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ABSTRACT. Methicillin-resistaniStaphylococcus aure (§IRSA) has evolved two mechanisms for resistance

to S-lactam antibiotics. One is production offalactamase, and the other is that of penicillin-binding
protein 2a (PBP 2a). The expression of these two proteins is regulated Hfatleend mec operons,
respectively. BlaR1 and MecR1 gédactam sensor/signal transducer proteins, which experience acylation
by -lactam antibiotics on the cell surface and transduce the signal into the cytoplasm. The C-terminal
surface domain of MecR1 (Meé&Rhas been cloned, expressed, and purified to homogeneity. This protein
has been characterized by documenting that it has a critical and uiNiscaidboxylated lysine at position

394. Furthermore, the kinetics of interactions withactam antibiotics were evaluated, a process that
entails conformational changes for the protein that might be critical for the signal transduction event.
Kinetics of acylation of MecRare suggestive that signal sensing may be the step where the two systems
are substantially different from one another.

Staphylococci are important human pathogens in com- When S. aureusis exposed tg3-lactam antibiotics, the
munity-acquired and nosocomial infectiorly.(Resistance  C-terminal domain off-lactam sensor/signal transducer
to antibiotics among the staphylococci, includingttactams proteins (BlaR1 and MecR1) experiences acylation at a
(penicillins and cephalosporins), is common. Methicillin- specific serine by the drug (Figure 1). This protein modifica-
resistantStaphylococcus aure81RSA) is resistant to all ~ tion by the antibiotic is known to cause conformational
available g-lactam antibiotics, and the recently emerged changes in BlaR1, which are likely involved in signal
vancomycin-resistars. aureugVRSA) is among the most  transduction across the membra8, (L4). The cytoplasmic

serious pathogen2+4). domain, which possesses a sequence motif of a zinc-
The mechanisms of resistance ®f aureugo A-lactams dependent protease, is proposed to experience autocleavage.
are complex but largely due to the functions of thiaZ This autocleavage event is believed to activate the protease

andmecAgenes. The former encodes thdactamase that domain for its hydrolytic processing of the repressor proteins
hydrolytically destroys thg-lactam antibiotics, and the latter ~ Blal and Mecl, which leads to derepression of transcription
encoded penicillin-binding protein 2a (PBP 2a). PBP 2a is Of blaZ and mecA (12, 15, 16). As indicated above, the
not inhibited well by3-lactam antibiotics and, hence, is able functions of the repressors Blal and Mecl are interchangeable
to perform its physiological role of cross-linking the cell wall ~ for both thebla andmecpromoter regions, but when it comes

in the face of the challenge by the antibiotE~g). These to the g-lactam sensor/signal transducers, things are quite
two genes are regulated by thlactam sensor/signal different. First, the identity of the amino acids between BlaR1

transducer proteins BlaR1 and MecR1 ffrlactamase  and MecR1is only about 30%, and the identity between the
and PBP 2a, respectively. Eaghlactam sensor/signal ~C-terminal domains of the corresponding proteins is 48%.
transducer and its repressor geblaandmec| respectively) ~ Second, the in vivo time courses for the manifestation of
are located immediately upstream of the structural gblaz( ~ the phenotype between the two are quite distinct. BlaR1
or mecA and are transcribed in the opposite directi®)s (  inducesp-lactamase formation in minutes, whereas MecR1
Repressor binds to the palindromic sites within thla induces expression of PBP 2a in houtg)( Furthermore,
and mec promoter region as a homodimer, repressing BlaR1 can take over the control of expression of PBP 2a
expression of both the regulatory and structural genesWhen mecRlis deleted from the genome of the strain
(10, 11). Though the nucleotide sequence identity of the (6. 17).

mecA-mecRland blaZz—blaR1 intergenic regions is only To explain some of these observations, we have cloned,
57—-60%, the binding sites for both repressors are almost expressed, and purified to homogeneity the surface sensor
identical, explaining the fact that Blal and Mecl are virtually domain of MecR1 (i.e., MecR 235 amino acids). As will
interchangeable as repressor$laiZ andmecAtranscription be outlined, this protein has substantially poorer kinetics in

(12).

its interactions withs-lactam antibiotics compared to the
sensor domain of BlaR1. However, we document that the

two sensor domains share a number of features such as the
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Ficure 1: Signal transduction system for resistancegiactam
antibiotics in staphylococci. The cytoplasmic membrane displays
BlaR1 or MecR1 on its external surface. Acylation of the sensor
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digested withrSmad and dephosphorylated with calf intestine
alkaline phosphatase to prevent self-ligation of the vector.
The PCR fragment was then ligated into t8md site of
pUC19, and the product of ligation was used to transform
E. coli IM83. After selection on an LB agar plate supple-
mented with ampicillin (10Q:g/mL), the sequence of the
insert was confirmed by sequencing of the gene in both
directions. The resulting recombinant plasmid (pUC19:
mecR) was digested withNdd and EcdRlI restriction
endonucleases, and the gene was introduced to the corre-
sponding sites of the pET24#g) vector. The ligation mixture
was used to transfornk. coli BL21(DE3) andE. coli
Origami B(DE3) (Novagen, Madison, WI) strains.

