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Summary

Prediction studies, conformational analyses and lonane-topology mapping lead to the conclusion tiwat
penicillin sensory transducer, BlaR, involved ie thducibility of B-lactamase synthesis Bacillus
licheniformis is embedded in the plasma membrane bilayer viatfansmembrane segments TM1-TM4 that
form a foure-helix bundle. The extracellular 262-amino-acidiglas polypeptide, S340-R601, that is fused at
the carboxy end of TM4, possesses the amino aqgigesee signature of a penicilloyl serine transferéts
probably functions as penicillin sensor. As an peledent entity, this polypeptide behaves as a &ffjhity
penicillin-binding protein. As a component of thélsize BlaR, it adopts a different conformatiaegumably
because of interactions with the extracellular 68r@-acid-residue P53-S115 loop that connects TMP a
TM3. Reception of the penicillin-induced signal uégs a precise conformation of the sensor bubédischot
involve penicilloylation of the serine residue S4ff2notif STYK. Signal transmission through the gtz
membrane by the four-helix bundle may proceed in a way comparable &b i the aspartate receptor, Tar.
Signal emission in the cytosol by the intracelldl80-amino-acid-residue Y134-K322 loop that considd¥l3
and TM4, may proceed via the activation of a puéatnetallopeptidase.

Introduction

Beta-lactam antibiotics inactivate a set of meméraound proteins, known as penicillin-binding phase
(PBPs), that are essential components of the balotetl-wall peptido-glycan-synthesizing machinery
(Ghuysen, 1994; Ghuysen al, 1996). Resistance to these antibioticg-lactamase mediated and/or PBP
mediated. Resistance may be constitutive or indieigibd, in the latter case, to detect the presehgdactam
antibiotics in their environment and switch on tr@nscription of resistance genes, bacteria haveldped
transduction pathways that have unique features.

Gram-negative bacteria recycle their wall peptigtogh (Mengin-Lecreulet al, 1996). The induction di-
lactamase synthesis is the result offHactam-induced, peptidoglycan hydrolase-mediatr@gulation of the
peptidoglycan recycling process (Jacebal., 1994; 1995; Park, 1996). Gram-positive bactédanot recycle
their wall peptides (De Boet al, 1981). The induction ¢f-lactamase synthesis Bacillus licheniformisand
Staphylococcus aureuand the induction of the low-affinity PBP2' syasiis in Saureusrely on the penicillin-
sensory transducers BlaR and MecR, respectivelys(@bal, 1994). BlaR and MecR are bipartite proteins. An
amino-terminal module having multiple membrane-spag segments and possessing the signature o€a zin
binding motif (presumably located on an intraceltubop) is fused, at its carboxy-terminal enda toenicilloyl
serine transferase module (presumably locatedtea@tlular sites), which has the amino acid segeen
signature of the class ®Plactamases.

The regulation of transcription of tifielactamase-encodingaP in B. licheniformisinvolves three chromosomal
regulatory genes (Kobayasd#ti al, 1987) blal encodes a repressor which, in the absen@edattam antibiotics,
maintaingB-lactamase production at a low basal lel&R1encodes the 601-amino-acid-residue BlaR which, it
is believed, upon reaction with penicillin allowsrdpression di-lactamase synthesis to occbhlaR2is
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unlinked toblaP, blal andblaR1, and its product is of unknown function. MutatiorblaR2generates a low-
level constitutive3-lactamase phenotype. WhidaP is transcribed from its own promotéral andblaR1are
transcribed as a polycistronic mRNA from thlal promoter in the opposite orientationktaP, and the two
promoters lie in the intergenic region betwédaP andblal-blaR1.Theblal-blaR1promoter possesses a single
repressor-binding sequence; tilaP promoter possesses two dyad repeated binding seegiehs a
consequence, transcriptiontfl-blaR1is autoregulated and repressiorbt#P is tighter than that dfial-

blaR1

When overproduced iBscherichia colindependently of the rest of the protein, the pi#aid serine transferase
module of theB. licheniformisBlaR folds by itself in the periplasmic space & tiost and acquires a high-
affinity penicillin-binding conformation (Jorist al, 1990). This property suggests that, in the $idk BlaR, the
penicilloyl serine transferase module functions.@enicillin sensor, and that the associated trangmane
module functions as a transducer, allowing theaigmbe transmitted to the cytosol. Signal trassmn
depends on the number, directionality and assepfttlye membrane-spanning segments of the transduncer
the studies reported here, prediction methods wsed to identify the most-probable membrane topotidg
BlaR, and the predicted model was investigated rx@atally.

Results
Prediction studies

Figure 1 identifies the H212ELYH zinc-binding maiforiset al, 1994) and the S*402TYK (where S* denotes
the active-site serine), Y476GN and K539TG pergyliserine transferase motifs along the amino aeglience
of BlaR. Because the active-site serine residug@slaétamases and low-molecular-mass PBPs occur at
approximately position 60 in the polypeptide chaihs assumed that the transducer of BlaR extémais M1

to P339 and that the fused sensor extends from ®3R601.

