. Zhang, C. J. Hackbarth, K. M. Chansky, H. F. Chambers*

B-Lactamase and penicillin-binding protein 2a mediate staphylococcal re-
sistance to B-lactam antibiotics, which are otherwise highly clinically ef-
fective. Production of these inducible proteins is regulated by a signal-
transducing integral membrane protein and a transcriptional repressor. The
signal transducer is a fusion protein with penicillin-binding and zinc met-
alloprotease domains. The signal for protein expression is transmitted by
site-specific proteolytic cleavage of both the transducer, which autoacti-
vates, and the repressor, which is inactivated, unblocking gene transcription.
Compounds that disrupt this regulatory pathway could restore the activity
of B-lactam antibiotics against drug-resistant strains of staphylococci.

B-Lactam antibiotics are the most effective
drugs for the treatment of staphylococcal in-
fections, yet they often cannot be used be-
cause many strains are resistant. Resistance is
due to production of either B-lactamase or an
extra penicillin-binding protein, PBP 2a (/,
2). B-Lactamase, encoded by blaZ, inacti-
vates penicillin by hydrolysis of its B-lactam
ring. PBP 2a, encoded by the chromosomal
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gene mecA, in methicillin-resistant strains of
staphylococci, confers resistance not only to
penicillin, but also to all B-lactam antibiotics.
PBP 2a, which is probably a transpeptidase
(3), can substitute for other PBPs but, be-
cause of its low affinity for binding B-lac-
tams, is unbound at clinically relevant con-
centrations of antibiotic, allowing cell wall
synthesis to continue (4). Although B-lacta-
mase and PBP 2a are genetically and bio-
chemically distinct, both are regulated by
similar sensor-transducer and repressor pro-
teins. Their regulatory proteins are homologs
of each other and of those controlling expres-
sion of inducible B-lactamase in Bacillus
licheniformis (5-7). In staphylococci, the
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genes for the sensor-transducer (blaRI or
mecR for 3-lactamase or PBP 2a, respective-
ly) and the DNA binding repressor protein
(blal or mecl) are located immediately up-
stream of the structural gene (blaZ or mecA)
and are transcribed in the opposite direction
as a polycistronic message. Repressor binds
as a homodimer to palindromic sites within
the mec and bla intergenic promoter regions,
nucleotide sequences of which are 57% iden-
tical, blocking transcription of both structural
and regulatory genes (8—/0). Either bla or
mec regulatory genes can control production
of PBP 2a and B-lactamase because of the
high degree of homology of the two systems
(8, 11), although regulation in clinical iso-
lates is principally by bla because of dele-
tions or mutations in the mec regulatory
genes that weaken repressor activity (12, 13).

B-Lactam binding to the extracellular,
penicillin-binding domain of the sensor trans-
ducer generates a transmembrane signal that
results in the removal of repressor from DNA
binding sites, allowing for transcription of
both structural and regulatory genes (10, 14).
The details of this signaling mechanism have
been a mystery. Induction of B-lactamase is
accompanied by proteolysis of Blal with con-
version of 14-kD Blal into an ~11-kD frag-
ment (10). To determine its site of cleavage,
we tagged Blal with the 11-amino acid c-
Myec sequence (/5-17). Under inducing con-
ditions, identically sized 11-kD Blal frag-
ments were detected in the Staphylococcus
aureus transformants expressing wild-type
Blal or Blal tagged at its COOH-terminus,
indicating a COOH-terminal location of the
cleavage site (Fig. 1A). Accordingly, Blal
tagged with c-Myc sequence at the NH,-
terminus generated a Blal fragment that mi-
grated more slowly than that of COOH-
terminus—tagged Blal (Fig. 1B).

