JIAIC[S

COMMUNICATIONS

Published on Web 03/08/2007

Lysine N ¢-Decarboxylation in the BlaR1 Protein from Staphylococcus aureus
at the Root of Its Function As an Antibiotic Sensor
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It is predicted that there are approximately 2700 unique folds
for proteins in naturé.Considering that in the vast majority of
organisms the number of proteins exceeds the number of folds,
the same protein folds will by necessity perform diverse functions
(e.g., approximately 2006€25000 protein-coding genes may exist
in human cellg, which might translate over 50000 proteins). An
impressive example is the structural templates seen for the class D
p-lactamases and the antibiotic sensor domain of the BlaR1 protein
(Figure 1). The former is an antibiotic resistance enzyme, with the
ability to turn the antibiotic over, whereas the latter is a signal Figure 1. Stereoview of the superimposed peptide backbones from X-ray
sensor/transducer protein in certain Gram-positive bacteria. Both dat@ of the class D OXA-1f-lactamase fronPseudomonas aeruginosa

roteins are acylated hg-lactam antibiotics at a serine residue (PDB code 1K57, green) and the sensor domain of the BlaR1 protein from
p Y ' Staphylococcus aureudxkz, magenta). Active site serine-lysine pair in

but only the class [B-lactamase is able to hydrolytically deacylate  the OXA-10 enzymes is shown centrally in capped stick. The lysine residue
the acyl-enzyme species to achieve turnover. Once acylation takess shown N-carboxylated. Atoms O, C, and N are in red, yellow, and blue

place in the BlaR1 protein, the species enjoys longevity, well for OXA10, respectively.
beyond the doubling time of the bacteria. Therefore, when the partition ratio for a series g8-lactam antibiotics with the sensor
acylated species is formed once, it survives the duration of one domain of BlaR1. In this analysis, the antibiotic is treated as an
bacterial generation. On the other hand, clagsBctamases turn irreversible inhibitor for the protein. The mathematical basis for
over f-lactam antibiotics many times, such that the resistant the analysis and the analysis itself are described elsewhEThe
bacterium grows unencumbered by the drug. The surface domainpartition ratio is the ratio ok.a/kinacs an indication of the efficiency
of BlaR1 from Staphylococcus aureuend the class D OXA-10 of the irreversible protein modification. As indicated in Table 1,
p-lactamase fronPseudomonas aeruginoshare 26% identity and ~ approximately 36 antibiotic molecules were needed to fully
49% similarity in their amino acids, producing backbone structures modify the protein. This ratio is too small for us to be able to
that are virtually identical (Figure 1). A remarkable similarity exists characterize the turnover by steady-state measurements.(the
in their respective active sites as well. event), but it indicates the existence of a residual turnover of
An appreciation of the underlying reasons for this divergence S-lactam antibiotics with the surface domain of the BlaR1 protein.
of function between these two proteins is emerging only now, with  Having documented that residual turnover of antibiotic is seen
its cornerstone in the presence of a critical N-carboxylated lysine with the BlaR1 protein, the observation indicates that a few turnover
within the active site$-¢ This N-carboxylated lysine activates the events (route B, Scheme 1) take place before entry into route A
active site serine for acylation by abstraction of the hydroxyl proton. with its attendant loss of carbon dioxide. We wondered what would
It passes the proton to the lactam nitrogen, as the acyl-enzymehappen if the N-decarboxylation of lysine in the BlaR1 protein were
intermediate forms. As depicted below, the N-carboxylated lysine not to take place. Would that be sufficient to convert the structural
(as discerned from the X-ray structure for fpdactamase) makes  template of BlaR1 from a receptor to an antibiotic resistance
a bifurcated hydrogen bond to the serine hydroxyl (Scheme 1). Ab enzyme? To explore this possibility, we developed a method similar
initio calculations on this system revealed that the transfer of proton to that pioneered by Kirsch in the preparationyethialysine as a
via the carbamate oxygen (route B) results in a stable intermediate.surrogate for lysiné! We generated a cysteine at position 392 of
However, the passage of the proton through the carbamate nitrogerthe BlaR1 protein by mutagenesis (Lys392Cys mutant). Because
results in a barrierless decarboxylation of the N-carboxylated lysine the site of mutagenesis in protein is sheltered, the protein was
(route A)37 Both these events have been observed. The class Ddenatured to show that 1.0 equiv of thiol could be titrated by-5,5
p-lactamase facilitates many substrate turnover events, indicatingdithiobis(2-nitrobenzoic acid)(DTNB). The protein was denatured
that it relies primarily on route B.On the other hand, the process in degassed 20 mM Tris-HCI, 10 mM EDTA, pH 7.5, supplemented
is arrested at the acyl-enzyme stage for the BlaR1 protein with the with urea (8 M), and then incubated with 4-iodobutanoate at room
attendant loss of carbon dioxide. This observation is documentedtemperature in an airtight container. Because 4-iodobutanoate is
now by the X-ray structures for the acyl-enzyme species, by NMR prone to lactonization, aliquots of the reagent were added every 2
experiments;® and by stopped-flow FTIR experimerftarguing h for a duration of 30 h, at which time DTNB titration revealed
for predominance of route A for the BlaR1 protein. The conse- the absence of the cysteine thiol. The modified protein exhibited a
guence of this divergence is of course profound, as it shapes thesingle protein band by isoelectric focusing. The protein was refolded
physiological functions of the two types of proteins entirebne by a protein-folding column (ProFoldin, Westborough, MA). The
as an enzyme and the other as a receptor protein. proper column for refolding (among several) was chosen on the
Edified by this knowledge, we explored if the BlaR1 protein basis of the comparison of the reaction of nitrocefin (a chromogenic
exhibited anyp-lactamase activity. To document the potential cephalosporin) with the wild-type BlaR1 and that for the refolded
residual activity, we resorted to the measurement of the so-calledwild-type BlaR1.
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Table 1. Partition Ratios and Steady-State Kinetic Data for the brings it to an activity plateau. If the solution is dialyzed at this
- -(4- - a . . L .
Wild-Type BlaR1 and the S-(4-Butanoate)-Cysteine Variant point and then subjected to the same antibiotic, another cycle of
partition ratio turnover ensues, indicating that the ester carbonyl of the branched
modified species returned to the oxyanion hole and was hydrolytically
Substrate widtype  variant Ko (s7)  Kn(M)  KalKn(M7's™) deacylated to allow restoration of the catalytic activity.
ceftazidime 5.8 0.3 1340+ 57 2.3£0.2 6+1 (4.0+£0.7)x 10 We have shown herein that the mechanistic basis for the BlaR1