A His tag was also introduced at theénd of themecR
gene. The plasmid pET24a:mecR was amplified byPfu
Turbo DNA polymerase with two primers, Me&® (see
above) and MecRis-R (3-AGACCCTCGAGTATTAACTC-
CATTTCTTTT-3, Xhd site underlined). Primer MecR
His-R includes theXhd restriction endonuclease recognition
sequence and lacks the stop codon forrtieeR gene. This
allows to clone thenecR gene in frame with the His tag of
the pET24at) vector. Following the ligation of the PCR
fragment into theNdd and Xhd sites of pET24af), the
resulting construct [pET244{):mecRHis] was used to
transformk. coli BL21(DES3). The sequence was confirmed
by DNA sequencing in both directions.

Plasmid pUC19necR was utilized to create the Lys394Ala
mutant variant of MecR The plasmid was amplified byfu
Turbo DNA polymerase with the two mutagenic primers:
MecRLys394Ala-D,5CACCTAATTCTACTTACGCAATT-
TATTTAGCGTTAATGGC-3, and MecRLys394Ala-R,
5-GCCATTAACGCTAAATAAAT TGOGTAAGTAGAAT-

domain by the antibiotic leads to transduction of the information TAGGTG-3 (mutation sites are italicized in each primer).
to the cytoplasmic side, where genes experience derepression. Theehe PCR product was cleaned with a gel extraction kit

repressor proteins Blal and Mecl are shown bound to the DNA. (

change on protein acylation. As will be discussed, the
involvement of theN‘-carboxylated lysine is critical for the
function of the protein.

EXPERIMENTAL PROCEDURES

Materials Pfu Turbo DNA polymerase was purchased

QIAGEN Sciences) and treated with the restriction enzyme
Dpnl to remove the methylated template plasmid. The
amplified plasmid was used to transfofn coli JIM83. The
nucleotide sequence was verified for the entire gene in both
directions. The mutated genm¢cRLys394Ala) was excised
from the recombinant plasmid, pUCH8ecRLys394Ala,
with Ndd andEcaRl restriction endonucleases and recloned
into the corresponding sites of the pET24a{ector. The

from Stratagene. The custom-designed primers were syn-resulting construct [pET24a{):mecRLys394Ala] was used

thesized by MWG. The restriction endonucleases, polynucle-

to transfornE. coliBL21(DE3) andE. coli Origami B(DE3).

otide kinase, and calf intestine phosphatase were purchased Purification of Soluble MecRThe soluble form of MecR

from New England Biolabs. The pET24ig(andEscherichia
coli Origami B(DE3) were purchased from Novagen. IPTG
was purchased from Fisher Scientific.

Cloning of the C-Terminal Domain of MecR1 (Mé&t&nd
Lys394Ala MutagenesisVe used the genomic DNA from
S. aureussubsp.aureus(ATCC 700699) as the source of
the mecR1gene. The portion of this gene encoding amino
acids 351585 of the C-terminal surface domain was PCR-
amplified (gene product for this fragment is referred to as
MecR® hereafter) byPfu Turbo DNA polymerase and two
custom-designed primers, Me&R (5'-ATCCTCATATGT-
TAAATCAACTAGCTCCGT-3, Ndd site underlined; this
site includes the ATG start codon for translation) and
MecR-R (5-GAGCCGAATTCTTATATTAACTCCATTTCT-

3, EcaRl site underlined). The PCR product was purified
with a gel extraction kit (QIAGEN Sciences) and phospho-
rylated with polynucleotide kinase. The pUC19 vector was

was purified from theE. coli Origami B(DE3) strain. First,
a single colony ofE. coli Origami B(DE3) harboring
pET24af):mecR was used to inoculate 5 mL of the LB
medium containing 3@g/mL kanamycin A, and bacteria
were allowed to grow overnight at 3. The cell culture
was diluted 100-fold into fresh Terrific Broth, supplemented
with 30 ug/mL kanamycin A. The culture was grown at
37 °C to an ORy of ~0.8 and then was cooled to 2&.
Expression of the MecRprotein was induced by the addition
of isopropyl 1-thiog-p-galactopyranoside (IPTG). The in-
duced cultures were shaken at 25 for 24 h.