Figure 1 also shows the hydrophobicity profile ¢dB. Segments S1, S2, S3 and S5 of the transduadulen

fell above the upper cut-off value. They were regdras definite transmembrane segments. Segmdel S4
below the upper cut-off value. As segment S4 imtbdownstream from the H212ELYH zinc-binding maiif,
might be a secondary-structure element of a ziptigeese borne by the BlaR transducer module.

The hydrophobic property of a helix can be reprigton a plot, the vertical axis of which is thelfgphobic
moment and the horizontal axis is the mean hydrbigity (Eisenberg, 1984). In such a plot, transmenb
helices usually fall in a region of high hydrophabi and small hydrophobic moment. Segments SArii3S5
of the transducer module each fell within the traembrane region (data not shown). Segment S1 @path
the transmembrane region and the surface-seekigner his feature is characteristic of peptideusggres with
affinity for the interface between an aqueous ahgidrophobic phase. Segment S4 fell at the eddfeecof
surface-seeking and globular regions. This featuoharacteristic of helices that are in contat¢hwlie solvent.

Fig. 1. Zinc-binding and penicilloyl serine transferasetifsy hydropathy profile and putative transmembrane
segments (S) of the penicillin sensory transduBkiR. <H> = hydrophobicity. The figure was constted by
moving a window of 20 amino acid residues alongstiguence and using terPPREDu software of Claros and
von Heijne (1994).
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Conformational analyses

The above prediction studies suggested that segrdnS3, S5 and possibly S1 of the transducer lmadu
BlaR are membrane-spanning helices. Conformatimedhods developed for biological membranes and

peptides inserted into a lipid matrix (Brasseu9were used to investigate if and how these satgrmould
be assembled into a multi-helix structure.

Energy minimization studies revealed that segm88tév36-A52) and S3 (A116-L133) are likely first to
assemble as a stable twehelix structure (Fig. 2A) characterized by an patallel orientation of the peptides, a
steric complementarity and a negative free enefgyteraction (which is the sum of the Van derWaals
electrostatic and free-solvation energies of theracting atoms). The axes of the two helices wbel@xpected
to form an 11° angle, with the shortest and longestances between the two helices being 8.3 Al8n6l A,
respectively. The side-chains of Y40 and L47 ofnsegt S2 would be expected to interact with the-stulEns

of M128 and W121 of segment S3, respectively.

Energy-minimization analysis also showed that segs81 (F9-126) and S5 (S323-P339) each would be
expected to combine with the previously formed tvadix structure to generate a fouhelix bundle (Fig. 2B)
in which the bulky amino acid side-chains are atititerface between thehelices, allowing maximal
interaction. Figure 3 is a stereo view of the putatour-a-helix bundle.

Fig. 2. Modelling by energy minimization of the fawshelix bundle formed by segments S1, S2, S3 antlt&6&
BlaR transducer.

A. Assembly of segments S2 and S3 as a stableetixcstructure.

B. Top view of the fout-helix bundle.
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Fig. 3. Stereo view of the four-helix bundle of the BlaR transducer. The dispositind the polarity of the
transmembrane segments are shown in the lowergbaine figure. TM1, TM2, TM3 and TM4 are the
hydrophobic segments S1, S2, S3 and S5 of Figd 2,amspectively.
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Predicted membrane topology of BlaR

Figure 4 shows the predicted membrane topologyl@RBis derived from the prediction studies and
conformational analyses. The K27-T35 loop that eat® TM1 and TM2, and the Y134-K322 loop that
connects TM3 and TM4 and contains segment S4ngacellular. The M1-P8 amino-terminal stretch, B&3-
S115 loop, which connects TM2 and TM3, and the SR801 sensor are extracellular. This membrane tayol
obeys the positive-inside rule of von Heijne (19%#)cording to which positively charged amino aeisidues
of prokaryotic integral-membrane proteins (i.e. R+ the amino-terminal amino acid residue) areemor
abundant in cytoplasmic loops than in extracellldaps. The sum 'K + R' for the two intracellulaops is 32.
The sum 'M1 + K + R' for the extracellular aminom&al M1-T8 segment and the extracellular looB.is

Mapping experiments

The predicted membrane topology of BlaR was prabgxtrimentally using thE. coli TEM-B-lactamase
reporter method (Broome-Smig al, 1990).

pDML753 encodes the information for the synthe$iwitd-type BlaR.E. coli IM105(pDML753) was grown in
liquid medium, and BlaR production was induced WRA'G. Analysis of the cytoplasmic, membrane and
periplasmic fractions by high-resolution SDS-PAGIBwed that thé&. coli transformants produced, bound to
the membrane, one single protein (Fig. 5c) thatteshwith the anti-BlaR M346-R601 sensor antibodied had
the same molecular mass as that of the full-sia&kBIroduced in penicillin-inducegl licheniformig(Fig. 5b).
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BlaR was the only protein that reacted with the-BfdR sensor antibodies in freshly prepared memésafE.
coli BlaR inE. coli, however, was susceptible to proteolytic degraddtee below).

pDML754(s) encode the information for the synthediBlaR-X-TEM hybrids in which BlaR sequences of
varying lengths have been fused to fHactamase reporter enzyme. The fusion sites (X)cacled in Fig. 4E.
coli IM105(pDML754) transformants expresspwpctamase activity were first identified by ‘patdreening’ of
clones on agar containing 5 pg halmpicillin and 100 pM IPTG. Under these conditiorsony growth was
independent of the location, in the cytosol othia peripiasm, of thp-lactamase moiety of the hybrid.