The specific cleavage site within Blal was
located by engineering a construct where the
glutathione S-transferase (GST) gene, gst,
was fused in-frame to the COOH-terminus of
blal (18). The NH,-terminal amino acid se-
quence of cleaved GST-Blal fusion product
was determined to be FAKNEELNN (/9),
which localized the site of cleavage between
residues N'°! and F'°2 residing within the
sequence NH,-KSLVL N'©'F!92AKNEELNN.
Substitution mutation of A1 A102 for N101F102
(N101A, F102A) at this site both prevented
proteolysis of Blal (Fig. 1C) and inducible
expression of B-lactamase (20). Thus, site-
specific proteolytic cleavage of Blal near its
COOH-terminus is required for reversal of
transcriptional repression in this signal trans-
duction pathway.

BlaRl1 is a prime candidate for the pro-
tease that cleaves Blal. Deletion or mutation
of blaR1 prevents B-lactamase induction and
proteolysis of Blal (10, 1I). In addition, a
H?°'EXXH zinc metalloprotease signature
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motif is present within the predicted 186—
amino acid cytoplasmic domain (14, 21). The
histidine residues of metalloproteases with
this signature motif are essential for zinc
binding, and the glutamic acid residue is a
catalytic base (22). Two.site-directed muta-
tions, His?°! — Ala?°! (H201A) and Glu2°?
— Ala?%2 (E202A), were introduced into
BlaR1. Either mutation prevented the cleav-
age of Blal (Fig. 1D) and induction of
B-lactamase.

Zinc metalloproteases typically are auto-
catalytic proenzymes activated by intramo-
lecular cleavage (23). We have previously
reported the presence of an inducible ~35-
kD PBP in transformants of the methicillin-
resistant strain COL containing intact blaR/
but not in a transformant in which blaR/ had
been disrupted (//, 24), suggesting that the
35-kD PBP was a cleavage product of BlaR1.
Cleavage of BlaR1. was confirmed by using
antiserum against a synthetic peptide identi-
cal in sequence to that within the BlaRl
cytoplasmic domain (Fig. 2A). An inducible
33- to 35-kD peptide, as well as a small
amount of a larger protein, corresponding to
full-length 66-kD BlaR1 was detected in the
transformant COL631.

The specific site at which BlaR1 is
cleaved and the participation of the HEXXH
motif in its proteolysis were investigated with
a pair of S. aureus strain RN4220 transfor-
mants into which a COOH-terminus His®-
tagged BlaR1 fusion had been introduced. In
one transformant, the zinc metalloprotease
motif was wild-type, H2°'EXXH, and in the
other, a E202A substitution mutation had
been introduced. An inducible, His®-tagged
33-kD protein (but no 66-kD protein) was
detected in the transformant containing intact

Fig. 1. Western blot A
analysis of - Blal in il

HEXXH sequence but not in the transformant
with the E202A mutation (Fig. 2B). Thus,
the zinc metalloprotease signature motif of
BlaR1 is not only required for the cleavage of
Blal, but also is required for its own cleavage.

The His®-tagged 33-kD polypeptide was
then purified from lysates of whole cells (18).
Its NH,-terminal amino acid sequence was
determined to be RLINIKEAN, localizing the
specific cleavage site within the sequence
KKSLIKR?**RLINIKEA of the BlaR1 cyto-
plasmic domain. A transformant containing
mutant BlaR1 [Arg?®® — Ala?®® (R293A)]
did not degrade Blal (Fig. 1E), and 3-lacta-
mase was not detectable under noninducing
or inducing conditions. Thus, the signal ini-
tiating proteolysis of Blal and release of re-
pression also involves site-specific proteoly-
sis of BlaR1.

To determine whether BlaR1 generation
could be autocatalytic or required a staphy-
lococcal co-factor, we cloned blaR1 tagged at
its 3’ end with a His® sequence (to monitor
for cleaved gene products) under control
of an isopropyl-B-D-thiogalactopyranoside
(IPTG)-inducible promoter into a tightly reg-
ulated Escherichia coli expression vector.
His®-tagged peptides of ~19, 31 to 36, and
61 kD were expressed in the presence of
IPTG (Fig. 3). The amount of the 31-kD
peptide was relatively increased in the pres-
ence of the B-lactam inducer, 2-(2'-car-
boxyphenyl)benzoyl-6-aminopenicillanic
acid (CBAP). These results are consistent
with autocatalysis of BlaR1 triggered by
binding of inducer.