The cells were pelleted by centrifugation. The pellet was
resuspended in 10 mM Tris base buffer, pH 7.0, and the
cytoplasmic content was liberated by sonication. The suspen-
sion was centrifuged at 2108@or 1 h, and the supernatant
was loaded onto a Macro-Prep DEAE column (.20 cm),
equilibrated with 10 mM Tris buffer, pH 7.0. The MegR
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protein eluted at 98% of a linear gradient of-1000 mM mL solution of the MecR (1.3 mL) was mixed with 1.3 mL
Tris (850 mL), pH 7.0. The fractions containing the protein of solution A (ProFoldin), and the mixture was incubated
were concentrated and loaded onto Sephacryl S-100 columndor 5 min. At this point the solution was loaded onto the
(2.5 x 75 cm; Amersham Biosciences) equilibrated with 10 column, and it was allowed to run by gravity. The flow-
mM sodium phosphate buffer, pH 7.0. Subsequent to the through solution was discarded. A 3.5 mL portion of solution
elution of the protein from the column by the same buffer, C was loaded on top of the column. The column was eluted
the protein-containing fractions were analyzed by SDS by gravity until there were no more eluents from the column.
PAGE, and the protein was concentrated to 3 mg/mL and The solution was incubated for 4 h. Another portion of
was kept at £C for further use. At this point, the protein  solution B (2 mL) was mixed, and the solution was allowed
was pure to apparent homogeneity. The above operationgo incubate overnight. The refolded protein was dialyzed
were all carried out at 4C. against 50 mM Tris-HCI and 12.5% glycerol, pH 7.2. The
A soluble form of MecRHis was also purified from the  refolding of MecRLys394Ala was performed with the above
E. coli Origami B(DE3) strain. Bacteria were grown, method as well.
harvested, and sonicated as described above, and the protein Kinetic Studies with3-Lactam Antibiotics The initial
was purified using the Hi-Trap chelating HP column. The experiments were carried out on a Cary 50 UV/vis spectro-
column was charged with Rii according to the manufac- photometer (Varian Inc.) equipped with an SFA-20 stopped-
turer’s instruction (Amersham Biosciences) and was equili- flow apparatus (Hi-Tech Scientific, Salisbury, U.K.) atZ&
brated with the binding buffer (20 mM sodium phosphate, Rapid protein acylation by nitrocefim\esoo = +15900 cm*
500 mM NaCl, pH 7.4). The sample was applied by syringe, M~%) was monitored from 20 ms to 5 min. Solutions
and the column was washed with 10 column volumes of the of nitrocefin (2-50 uM) were used in the reaction with 1
binding buffer. The target protein was eluted by a stepwise uM MecRS in 500 uL of reaction buffer (100 mM sodium
gradient of the binding buffer mixed with the elution buffer phosphate, 50 mM sodium bicarbonate, pH 7.0).
(20 mM sodium phosphate, 500 mM NaCl, 500 mM Nitrocefin was used as a reporter molecule to determine
imidazole, pH 7.4). A total of 10 such steps were used, eachthe apparent first-order rate constants for acylation by other
of 10 mL total. The amount of elution buffer was increased nonchromogenic (or poorly chromogenig)}lactams in
in increments of 10% for each step. competitive reactionsl@, 18). The progress curves, obtained
Refolding of MecRInclusion BodiesBacteria were grown by monitoring the formation of acyl-enzyme species between
essentially as described above except the induction wasnitrocefin and MecR protein at different concentrations of
performed for 18 h in TB instead of LB medium. The cells the g-lactam, were fit to the equation:
were pelleted by centrifugation at 53p@r 30 min. The

pellet was suspended in wash buffer (20 mM Tris-HCI buffer, A=A 1 — expK bl
10 mM EDTA, 1% Triton X-100, pH 7.5) and sonicated.
The sonicated suspension was centrifuged at 19068010 wherek ops = ky + ki, andk, andk; are the observed first-

min, and the supernatant was discarded. The washing sterder rate constants at 2@ nitrocefin in the absence of
was repeated twice more, and the resulting inclusion bodiesthe competing3-lactam and at different concentrations of
were used in the next step. the competings-lactam, respectively. Thi& values were

A total of 10 ProFoldin refolding columns and several plotted against thg-lactam concentrations, and the data
propriety solutions manufactured by ProFoldin (Westbor- obtained for eaclf-lactam were processed using nonlinear
ough, MA) were used according to manufacturer’'s recom- regression analysis (Grafit 4; Erithacus Software, Middlesex,
mendations to determine optimal conditions for refolding of U.K.) to calculate theék, and K values.
MecR® from inclusion bodies. The MecRnclusion bodies The deacylation rate constants with varigdkactams were
were prepared as described in the previous paragraph. Adetermined with the fluorescent penicillin BOCILLIN FL
portion of wet inclusion bodies (1.5 mg) was dissolved in (19). A typical reaction mixture (6@L) contained 4.5«M
100 mM Tris-HCI, 50 mM EDTA, ad 8 M urea, pH 7.5 MecR® and ag-lactam antibiotic at a concentration at least
(150 uL), and was incubated at room temperature for 2 h. 2-fold higher than it¥, value. The mixture was incubated
At this point the solution was mixed with 150 of solution at 25°C for 15 min in the reaction buffer (described above).
A. After 5 min, 25uL of the sample was transferred to a The excess of-lactam antibiotic was removed by passing
ProFoldin column (all 10 columns were tried individually), the mixture through a Micro Bio-Spin6 column (Bio-Rad).
and the solution was spun down in a refrigerated bench topEach aliquot (4.5«L) of the mixture was diluted 4.5-fold
centrifuge at 110§ for 4 min. The eluent was incubated at with reaction buffer to a total of 2QL. Several reactions
4 °C for 4 h. A 50uL portion of solution B was mixed, and  were diluted as above and incubated for different time
the solution was allowed to sit at’€ overnight. The solution intervals at 37C. The amount of the free protein, liberated
was centrifuged at 180@0for 5 min, and the supernatant from the acyl-protein species, was detected by the addition
was used for the acylation assays with nitrocefin, a chro- of BOCILLIN FL to a final concentration of 2M and
mogenic cephalosporin. We compared the kinetic parametersancubating for an additional 5 min at 3. A total of 15
for acylation of the refolded proteins with that of the uL of the SDS sample buffer (125 mM Tris, 4% SDS, 20%
nonrefolded soluble MecRprotein. This analysis revealed glycerol, 2% 2-mercaptoethanol, pH 6.8) was added, and the
that ProFoldin column 4 was useful in correct refolding of mixtures were boiled for 4 min. The samples were loaded
the protein to the native state. This column was used in theonto 15% SDSPAGE, and the gel was developed and
following experiment. scanned using a Storm 840 Fluorimager. The fluorescent