The p-lactamase-producing. colitransformants fell into two groups. Those of thistfgroup produced BlaR-X-
TEM hybrids where X = R31, 1148, V149, L211, K22®@50, A259, T263 or T314. All had minimum inhibiyor
concentration (MIC) values for ampicillin that wdesver than 100 pg nl(in IPTG-containing liquid medium),
and they failed to grow as single colonies on agataining IPTG and 5 pg thampicillin, showing that the
fusedp-lactamase had no protective effect, consisterit thi¢ fusion sites (X) each being in the cytosol.

The transformants of the second group produced-BHEFEM hybrids with X = F65, L71, G72, G73 and S342
Each had an MIC vaiue of greater than 200 pidanipicillin, and each grew as single-cell coloniadRTG-
and ampicillin-containing agar, showing that theefiB-lactam exerted a protective effect, consistent wie
fusion sites (X) each being in the peripiasm.

Fig. 4. Membrane topology of the penicillin sensory trareet, BlaR. The amino acid residues to which the
TEM p-lactamase was fused are circled. Positively chdrgmino acid residues (K and R) are boxed. TM1,
TM2, TM3 and TM4 are the hydrophobic segments 31$%and S5 of Figs 1 and 2, respectively. The
metallopeptidase motif (zinc-binding site) and ##26-S245 hydrophobic segment S4 borne by theceitutar
TM3-TM4-connecting loop are indicated.
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Spontaneous proteolysis of the BlaR-X-TEM hybriglsulted in the release of thdactamase in an active and
soluble form. Susceptibilities to proteolysis vdriepending on the locations of the fusion sitekek X =
1148, T250 and T314 (in the intracellular TM3-TMdrmecting loop), th@-lactamase was almost exclusively
associated with the membrane. Where X = R31 (inrttnacellular TM1-TM2-connecting loop), there wasre
B-lactamase in the cytosol than in the membrane.ré&VKe= G72 (in the extracellular TM2-TM3-connecting
loop), there was as mu@hHactamase in the periplasm as in the membrangestiog that cleavage near the
fusion site occurred after translocation to thegasm. Where X = S340 (at the extracellular end ), there
was much mor@-lactamase in the periplasm than in the membramgedlytic cleavage was also seen wken
coli SF100 (lacking the outer-membrane OmpT proteaseFanoli SF103 (lacking the periplasmic protease
[II) were used as hosts insteadfofcoli JM105.

The results of these mapping experiments werer@esgent with the membrane topology shown in Fig. 4,
except that they did not establish whether segi@&rspans the membrane or is located in the cytdsahown
previously (Zhu etal, 1990), the truncatefiT38-L353 BlaR (in which the M1-G37 sequence wagfu®
the P354-R601 sequence) was produceghicillus sbtilis as a membrane-bound protein, suggesting that the
truncated BlaR was anchored in the membrane viandrabrane-spanning segment TM1.

Fig. 5. Analysis of the full-size BlaR and BlaR-degradapooducts by SDS-PAGE, Western blotting (b, ¢ and
d), and fluorography (f, g and i) of the gels. Véestblotting was carried out using the anti-BlaRser
antibodies. Fluorography was carried out on sampédlled with {*C]-benzylpenicillin prior to SDS-PAGE.
a. Molecular mass markers stained with Coomasslkant blue.

b. Membranes from penicillin-induced B. lichenif@srtin duplicate).

c. Membranes from IPTG-induced E. coli (pDML758)duplicate).

d. Trypsin-treated protoplasts of penicillin-indacB. licheniformis. The incubation times with trigp&n min)
are indicated above the lanes.

e. Radioactive serum albumin.

f. Membranes from penicillin-induced B. lichenifos. Thes. licheniformis PBPs 1, 3 and 4 are identified. No
66k Da radioactive band (i.e. no radioactive fultesBlaR) is detectable.

g. Freshly prepared membranes from IPTG-inducecolt.(pDML753). The E. coli PBPs 5/6 are identifiéNo
66 kDa radioactive band (i.e. no full-size BlaRyletectable.

h. Radioactive M346-R661 BlaR penicillin sensor.

i. Membranes from IPTG-induced E. coli (b DML753gaprolonged storage.