The sequence of events during induction
of B-lactamase appears to be as follows. Bac-
teria detect B-lactam antibiotic by its binding
to the penicillin-binding domain of the sensor

C-Myc B N-Myc C-Myc

whole cells of S. aureus — i

strain  RN4220 trans-
formants, grown under
noninducing (-) and in-

ducing (+) conditions
(29). (A and B) wT C
is a transformant with

WT Hw‘—bA EM—DA WT R A

pCH2278 (11, 24),
which is a wild-type
bla locus cloned into
PRN5542 (30). C-Myc

- + — + — +

.

indicates the transfor-

mant with c-Myc sequence EQKLISEEDLN (77, 79) tagged onto the COOH-terminus of Blal (75, 76), and
N-Myc indicates that c-Myc sequence was tagged onto the NH,-terminus of Blal. (C) Lanes N,,,F—AA
indicate the transformant with these amino acid substitution mutations (N101A, F102A) introduced
into Blal. (D) Lanes H,,,—>A and E,;,—>A are transformants with these point mutations (H201A and
E202A, respectively) introduced into the H2°'EXXH zinc metalloprotease motif of BlaR1. (E) Lanes
R,93—>A are the transformant containing this substitution mutation (R293A) introduced into BlaR1. For
induction of B-lactamase, log-phase organisms were grown in tryptic soy broth with and without CBAP
(10 pg/ml). Cells were pelleted by centrifugation, resuspended in lysis buffer [lysostaphin (200 pg/ml),
10 mM MgCl,, deoxyribonuclease (15 wg/ml), ribonuclease (15 pg/ml), and 20 mM tris-Cl (pH 7.6)},
and incubated at 37°C for 30 min. Samples were electrophoresed through a 12% SDS—polyacrylamide
gel electrophoresis (PAGE) gel. Western blotting was performed with the alkaline phosphatase detection
method by using the rat antiserum to Blal as the primary antibody (37). The antiserum was raised in
Sprague-Dawley rats injected with purified GST-Blal fusion protein.
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protein, BlaR1, only a few copies of which
are present in the membrane. Binding pro-
motes rapid autocatalytic cleavage of BlaR1,
which appears to be a prometalloprotease.
The activated metalloprotease either directly
cleaves Blal or promotes or participates with
one or more cofactors in Blal cleavage to
generate an 11-kD fragment containing the
DNA binding domain and a 3-kD fragment
containing the dimerization domain. Repres-
sion is reversed by converting the Blal mono-
mer to a form that is incapable of dimerizing
and binding. Loss of Blal from its intergenic
operator sites allows transcription of blaZ.
B-Lactamase is then expressed, resulting in
resistance. Because BlaR1 once cleaved can
no longer transmit signal, intact BlaR1 must
be continually generated in order to detect
antibiotic in the environment, which explains
why its production is also up-regulated. As
the antibiotic concentration decreases, BlaR1

REPORTS

is no longer autoactivated, Blal is no longer
cleaved, and equilibrium shifts back to the
intact repressor, which can again dimerize,
bind DNA, and turn the system off.. The
simplest model for signal transduction would
involve direct cleavage of Blal by BlaR1.
However, Cohen and Sweeney (25) have re-
ported that a putative third chromosomal reg-
ulatory element, blaR2, was also involved in
B-lactamase induction. Our results do not
rule out the participation of such an addition-
al element or elements.

Regulation by a transmembrane signal
transmitted by sequential proteolytic events has
not been described in bacteria. The B-lactamase
regulatory system differs from two bacterial
systems in which protease activity is involved
in gene regulation or transmembrane signaling
(26-28). The E. coli FtsH membrane metallo-
protease is a constitutively expressed enzyme
that degrades the heat-shock transcriptional fac-

Fig. 2. (A) Western B 6-His +
blot ' of BlaR1 in Post Pre WT  6-His E, A
membranes of strain