For a large-scale refolding procedure we used column 4 bands were analyzed by Image Quant 5.2 software. A control
(ProFoldin). Experiments were performed at@ A 2 mg/ sample was also prepared, where the Mepkotein was
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incubated with BOCILLIN FL under the same condition as MW 1B IB
with other B-lactam antibiotics, with the exception that the pufified
SDS sample buffer was added immediately after the 4.5- 66.5
fold dilution of the reaction mixture. This control sample 55.4
was used to determine the amount of the acylated protein at
time zero. The data were fit to the equation:

—kgt = In[B-1] /[B-I] , 385 N

31.0 W \

where [B-I}, and [B-I]; are the concentrations of the acylated
MecR at time zero and at time respectively, calculated as
[B-1]¢ = [B-1]o — [B-IB]:, where [B-F]; is the concentration 21.5 D

of the acylated protein with BOCILLIN FL at time e > SDS-PAGE of Meck. Th ion of the inclusi
; ; ; IGURE 2: of MecR. The preparation of the inclusion
Circular Dichroism SpectroscopyThe CD spectrum of bodies was refolded by the use of a ProFoldin column (far right

the wild-type MecR (10 uM protein in 50 mM Tris-HCI column). Abbreviations: MW, molecular weight marker; IB,
and 50 mM sodium bicarbonate, pH 7.2) was recorded on ainclusion body.

stopped-flow circular dichroism spectrometer (Aviv Instru-
ments Inc., 202 SF, 2 mm path length) in the absence andAvance 800 equipped with cryoprobe (0.68 s/AQ). Data were
presence of ampicillin and ceftazidime. The contribution of acquired over 23 h.

substrate was subtracted from the CD spectrum of the protein
with substrate. The concentrations of tfidactam were
generally 2-fold higher than the respectifevalues. Prior

to recording the spectra of the proteins withsdactam

RESULTS AND DISCUSSION

ThemecR gene fromS. aureusvas cloned and expressed
recol : ! ) in E. coli. The expressed protein was present largely as
antibiotic, the proteins were incubated with tidactam  inclusion bodies. The isolated inclusion bodies were resolu-
antibiotics for 15 min at 23C. bilized in a buffer containig 8 M urea, and the protein was

Determination of the Dissociation Constant of Carbon gpsequently refolded. Initially, we investigated a traditional
Dioxide _Fluorometnc measurements were performed in & method for refolding of the protein by a stepwise dialysis
Cary Echpse fluorescence spectrophotometer (Var!an Inc.). with decreasing concentrations of urea from 8 to 0 M.
The wild-type MecR and the Lys394Ala mutant variant of  ynfortunately, the refolded protein could not be prepared
MecR® (2 uM each) were incubated in 100 mM sodium py this method consistently. We resorted next to the use of
phosphate buffer (pH 7.5). Aliquots of concentrated NaH- 5" proFoldin column, which gave consistency from one
CO;, prepared in the same buffer, were added to the enzymepreparation to another.
solution to provide the desired final carbon dioxide concen- = \we also prepared the soluble MediRom the cytoplasmic
tration. The carbon dioxide concentration in solution was fraction for comparison with the refolded version. For this
calculated as described previousB0). The quenching of purpose, we transformed pET24anecR into the so-called
fluorescence after bi'nd.ing of carbon dioxide to Lys394_was Origami strain [Origami B(DE3)]. Whereas this strain is
observed by the emission scan at 330 nm after excitation atjargely useful in expression of proteins that possess disulfide
290 nm. The experimental data were fit to a single binding ponds (none is present in MedRit gave more soluble
site model using Grafit 4 software and the quadratic equation: protein than other strains @&. coli. The kinetic properties