The asterisk indicates the BlaR-degradation produso detected by Western blotting.
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Extracellular location of the penicilloyl serineatnsferase module of BlaR

Samples of penicillin-induced cells Bf licheniformiswere converted into protoplasts and the protoplaste
treated with Sigma Trypsin type Xl for increasiimgés at 37°C. The intact protoplasts and the trypsated
protoplasts were analysed by SDS-PAGE and peptiges identified by Western blotting of the gelshwihe
anti-BlaR, M346-R601 sensor antibodies. As showhiin 5d, the molecular mass of the BlaR presetitén
non-trypsin-treated protoplasts (50 kDa) was smétien that of the full-size BlaR (66 kDa). Howevie anti-
BiaR sensor antibodies reacted with the 50 kDa BtaR, and the 50 kDa BlaR could be totally degchdg
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trypsin in intact protoplasts.

As shown previously (Zhat al, 1992), the amount of full-sized membrane-bound Blastiuced in penicillin-
inducedB. licheniformiscells is increased considerably at 1 and 2h aftarqilin induction and then undergoes
degradation. Hence, it appears that cell protoplgstomehow causes rapid proteolytic degradatiddlair.
Presumably, the cleavage occurs within the inthale&l TM3-TM4-connecting loop, so that the peniailsensor
remains bound at the surface of the protoplastsaadeptible to trypsin degradation.

The penicilloyl serine transferase module of BlaRpanicillin sensor

Knowing that the M346-R601 sensor of BlaR is a kadfimity PBP when produced as an independentyeintit
the periplasm oE. coli(Joriset al, 1990), one could presume that the full-size BlaB dfcheniformisalso
behaves as a PBP. Experimental data seemed torndhfs conclusion (Zhet al, 1992). Others, however,
have raised the possibility that the inductiorp-déctamase synthesis B licheniformisdoes not require
covalent binding of penicillin to the sensor. Assim by Takaget al.(1993), the mutations S*402T and
K404—A (in motif 1 of the BlaR sensor), and the mutasid®538-D and K539-R (in motif 3) were not
tolerated, showing that thie vivo activity of BlaR requires a precise fold topoloditlee 'active site' of the
sensor. However, the mutation S*482 was tolerated, showing that thevivo activity of BlaR does not
require the presence of a nucleophile at posititthahd does not involve covalent penicilloylatidritee sensor.

To resolve the issue, membranes of penicillin-irdlcells ofB. licheniformiswere labelled with}f'C]-
benzylpenicillin and analysed by 12% high-resolut8DS-PAGE, Western blotting (using the anti-Bla&Rsor
antibodies), and fluorography. The 66 kDa full-d&aR ofB. licheniformiswas detected by Western blotting
(Fig. 5b), but could not be detected as a PBP @f)glt is possible that the low-resolution SDS®R used in
previous studies (Zhet al, 1992) did not allow BlaR to be separated fromBhécheniformisPBP3. Similarly,
the 66 kDa full-size BlaR dt. coliJM105(pDML753) was detected by Western blottingy(Bic) but could not
be detected as a PBP (Fig. 5g). However, uponggarhthe membranes, BlaR-degradation products of
molecular weights smaller than 30000 were idemtibg penicillin-binding (Fig. 5i) and Western biaty
analyses (data not shown), indicating that thesttaocer module influences the mode of interactidwéen the
sensor module and penicillin.

Discussion

Gram-negative bacteria (see th&roduction)and Gram-positive bacteria (this article) have ttgyved different
signal mechanisms to serve the same purposehé.elerepression @flactamase-encoding genes, in response to
the exposure tfp-lactam antibiotics. The results of the studieortgal here on thB. licheniformispenicillin
sensory transducer, BlaR, lead to plausible cormagsand raise important questions.

Integral membrane proteins have two basic modsilitiee anti-parallg-barrel and the-helix bundle. BlaR
would appear to adopt the second modality. It é&xlfmted that the protein is embedded in the plase@mbrane
via four transmembrane segments, TM1 to TM4, thanfa foure-helix bundle. Three polypeptide segments
are external: the M1-P8 amino terminal octapepdiglestitutes TM1; the 63 amino-acid-residue P53-344p
connects TM2 and TM3; and the 262-amino-acid-resi@i840-R601 penicilloyl serine transferase serssor i
fused to the car boxy-terminal end of TM4. Two malptide segments are cytosolic: the K27-T35 nortégep
connects TM1 and TM2 and the 189-amino-acid-residl@4-K322 loop connects TM3 and TM4. This latter
loop possesses the signature of a zinc-bindingfhoctited upstream from a segment (S4) of moderate
hydrophobicity.

The mode of translocation and membrane incorporatfidlaR during synthesis remains unknown. Howgver
one may note that: (i) TM1 has the signature aheerse signal peptide (von Heijne and Manoil, 19@i))the
extracellular TM2-TM3-cofiecting loop has the minimum length and the distidvuof positively charged
amino acid residues (+++(TM2-TM3)+++) compatibldiwa Sec-independent translocation (Andersson and v
Heijne, 1993); and (iii) TM4 with the positively alged residues located immediately upstream freraritino
end; represent the classical signature of a sjggatide (Gierash, 1989).