COL631, a transfor- - + + = o = & =
mant of the methicil-

lin-resistant strain COL 97 —

into which pCH631 has Pmia st o -— oy
been introduced (24). 66 —|—— —* e

Each lane indicates the
growth of cells under
noninducing (-) or in-
ducing (+) conditions.
BlaR1 was detected by
a rabbit antiserum,
which was prepared in
New Zealand rabbits

30—

45— | = — e

by intradermal immu-

nization with a 14—amino acid synthetic peptide identical to the sequence S?6"HSFNGKKSLLKRR?%* of
the BlaR1 cytoplasmic domain. Post indicates postimmunization serum, and Pre indicates preimmune
serum. Numbers at the left indicate the position of migration of molecular weight markers (in
kilodaltons). B-Lactamase induction and immunoblotting was performed as described in Fig. 1. (B)
Western blot with monoclonal antibody to His® in whole-cell lysates of RN4220 transformants,
uninduced (-) and induced (+). WT indicates the RN4220 (pCH2278) transformant containing
wild-type bla. Lanes 6-His are a transformant with His® tagged onto the COOH-terminus of BlaR1 (75,
16) and wild-type H?°TEXXH motif. Lanes 6-His + E,,,—>A are a transformant with His®-tagged BlaR1
plus this substitution mutation in its HEXXH motif. BlaR1 was detected by immunoblotting with

monoclonal antibody to His® (Invitrogen).

Fig. 3. Western blot of His®-tagged BlaR1 peptides purified & + + IPTG
from E. coli strain BL21(DE3) (Invitrogen). blaR1 with His® = = + CBAP
tagging sequence and its intact ribosome binding site was —89
amplified by PCR from the S. aureus RN4220 transformant _ &7
described in Fig. 2 and cloned downstream of the T7 promoter

into pBluescript SK- (Stratagene). The T7 promoter with

tagged blaR7 was amplified by PCR and recloned into a —43
low-copy-number plasmid, pACYC184 (New England BioLabs,

Beverly, Massachusetts), which was used to transform E. coli | == —— o0
strain DH5a.. The resulting plasmid, p184R6H, was used to

transform BL21(DE3). The BL21(DE3) (p184R6H) transformant —23
was grown to an optical density at 600 nm of ~0.5, and BlaR1 —48
expression was induced with IPTG in the presence or absence

of CBAP (10 wg/ml) for 1 hour. Cell lysate equivalent to 10 ml

of culture was subjected to metal affinity precipitation by

using the Talon Metal beads (Clontech). Beads were boiled for 5 min in SDS sample buffer, and
samples were loaded on an SDS-PAGE gel for immunoblotting with monoclonal antibody to His®
(Invitrogen). Numbers at the right indicate the position of migration of molecular weight markers
(in kilodaltons). Lanes indicate the presence (+) or absence (-) of IPTG and CBAP in the growth
medium. Relative amounts of protein were determined by scanning densitometry.

tor 32, which affects transcription of several
genes (27). There is, however, no sensor com-
ponent of this system. The Bacillus subtilis
membrane protease SpolIGA (28) perhaps
most closely resembles B-lactamase gene regu-
lation. SpolIGA protease activity is increased in
the presence of an endogenously produced li-
gand and converts the transcription factor pre-
cursor' pro-oF into its active form. However,
SpolIGA activation does not involve proteoly-
sis. Thus, regulation of B-lactam resistance in
staphylococci occurs through a specific path-
way that may offer potential targets for drug
development.
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Recovery of Infectious Ebola
Virus from Complementary DNA:
RNA Editing of the GP Gene and
Viral Cytotoxicity
Viktor E. Volchkov,2* Valentina A. Volchkova,’

Elke Miihlberger,” Larissa V. Kolesnikova,’ Michael Weik,’
Olga Dolnik,” Hans-Dieter Klenk’

To study the mechanisms underlying the high pathogenicity of Ebola virus, we
have established a system that allows the recovery of infectious virus from
cloned cDNA and thus permits genetic manipulation. We created a mutant in
which the editing site of the gene encoding envelope glycoprotein (GP) was
eliminated. This mutant no longer expressed the nonstructural glycoprotein
sGP. Synthesis of GP increased, but most of it accumulated in the endoplasmic
reticulum as immature precursor. The mutant was significantly more cytotoxic
than wild-type virus, indicating that cytotoxicity caused by GP is down-reg-
ulated by the virus through transcriptional RNA editing and expression of sGP.