_ of the two samples, the refolded protein from the inclusion
AF/Fo = (AFma 2R ET{ (Kg+ [Ele +[L1) = bodies (by the use of the ProFoldin column) and the samples
((Kyq+ [E],+ [L])? — 4[E] L] t)1’2} from the cytoplasmic fraction of the Origami strain, were
the same. Thé, andKs parameters were determined with
Fo is the initial intrinsic fluorescence of the proteifiF is
the change in fluorescencAFmax is the maximum change

nitrocefin to compare the activity of the soluble form and
the refolded form of MecR The values for the soluble form

in fluorescence after saturation by carbon dioxide [k]

the concentration of total carbon dioxide, and:[E] the

were 0.021+ 0.003 s?, 163 + 37 uM and those for the

refolded form were 0.019t 0.001 s?, 167 + 25 uM,
enzyme concentration in the assay. The experiment wasrespectively.
carried out three times, and analysis of the data was according These experiments indicated that the refolding process
to the literature methods of Olson et &.1( 22). generated a functional protein. The yield of the active soluble

C NMR MeasuremenEach buffer for this experiment  form of MecF was not sufficient for our studies (less than

was degassed and purged with nitrogen prior to use. A total 0.5 mg of pure protein/L of LB media), but we could readily
of 1.5 mg of each of the wild-type MeéRand the Lys394Ala  obtain about 30 mg/L of the desired protein by the refolding
mutant variant of MecR was incubated in an Amicon method. Since we confirmed that the refolded purified protein

ultracentrifugal filter device (Millipore) with several changes
of buffer (25 mM sodium acetate, 10% glycerol, pH 4.5) to
release CQ from the active site. Then, the sample was
incubated with several changes of 10 mM TES, 0.1 mM
EDTA, and 10% glycerol, pH 7.5. Finally, the sample was
incubated with 10 mM TES, 0.1 mM EDTA, 10% glycerol,
5 mM NaH!CGO;, and 10% RO, pH 7.5, and concentrated
up to 150uM just prior to the experiment on a Bruker