The question of what mechanism(s) allow BlaR taigalthe derepression plactamase synthesis in cells
exposed to penicillin remains unanswered, but Idstaypotheses can be put forward.

Signal reception by BlaR on the outer face of thesma membrane requires a precise conformatiomeof t
penicilloyl serine transferase module but it doesinvolve penicilloylation of the essential seriesidue,
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S*402. When produced as an independent entityntbidule adopts a folded structure that allowsytel of
S*402 to perform nucleophilic attack on the boumedipillin molecule with formation of a stable eslieked
penicilloyl derivative (Jorigt al, 1990). In the full-size BlaR, the extracellular TM213-connecting loop
borne by the transducer module probably modifiesctinformation of the penicillin sensor, and sigeakption
is presumably the result of non-covalent interangtibetween the penicillin sensor, the extracellglap and the
B-lactam compound inducer.

The sensor module of BlaR shares 32% identity thi¢hOxa-23-lactamase of class D, indicating a common
polypeptide scaffolding. The sensor module, howeaeksp-lactamase activity (Zhat al, 1992) although, as
stated, it does display a masked penicillin-bindigvity. BlaR illustrates the principle accorditmywhich
modification to an existing protein may result e tcreation of a new function. A clasgbactamase acquires a
new property, penicillin binding, via local strucalichanges; fusion of this PBP to another polyigepthen
results in a hybrid that performs another functiam,gene regulation.

Signal transmission through the plasma membrarsuprably proceeds via the fouhelix bundle. It is known
that the insertion of the tetrapeptide PGGT betwEgBand H39 in TM2, and the change of G124 to DMB,
each give rise t8. licheniformisBlaR mutants that are not functiomalvivo (Zhu et al,, 1992), consistent with
the above-stated view. The mechanism of signasiréssion may be similar to that of the aspartateptor,

Tar, of Salmonella typhimuriurfLynch and Koshland, 1991; Milbuet al, 1991). Tar is a homodimer with two
60 kDa subunits forming a four-helix bundle, with two additional short helicesdted at the exterior of the
membrane. Upon binding aspartate, the binding-paasidues are brought closer to each other, the tw
subunits undergo a 4° rotation, and the four trambrane helices realign, somehow allowing the médron

to be transmitted to the interior of the cell.

BlaR signal emission in the cytosol is probably ratetl by the intracellular TM3-TM4-connecting loop.
Dominant forms of signal emission in bacteria isp@nse to environmental changes generally prodeed v
phosphoryl transfers or are associated with sitesathylation and demethylation (Surette and Sta&©4). In
particular, realignment of the four transmembraelkchs of Tar occurs concomitantly with methylatafrfour
glutamic acid residues in the cytosol. The intriautet Y134-K322 loop of BlaR has no recognizable sif
methylation/demethylation and has no recognizaitdetisat could be associated with a histidine kin@sd to
which generation of an intracellular signal via gpleorylation-dephosphorylation could be attributddie loop
does, however, possess the H212ELYH consensusrsggjaéa neutral zinc metallo-peptidase (Vallee and
Auld, 1992). The isology is probably not coincideriecause this amino acid sequence signaturegeoeed in
the S. aureuproteins BlaR and MecR (Jors al, 1994). One may hypothesize that this putative dapg is
inactive when BlaR is in the resting state, and ithedopts an active conformation in responséigosignal
transmitted via the fous-helix bundle. Following this hypothesis, BlaR wiblle another example of control of
gene activity via proteolytic degradation of kegukatory proteins, in this case, presumably, thed Bdpressor.
Degradation of the transcription facto¥ in E. coli is mediated by the membrane-bound zinc proteast, Hie
intracellular domain of which possesses an ATPasif of the AAA-protein family and a HExxH zinc-hiting
motif (Tomoyastet al, 1995).

Experimental procedures
Conformational analysis of transmembrane peptides

The multi-step procedure of Brasseur (1991) wad fmethe conformational analysis of transmembrane
peptides. The conformational energy of each optigtides under consideration was calculated asuimeof the
London-Van der Waals interaction energies betwdlgraas of non-bonded atoms, the Coulomb's elettic
energies between atomic charges, the potentiagierseof rotation of torsional angles, and the febration
transfer energy of each atom. The lowest energfocoer obtained by Simplex minimization, with rasidn

of less than 5° for each torsional angle, defifedmost-stable-helix. Starting with single helical peptides,
each in their most stable conformation, the pajpeygtides that formed the most-stable two-helincitire was
identified by translation and rotation, and thi®#whelix structure was then used to build, step-wise,most-
stable multi-helix structure. The interactions betw all the atoms were optimized by energy minitroneof

the first stable pair of helices at the lipid-waitgerface, followed by a third helix, a fourth ixeland so on. The
interaction energy was the sum of the Van der Waddstrostatic and free-solvation energies ofratton
between atoms. The calculations were performechddlaetti cp486 microcomputer equipped with arelnt
80486 arithmetic co-processor, using HaePROT (Proteins Analysis) anec-TAMMO+ (Theoretical Analysis of
Molecular Membrane Organization) programs (Ceng@&ubphysique Moléculaire Numérique, Faculté des
Sciences Agronomiques, Gembloux, Belgium). Grapaewlrawn using the pc-MGM (Molecular Graphic
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Manipulation) program.
Plasmids, oligonucleotides arid colitransformants