Ebola virus (EBOV) is a highly dangerous
pathogen causing hemorrhagic fever in hu-
mans and nonhuman primates. Mortality
rates up to 90% and the lack of measures to
prevent the disease classify this virus at bio-
safety level P4 (7). Together with Marburg
virus (MBGV), it forms the family Filoviri-
dae (2), a group of enveloped, nonsegmented,
negative-stranded RNA viruses. The EBOV
genome is 18,959 nucleotides (nt) in length
and is transcribed into eight major sub-
genomic mRNAs that encode seven structural
proteins and one nonstructural protein. Four
of these—NP, VP35, VP30, and the catalytic
subunit L of the RNA polymerase—are con-
stituents of the ribonuleocapsid (2). VP40
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and VP24 are matrix proteins. GP is a mem-
brane glycoprotein that is located at the sur-
face of EBOV-infected cells and forms the
spikes on virions. Expression of GP, which is
encoded by two overlapping reading frames,
requires the insertion of a non—template-cod-
ed adenosine residue by a mechanism of tran-
scriptional RNA editing (3, 4). Most (about
80%) GP mRNAs are not edited, and they
direct synthesis of the nonstructural glyco-
protein sGP, which is secreted from EBOV-
infected cells. GP and sGP are identical at
their NH,-terminal ends (295 amino acids)
but differ at the COOH termini owing to the
use of different reading frames. Surface GP
presumably mediates virus entry by receptor
binding and membrane fusion and is-a deter-
minant of cell tropism (5, 6). Proteolytic
cleavage of GP may play a role in pathogen-
esis (7). It has recently been reported that
recombinant GP induces cell disruption and
cytotoxicity and that it may therefore be a
determinant of pathogenicity (8, 9). Signifi-
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cant amounts of sGP can be detected in sera
of patients suffering from EBOV hemorrhag-
ic fever, which supports the notion that sGP
also plays an important role in pathogenesis
(10). However, MBGV, which causes disease
symptoms similar to those of EBOV, ex-
presses only GP from a single open reading
frame (11, 12). GP levels are low in cells
infected with MBGYV, although editing does
not occur in this case. Therefore, the roles of
transcriptional editing and of sGP in EBOV
replication and pathogenesis are not well un-
derstood. The present study was undertaken
to elucidate these problems.

A cDNA clone encoding the complete
antigenome of the Mayinga strain of EBOV
subtype Zaire (/3), was constructed from
three overlapping cDNA segments of approx-
imately 6000 base pairs (bp) (KSN-4, KSS-
25, and KSL-23), each generated from a plas-
mid library described elsewhere (14-16). As
a marker for the rescue of recombinant
EBOV (recEBOV), two nucleotide mutations
at a unique Sal I restriction site were intro-
duced into the antigenomic cDNA by means
of site-directed mutagenesis (/7). This clone,
which contained the authentic editing site,
was designated pFL-EBOVe™. To recover
recEBOVe™, a BHK-21 cell line (BSR T7/5)
stably expressing T7 polymerase under the
control of a cytomegalovirus promoter (/8),
was cotransfected with pFL-EBOVe™* and
four plasmids encoding the nucleocapsid pro-
teins NP, VP35, VP30, and L (19, 20). A
typical cytopathic effect (CPE) in the form of
several foci of rounded cells was observed in
cell culture dishes between 6 and 9 days after
transfection. To amplify rescued virus, cul-
ture supernatants from BSR T7/5 cells were
inoculated onto Vero E6 cells, where recom-
binant virus induced easily visible CPE 4 to 6
days after infection. When any of the plas-
mids expressing NP, VP35, VP30, or L was
omitted, CPE was not observed in either BSR
T7/5 cells or in subsequent passages on Vero
E6 cells, which supports the previous obser-
vation that NP, VP35, and L are essential for
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