was as functional as the protein purified from the soluble
fraction of the cytoplasm, we used the refolded protein for
all of the subsequent experiments (Figure 2).
Né-Carboxylation of Lys394 in the Me&€Mrotein. The
class D OXAp-lactamases and the surfgédactam sensor
domains of BlaR1 and MecR1 are similar in sequence and
in three-dimensional structure3-26). It was initially
observed in the structure of the OXA-Blactamase that
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the active site lysine, whose side chain promotes the serinel0 5-lactamase. The same experiment was performed with
residue for acylation by substrates, vidiscarboxylated, the  the Lys394Ala mutant of MecR and we did not observe
product of addition of carbon dioxide to the free base form the carboxylated lysine resonance (Figure 4B). This experi-
of the lysine 27—29). The side chain of the lysine of the ment documents the presenceNsfcarboxylated Lys394 in
OXA-10 B-lactamase sits in a hydrophobic environment MecRs.
comprised of residues Phe69, Vall17, Phel20, Trp154, and The presence of Trp477 (Figure 3D) in the active site was
Leul55, which reduces th&pof the lysine predisposing it  used as a fluorescence tool in quantificatiorNéfcarboxy-
to Ne-carboxylation by the ubiquitous carbon dioxide. The lation of Lys394. The fluorescence quenching study revealed
environment of the active site stabilizes the carbamate groupthat as the concentration of carbon dioxide increased,
on the lysine side chain (Figure 3A,B). Interestingly, the the intrinsic fluorescence quenching increased in a sat-
X-ray structures of the sensor domains of BlaR3, (24, urable manner (Figure 5). The dissociation constigt for
26) and MecR1 25 do not show the presence of the carbon dioxide for the protein was evaluated at #.3.8
carbamate group (Figure 3C, D). We note that this was alsouM. When we performed the same experiment with the
true for the initial reports of the crystal structures of the Lys394Ala mutant protein, we did not see any tryptophan
OXA-10 g-lactamase by two different group3Q; 31), but fluorescence quenching, which indicates that the dissociation
subsequent crystallography revealed the presence of theconstant that was evaluated for the wild-type protein was
modified lysine 7—29). The signature of the cluster of the  for N°-carboxylation of residue 394, the spatial counterpart
residues comprising the hydrophobic pocket, where the sideto the Né-carboxylated lysines in BlaR1 and the OXA-10
chain of the active site lysine is ensconced, is preserved inj-lactamase. We hasten to add thafaof 4.3 + 0.8 uM
both sensor domains. Indeed, as revealed in the panels ofor the reversibleN:-carboxylation of Lys394 indicates
Figure 3, the three active sites are extremely similar. that the MecR1 isN-carboxylated at all times in vivo, in
Therefore, we had assumed that, despite the crystallographidight of the concentration of 1.3 mM for carbon dioxide in
reports to the contrary, the lysine carbamates were likely to bacteria 82). The correspondingy values reported foN¢-
exist in both BlaR1 and MecR1. We assert here thatthe  carboxylation of the OXA-1@-lactamase and for the BlaR1
carboxylated lysine forms of BlaR1 and MecR1 were not protein are 0.23t 0.05uM (27) and 0.6+ 0.2 uM (13),
amenable to crystallization under the reported conditions, respectively.
but theN:-decarboxylated versions were. Kinetics of Interactions of MecRuvith 5-Lactam Antibiotic.
Unequivocal evidence fdWé-carboxylation of the surface  In light of the documentation that Me€Rs Né-carboxylated
domain of BlaR1 is now in hand by several methods. The at the active site lysine, we supplemented the buffer with
evidence comes from fluorescence measurements of titrationsodium bicarbonate (as a source of carbon dioxide) in our
of the enzyme active site by carbon dioxide in a saturable kinetic experiments. This supplementation would result in
manner and from both*C (NMR experiments) and‘C fully active purified MecR.
labeling (scintillation quantification) of the carbonyl of the Kinetics of acylation of MecRby two penicillins, three
N¢-carboxylation protein 3). More recently, an FT-IR  cephalosporins, and one carbapenem were investigated in
signature resonance for th&-carboxylated protein was also  competition with nitrocefin, as a reporter substrate (Table
documented by differentidPC and**C spectral measure- 1) (18). Stopped-flow kinetics were attempted at first to
ments (4), all clearly pointing to the existence of the critical observe any potential rapid formation of the acyl-protein
Né-carboxylated Lys392 in the sensor domain of BlaR1.  species, which incidentally was necessary for the studies of
We have now extended these studies to MecR&. BlaR® (13). The rate constants for acylatiok, of MecR®
Carboxylation of lysine is reversible and can in principle were significantly smaller than those of Blafat the need
give a mixture ofNé-carboxylated and\‘-decarboxylated  for stopped-flow experiments was obviated (Table 1).
versions on purification of MecR Supplementation of the  More intuitive thark, values are half-timeg(,) for the event,
solution with sodium bicarbonate generates a sufficient which turned out to be in the range of-89 s for MecR
concentration of carbon dioxide in solution that it carboxy- (this study) and 27690 ms for BlaR (13). The deacylation
lates the free base form of the active site lysine. This rate constants for MecRvere extremely small and compa-
supplementation increased the acylation rate of MdoR rable to those of BlaR and other penicillin-binding
p-lactam antibiotics by 3-fold, suggestive that the protein at proteins, withty, in the range of 72825 min (Table 1).
the end of the purification had lost some of ti- These values are consistent with unassisted deacylation of
carboxylation. This observation also revealed that MecR1 the acyl-protein species. The deacylation rate constants
is likely to be Né-carboxylated, just as are BlaR1 and the for the cases of oxacillin, ceftazidime, and imipenem could
class Dj-lactamases. actually not be determined due to the extremely slow nature
N¢-Carboxylated lysine in proteins exhibits®¥C NMR of the process that became a technical impediment to the
signature resonance at 164. Detection of this signal is  determination. We also note that the dissociation constants
considerably enhanced if the functional group is enriched in (K) for the reversible binding of the antibiotics to the
13C. Né-Carboxylated lysine could be decarboxylated by MecR® protein are elevated compared to the case of BlaR
incubation at pH 4.5. The pH was then raised to 7.5, and As such, the preacylation complex is less readily formed
[**C]sodium bicarbonate, as the source of labeled carbonwith MecR1, and when formed, the forward direction leading
dioxide, was added to the solution. By doing so, the fully to the acyl-protein species does not proceed as rapidly as in
13C-labeled protein is reconstituted and ready for the NMR the case of BlaR As a consequence, it is interesting to
measurement. THEC NMR experiment showed that lysine observe that the second-order rate constants for the
Né-carboxylation is observed in the MetRrotein (164 ppm, encounter betweerf-lactam antibiotics and the MeéR
Figure 4) just as we have documented it in Bl@Rd OXA- protein k/Ky) are typically about 170M~* s7%, which are
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Ficure 3: Stereoview of the active sites from X-ray structures of (A) the class D OXA-ldttamaseNé-uncarboxylated at the lysine

(PDB code 1EWZ), (B) the class D OXA-1®lactamase\:-carboxylated at the lysine (PDB code 1K57), (C) the C-terminal domain of
BlaR1N:-uncarboxylated at the lysine (PDB code 1XA1), and (D) the C-terminal domain of MBéRDcarboxylated at the lysine (PDB

code 2IWB). Key active site residues are depicted as capped sticks, colored according to atom type (C, N, and O as white, blue, and red),
and are numbered according to the numbering system for the given protein. The protein backbone is drawn as the ribbon representation in
green.
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FIGURE 4: 13C NMR spectra (201.2 MHz) of 150M each of (A)

the wild-type MecR and (B) the Lys394Ala mutant variant of
MecRe. Experiments were performed in 10 mM TES, 0.1 mM
EDTA, 10% glycerol, and 10% D, pH 7.5, supplemented with 5

mM NaH3COs.
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Ficure 5: Relative quenching of the intrinsic tryptophan fluores-
cence of MecR protein (2uM) vs total concentration of carbon

dioxide «M). Data were fit to a single binding site model.

as much as 24 orders of magnitude smaller than the

corresponding parameters for BlaR.3, 33).