E. coliJM105 (Sambrookt al, 1989), SF100 and SF103 (Baneyx and Georgiol);1P®#1) were used as
hosts. pPRWT8 carriebdlaR1(Kobayashiet al, 1987). pJBS633 (carrying the mature TEBNactamase-encoding
blaM) and pYZ4 (Broome-Smitkt al, 1990) were provided by B. G. Spratt. The oligonatitkes 01-07 (Fig. 6)
used to construct the plasmids described below frene Eurogentec.

Fig. 6. Oligonucleotides used in this work. The sequendmid corresponds to blaR1. The asterisk indicties
mutation -G introduced to create the Hael site.

Metl
01 5' AACTGCAGTCATGAGCAGTTCTTTCTTTATTC 3' (sense)
Pstl BspHI

02 5! CGATTGAGCTCCTCCTAAATTC 3' (antisense)
Sacl

03 5! CAGGACTGTGCTGGTCATTARA 3' (sense)

*Arg31
04 5! GTGATTTGAGGCCTGAGCAGT 3' (antisense)
Hael

05 5' CTGCGTCACCCAGAAAC 3' (sense)

Leu2ll
06 5' ARGCAARACACATTTCATTTC 3' (antisense)

Lys220
o7 5' TTTTCGTTTGCAATGGT 3' (antisense)

pDML753 (harbouringhlaR1). hcZ'in pYZ4 was substituted dylaR1in such a way thailaR1was under the
control of thelacUV5 promoter. For this purpose BsHI site was created in the start codorbaR 1of

pRWTS8 by the polymerase chain reaction (PCR) usliggpnucleotides 01 and 02 (Fig. 6). The reactioodpct
(i.e. the first 217 bp dblaR1with an internal Ssfl site) was cloned betw&td and Sst of pYZ4, giving rise to
pDML751. AnSst, Hindlll, Clal, Pst, BanHI andEcaRlI polylinker was generated by annealing two sytithe
oligonucleotides, and this was inserted betw@sirand Ecarl of pDML751, giving rise to pDML752. The
blaRL-containingSst-Hindlll fragment of pPRWT8 was cloned into the corresging sites of pDML752,
yielding pDML753.

pDML754(s) (harbouring truncateolaR1-X-blaM fused genes, where X denotes the amino acid residBlaR
involved in the fusion with the TERAlactamase). blaRih pDML753 was randomly shortened by the combined
action of exonuclease Il and S1 nuclease. Nuclsassitive ends were created with restriction eregythat cut
blaR1once and generated overhanging 5' ends. The ralegoadation (as determined by analytical digestion
0.1 pg of linearized pDML753) was 10 bp fhiat 30°C. The reaction was carried out on 0.5 pgDMIL753.

The samples were then restricted with)\ and the resulting DNA fragments were ligated inl$633 that had
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been digested witRvul andMlul.

To obtainblaR1X-blaM where X = R31, &lad site was created in the R31 codorb&R1(Fig. 4), and a 565
bp segment covering tha@cUV5promoter region and the first 104 bpdR1 wasamplified using pDML753
as template and oligonucleotides 03 and 04 (Figs§rimers. The PCR product was digested WaH and
Mlul and the fragment was cloned betwa&lnl andPvul of pJBS633.

TheblaR1X-blaM fusions where X = L211 and X = K220 (Fig. 4) wets#aned using pDML753 as template
and oligonucleotides 05 and 06, and oligonuclestigie and 07 (Fig. 6) as primers, respectively.

All the polymerase chain reactions were carriedimat Trio-thermoblock thermocycler (denaturatibrmin at
94°C; annealing, 2 min d= T,, of the oligonucleotides -2°C; elongation, 1 mirya¢C; number of cycles, 30).

E. colicells were transformed with the appropriate plaspi@namycin-resistant transformants were selected,
and clones containing in-frame-fuseldR1-X-blaM genes were selected using the method of Broomeh&it
al. (1990). The nucleotide sequences across the juncfithe fusedlaR1X-blaM genes were checked by
dideoxy sequencing (T7 Sequencing kit; Pharmadajguthe plasmids as templates and a polynucleotide
complementary to codons 19-24 of the mafistactamase-encodirigjaM as primer. The lengths of the PCR
products were sequenced completely.

Growth, cell fractionation an@-lactamase activity dE. colitransformants

E. colitransformants were grown at 37°C in Luria-BertaB) medium containing 25 pg fhkanamycin.
When the Olgyowas 0.7, IPTG was added to a final concentratfidhrmM and incubation was continued for a
further 2 h. The periplasmic, cytoplasmic and meanbrfractions of the cells were obtained by lysczym
treatment, as described by Lindstretral. (1970). Beta-lactamase activity was determinedgusitrocefin as
the substrate (O'Callaghabal., 1972).