According to the crystal structures, the overall fold of the
C-terminal domains of MecR1 and BlaR1 is the same. Yet,
it is known that MecR1 takes hours to induce the production
of PBP 2a, in contrast to BlaR1, which takes only minutes
to induce thes-lactamase productiorl®). Because of the

Cha et al.

order rate constant for acylation, is as much agl drders

of magnitude. Whereas it is not possible to take the value
for a kinetic parameter for any process and predict an
outcome for the phenotypic consequence, the observation
here is that sensing of the signal (i.e., thiactam antibiotic)

by MecR1 is significantly worse than that by BlaR1.

We also performed kinetics with the Lys394Ala mutant
variant of MecR. The protein exhibited impairment of
acylation by BOCILLIN FL. The mutant protein showed
approximately 200-fold less binding in the gel assay. The
residual activity was not sufficient to evaluake and K
reliably. These results are not surprising, considering that
the Né-carboxylated Lys394 is the residue that promotes
Ser391 for acylation. Similarly, the Lys392Ala mutant variant
of BlaR® was severely impaired in acylation of the active
site serine by oxacillin (by a factor of 6730-fold) as evaluated
earlier (L3). A clarification for the levels of attenuation of
the rate constants with the two mutant proteins is relevant
here. Thek, value for the wild-type BlaRwas larger than
that for the wild-type MecR so on mutation at the
corresponding lysine thk, value attenuated more for the
former than for the latter. The basal levels of activity for
the two Lys to Ala mutants were roughly the same.

Signal Transduction SubsequentAd.actam Sensing by
the Surface DomainAs described earlier, the presence of
S-lactam antibiotics is sensed by MRSA by acylation of the
active site serines of BlaR1 and MecR1 proteins. The
transduction of information from the surface of the membrane
to the cytoplasmic side of the protein by necessity requires
conformational changes. In the case of the BlaR1 protein
conformational changes have been implicated for this
process, either as an inherent property of the surface domain
by itself after acylation inS. aureus(13, 14) or via
interactions of the L2 loop with the receptor active site in
Bacillus licheniformis(34).

We document here that on interactions of the antibiotics
with the MecR protein as well one sees conformational
changes (Figure 6). Upon incubation with-a2fold excess
of ampicillin or ceftazidime over the correspondikigvalues,
MecR® undergoes conformational changes, as discerned by
circular dichroic spectra (Figure 6A,B). As indicated earlier,
the Lys394Ala mutant of the MecProtein is impaired in
the acylation step. This mutant variant shows small changes
in the CD spectrum on interaction with ceftazidime, indica-
tive of the possibility that the conformational changes may
be set in motion at the preacylation stage and reach the full
extent on the formation of the acyl-protein species (Figure
6C). The same general observations were made with the
BlaRS (13). It is also worth noting that during the data
acquisition time for the CD spectra (15 min) with the wild-
type MecR the protein was fully acylated;(, is 8—99 s).
The CD spectra reveal that in the cases of both BlafRd
MecRe the conformational changes observed during interac-

complexity of the events that are mediated by BlaR1 and tion with the antibiotics are quite comparable, and they take
MecR1, the difference in phenotypic outcome could come place within similar time frames. As such, transduction of

about in any number of steps from detectionfefactams,

the signal might not be the step that sets apart the two

to transduction of the signal, to the events on the cytoplasmic proteins in the phenotypic response time, at least at the level
side of the bacterium. Analyses that are presented hereof the sensor domain. We acknowledge that our analysis
indicate that sensing of the antibiotic is at least partly cannot take into account the events that would take place
responsible for the difference. We have documented herewithin the membrane spanning domain.

that MecR1 exhibits smallde and largeiKs values compared
to BlaR1. The attendant attenuation kiiKs, the second-

Concluding Remarkd/Nhen penicillin was introduced to
clinical use in the 1940s, more than 90%faureustrains
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Table 1: Kinetic Parameters for Interactions of Mécid BlaR with S-Lactam Antibioticg

MecRé BlaR®
substrate ka(s7h) ks(s™) x 1 Ks(uM)  kf/Ks(M™1sY) x 1072 k(s ks(sH) x 10 Ks(uM) ko/Ks(M~1s71) x 1075

nitrocefin 0.021+ 0.003 16+ 3 163+ 37 1.3+ 0.3 26+ 6 92+ 10 24+ 9 11+ 4

ampicillin -~ 0.009+ 0.001 8.4+ 0.3 50+ 11 1.8+ 04 1.0+ 0.1 9+1 23+ 2 0.4+0.1
oxacillin 0.010+ 0.002 ND 103t 26 1.0+ 0.3 18+ 1 4.8+ 0.6 49+ 5 3.7+ 04
cefepime 0.00& 0.001 1.4+ 0.3 262+ 29 0.3+ 0.0 1.4+ 01 12.6+0.3 25+ 3 0.6+ 0.1
ceftazidime 0.084: 0.011 ND 148+ 27 57+ 13 4.1+ 0.5 9.1+ 04 68+ 16 0.6+ 0.2
imipenem 0.03Gt 0.001 ND 154+ 7 20+01 6+1 10+1 183+ 66 0.3+ 0.1