Growth ofB. licheniformis749 and penicillin-inducefl-lactamase synthesis. Preparation and trypsin trestt
of protoplasts

Overnight cultures oB. licheniformisn LB medium were diluted 10 times in LB medium taning 100 nM
benzylpenicillin and the cells were allowed to grat87°C until the cultures reached andgdf 0.6 to 1.0.
Protoplasts were prepared as described by QuaX),18%cept that the washed protoplasts were readspen
10 ml, instead of 2 ml, of sucrose buffer (0.5 Mrase, 20 mM sodium maleate pH6.5, 20 mM MyCI
Samples (500 ul) were stored at -70°C. For trypsiatment, the protoplasts were centrifuged (20§@ax 5
min at 20°C) and resuspended in 200 ul of sucraffeth Samples (20 ul) were incubated at 37°C itg
Sigma Trypsin type Xl for time intervals of 5-60mmiThe samples were supplemented with 5 pl of 5x
denaturing buffer (0.3 M Tris-HCI pH 6.8; 50% glyok(v/v), 5% SDS, 2.598-mercaptoethanol, and 0.01%
bromophenol blue), heated at 95°C for 10 min, #ealysed by SDS-PAGE and Western blotting of the. ge

Antibodies, Western blotting, ant{¢]-benzylpenicillin binding

Antibodies used against the BlaR sensor were theseribed by Zhet al.(1992). Rabbit anti-TEM-
lactamase antisera were collected and purified\by,),SO, precipitation and ante. coli antibodies were
removed by affinity chromatography, as describe@aynbroolet al. (1989). Western blotting using the anti-
BlaR sensor and anfiHactamase antibodies was performed accordingaet®tb-Rad protocol (Bio-Rad
Laboratories), using the goat anti-rabbit IgG-al@lphosphatase conjugate-detection system.

Samples previously labelled witHC]-benzylpenicillin (54 mCi mmol& Amersham) were subjected to SDS-
PAGE and the gels analysed by fluorography.

Acknowledgements

This work was supported in part by the Belgian paogme on Interuniversity Poles of Attraction (P/Alitiated
by the Belgian State, Prime Minister's Office, Segs Fédéraux des Affaires Scientifiques, Techrigie
Culturelles (no. 19 and P4/03), and the Fonds dRelzherche Fondamentale Collective (Grant 3.453419t
work in Santa Cruz was supported by a grant froenNhtional Science Foundation to A.L.F. K.H. wdslbw



Published in : Molecular Microbiology (1997), v@l, iss. 5, pp. 935-944.
Status : Postprint (Author’s version)

of the Institut pour 'Encouragement de la RecheiStientifique dans I'Industrie et I'AgricultureJBand R.B.
are Chercheur Qualifié and Directeur de Recheréligeo-onds National de la Recherche Scientifique,
respectively.

References

Andersson, H., and von Heijne, G. (19%&cdependent ansecindependent assembly Bf coliinner membrane proteins: the topological
rules depend on chain lengEMBO J12: 683-691.

Baneyx, F., and Georgiou, G. (1990)vivo degradation of secreted fusion proteins byHEkeherichia colouter membrane protease OmpT.
J Bacteriol172: 491-494.

Baneyx, F., and Georgiou, G. (1991) Constructich @raracterization dEscherichia colstrains deficient in multiple secreted proteases:
protease lll degrades high-molecular-weight subestia vivo. J Bacterioll73: 2696-2703.

Brasseur, R. (1991) Differentiation of lipid-assdiig helices by use of three-dimensional moledwaroph obi city potential calculations.
J Biol Chen266: 16120-16127.

Broome-Smith, J.K., Tadayyon, M., and Zhang, Y 9@PBeta-lactamase as a probe of membrane prateémbly and protein expohlol
Microbiol 4: 1637-1644.

Claros, G., and von Heijne, G. (1994)PPRED Il an improved software for membrane protein strugtueelictions CABIOS10: 685-686.

De Boer, W.R., Kruyssen, F.J., and Wouters, J.T1981) Cell wall turnover in batch and chemostdtucas ofBacillus subtilis. J
Bacteriol 145: 50-60.

Eisenberg, D. (1984) Three-dimensional structummembrane and surface proteiAanu Rev Bioche®3: 595-623.
Ghuysen, J.M. (1994) Molecular structures of pdimebinding proteins ang-lactamasesTrends Microbiol2: 372-380.

Ghuysen, J.M., Charlier, P., Coyette, J., DuezF@nzé, E., Fraipont, C., Goffin, C., Joris, B.d&guyen-Distéche, M. (1996) Penicillin
and beyond: evolution, protein fold, multimodulatypeptides, and multiprotein complexdticrob Drug Re®: 163-175.

Gierash, L.M. (1989) Signal sequendgmchemistry28: 923-930.
von Heijne, G. (1992) Membrane protein structuedjmtion. Hydrophobicity analysis and the positinside rule.J Mol Biol 225: 487-494.
von Heijne, G., and Manoil, C. (1990) Membrane girtd: from sequence to structuReotein Engl4: 109-112.

Jacobs, C., Huang, L., Bartowsky, E., Normarka8d Park, J.T. (1994) Bacterial cell wall recyclprgvides cytosolic muropeptides as
effectors forB-lactamase inductioEMBO J13: 4684-4694.

Jacabs, C, Joris, B., Jamin,;Man Beeumen, J., van Heijenoort, J., Park, J.@tnfdrk, S., and Frére, J.M. (1995) AmpD, essefuiaboth
B-lactamase regulation and cell wall recycling, roael cytosolidN-acetylmuramyl-L-alanine amidaddol Microbiol 15: 553-559.

Joris, B., Ledent, P., Kobayashi, T., Lampen, Ja@d, Ghuysen, J.M. (1990) ExpressiotEstherichia colbf the Met346-Arg601 carboxy
terminal domain of the BLAR sensory transducer girobf Bacillus licheniformisas a water-soluble 26008- penicillin-binding protein.
FEMS Microbiol Lett70: 107-113.

Joris, B., Hardt, K., and Ghuysen, J.M. (1994) btthn of B-lactamase and low-affinity penicillin-binding peint 2' synthesis in Gram-
positive bacteriaNew Comprehensive Bioch@mn: 505-515.

Kobayashi, T., Zhu, Y.F., Nicholls, N., and LampérQ. (1987) A second regulatory gebiaR1,encoding a potential penicillin-binding
protein required for induction @flactamase iBacillus licheniformis. J Bacteridl69: 3873-3878.

Lindstrom, E.B., Boman, H.G., and Steele, B.B. @%esistance dtscherichia colto penicillins.J Bacteriol101: 218-231.

Lynch, B.A., and Koshland, D.E. (1991) Disulfidess-linking studies of the transmembrane regiortk@fspartate sensory receptor of
Escherichia coli. Proc Natl Acad Sci US8: 10741-10410.

Mengin-Lecreulx, D., van Heijenoort, J., and PatK, (1996) Identification of the mp/gene encodifgP-N-acetylmuramate: L-alanyl-
D-glutamyl-mesediaminopimelate ligase iBscherichia coland its role in recycling of cell wall peptidoglyca Bacteriol178: 5347-5352.

Milburn, M.V., Privé, G.G., Milligan, D.L., ScotiV.G., Yeh, J., Jancarik, J., Koshland, D.E., Jd, Kkim, S.-H. (1991) Three-dimensional
structures of the ligand-binding domain of the beat aspartate receptor with and without a lige8ulence254: 1342-1347.

O'Callaghan, C.H., Morris, A., Kirby, S.M., and 8gier, A.H. (1972) Novel method for detectionfefactamase by using a chromogenic



Published in : Molecular Microbiology (1997), v@l, iss. 5, pp. 935-944.
Status : Postprint (Author’s version)

cephalosporin substraténtimicrob Ag Chemothdr: 283-288.
Park, J.T. (1996) The convergence of murein resgalesearch witfi-lactamase researddicrob Drug Resistanc®: 105-112.

Quax, W. (1990B. licheniformigprotoplast transformation. Molecular Biological Methods fdBacillus. Harwood, C.R., and Cutting, S.
(eds). New York: John Wiley, pp. 152-153.

Sambrook, J., Fritsh, E.F., and Maniatis, T. (19@8)ecular Cloning: A Laboratory Manua2nd edn. Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press.

Surette, M.G., and Stock, J.B. (1994) Transmembsarel transducing proteindew Comprehensive Bioch@m: 465-483.

Takagi, M., Ohta, T., Johki, S., and Imanaka, B9@) Characterization of the membrane sensor Refidéctam antibiotics fronBacillus
licheniformisby amino acid substitutio®REMS Microbiol Lett110: 127-132.

Tomoyasu, T., Gamer, J., Bukau, B., Kanemori, MorivH., Rutman, A.J., Oppenheim, A.B., Yura, TanYanaka, K., Nike, H., Hiraga, S.,
and Ogura, T. (1998 scherichia colFtsH is a membrane-bound, ATP-dependent proteamé whgrades the heat-shock transcription
factorc®. EMBO J14: 2551-2560.

Vallee, B.L., and Auld, D.S. (1992) Functional ziniading motifs in enzymes and DNA-binding proteiRaraday Discus93: 47-65.

Zhu, Y.F., Curran, L.H.A., Joris, B., Ghuysen, J.khd Lampen, J.O. (1990) Identification of Blale signal transducer f@rlactamase
production inBacillus licheniformisas a penicillin-binding protein with strong homojdg the OXA-2p-lactamase (class D) &almonella
typhimurium. J Bacterial72: 1137-1141.

Zhu, Y.F., Englebert, S., Joris, B., Ghuysen, Jl¢hayashi, T., and Lampen, J.O. (1992) Structurgstion, and fate of the BlaR signal
transducer involved in induction fflactamase ilBacillus licheniformis. J Bacteridl74: 6171-6178.