a2The data for BlaRare from Golemi-Kotra et al1@). The kinetics were performed in 100 mM sodium phosphate buffer (pH 7.0), supplemented

with 50 mM sodium bicarbonate. ND: not determined.
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Ficure 6: Circular dichroic spectra of (A) the wild-type MegR
(10 uM, solid line) and the wild-type MecRincubated with
ampicillin (200 uM, broken line), (B) the wild-type MecR(10
uM, solid line) and the wild-type MecRncubated with ceftazidime
(450 uM, broken line), and (C) the Lys394Ala mutant variant of
MecRS (10 uM, solid line) and the Lys394Ala mutant variant of
MecRe incubated with ceftazidime (45@0M, broken line). All of
the spectra were corrected for the minor contribution from the
antibiotic in the mixture.

to virtually any known antibiotic is indeed notable, making
it a formidable pathoger36—39).

The report of thg8-lactamase activity db. aureusctually
appeared in the literature before any widespread use of the
antibiotic clinically @0). This indicates that thbla machin-
ery was in place by the early 1940s. The breadth of activity
of the class Ap-lactamase fron®. aureuds limited to the
early penicillins. While it was sufficient for the survival needs
of the organism in the early 1940s into the 1950s, it proved
not good enough when second- and third-genergiidarc-
tams were introduced. The clasgAactamases in a number
of Gram-negative bacteria have undergone a most impressive
selection for mutant variants that expand their breadth of
activity against the neweid-lactam antibiotics41—44). For
example, there are 157 known variants of the TEM-1
p-lactamase fromE. coli (http://www.lahey.org/studies/
webt.htm). For reasons that are not understood, this muta-
tional expansion of the breadth of activity is not seen in the
pB-lactamase fron$. aureusSome organisms actually harbor
more than ong-lactamase to expand their resistance profile
(45—47). This has not been seen $ aureusither.

S. aureugesponded to the advent of the newer semisyn-
thetic f-lactam antibiotics in a unique way: it acquired the
mecsystem from a non-native sourcé8f. The function of
the mecAgene product as a penicillin-binding protein that
resisted inhibition by all commercially availabfelactams
provided complete resistance to the entire clagé-laictam
antibiotics 6, 18). This event marked the emergence of what
came to be known as methicillin-resist&taureu§MRSA),
which became a clinical scourge. The first MRSA was
reported in 1961 in the U.K., but the organism was identified
in other countries shortly thereafte9j. Methicillin had been
introduced clinically in 1959; hence emergence of MRSA
can directly be linked to the development of penicillanase-
resistant penicillins approximately 2 decades after the report
of resistance due to the production of {fidactamase.

Themecandbla machineries worked together in affording
complete resistance to all commercially availgBlactam
antibiotics. Characterization of these systems at the protein
level has commenced only recently. We have described in
this report the nature of the C-terminglactam sensor
domain of the MecR1 protein of MRSA. It shares a
substantial similarity and identity in amino acid sequence,
and indeed similarity in three-dimensional structure, with

were susceptible to it. Resistance to penicillin emerged BlaRS, yet the two proteins have different activities in vivo.

rapidly in the clinic and by the late 1950s almost 50% of
S. aureusstrains were resistant. This resistance to penicillin
exceeded 90% of all strains in the 199@G%)( Plasticity

of the genome o0$. aureusn expanding its resistance profile

We identified the unusuadl®-carboxylation in the active site
lysine and conformational changes upon binding \gilac-
tam antibiotics in MecR as also were observed for BlaR
(13, 14, 23). The nature and the time frame of the confor-
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mational changes are comparable between the two antibiotic

sensors. However, kinetics of acylation of Mé&cBy the
antibiotics indicate that this protein is substantially less 1,
effective in sensing off-lactam antibiotics compared to

BlaRS. We also documented that the dissociation constant

for carbon dioxide is 7-fold larger than that of BRgRut
this difference is likely to be insignificant since the in vivo
concentration for carbon dioxide is 1.3 mM and both proteins

will

It has previously been demonstrated that Mecl is a stronger L

be fully carboxylated under this condition.

repressor ofmecA transcription than the Blal. A poorly
reversible repression ahecAwhose regulation is directed
by the Mecl/MecR1 system could result in a survival
disadvantage for bacteria in the presence foefactam
antibiotics (2). Consistent with this observation, our findings
in this report demonstrate that MecR1 is less efficient than
BlaR1 in sensingi-lactam antibiotics. Thus it is reasonable

to surmise that a selection pressure exists in elimination of

the MecR1/Mecl machinery. It is known that some of the

highly resistant MRSA strains do not possess or possess

defective MecR1/Mecl machineried)( In these strains

BlaR1 takes over the entire process; it might have been

possible at some point that production of PBP 2a was
liberated from the control of the MecR1/Mecl system and
fell under the control of the more efficieila machinery.
The results in this report provide a mechanistic basis for
selection against MecR1/Mecl and explain in part the move
toward reliance on thbla machinery for expression of both
the g-lactamase and PBP 2a in MRSA.
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