cephalosporin C 5.3 0.3 451+ 30 0.3+0.0 12+2 (2.5+0.4)x 10¢

cephalothin 3.0:0.2 428+50 1.0+0.0 30+3 (3.3+0.3)x 10*
cefepime 3.1 0.3 1704+ 90 2.0+ 0.2 14+1 (1.4+0.2)x 1P
ampicillin 0.6+04 21+3 ND ND ND
carbenicillin 21+01 50+1 ND ND ND

aKinetic parameters were determined in 100 mM sodium phosphate,
pH 7.0. ND, not determine (for poor turnover).

This procedure producesi(4-butanoate)-cysteine at position 392
of the BlaR1 protein, as a surrogate for the natural N-carboxylated
lysine (Scheme 1, panel C). Th&pof N-carboxylated lysine is
5.22which is close to that of a carboxylate to ma&€4-butano-

ate)-cysteine as a reasonable mimic of N-carboxylate lysine, except

that it cannot experience N-decarboxylation. Determination of the
partition ratios for theS-(4-butanoate)-cysteine mutant variant re-

vealed that the partition ratios went up in each case (see Table 1),

protein serving as a receptor is solely its ability to undergo
N-decarboxylation of the active site lysine on protein acylation by
its ligand. If N-decarboxylation would not take place, the structural
template of the protein is endowed to render it into a hydrolytic
enzyme. We hasten to add that the mechanism for activation of
BlaR1 discussed in this report is unprecedented in the literature
for any other protein and it represents a novel strategy by nature in
diversification of function from existing structural templates.
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indicative of enhanced turnover of the antibiotics by the modified
BlaR1.

We treated the modified BlaR1 as a bona fide enzyme for
turnover of ceftazidime, cephalosporin C, cephalothin, and cefepime,

the four cephalosporins that were test. The cephalosporins were
chosen since their respective partition ratios were enhanced in the

approximate range of 90- to 550-fold. In each case we observed

saturation, allowing for the measurements of the steady-state kinetic

parameters that are tabulated in Table 1. The valuek.f¢K, of
10°—10° M~! st typically result in antibiotic resistance as
documented for other resistance enzyt&sso this simple
alteration of the structure of the receptor protein would appear to
be sufficient for manifestation of antibiotic resistance activity.
These evaluations were made under the initial-rate conditions.
As the determination of partition ratios indicates, the enzymatic
activity is ultimately abrogated. The basis for this observation would
appear to be a branched kinetic scheme for $K{d-butanoate)-
cysteine variant of BlaR1, a mechanism that is documented with
B-lactamases previoushyt>16Maveyraud et al. have documented

that the basis for branching of the catalytic scheme in at least one
p-lactamase is a conformational change that flips the ester carbonyl

of the acyl-enzyme intermediate out of the oxyanion hole that
houses it during the catalytic turnover of the substtatéere, we
observe that rapid turnover takes place vfittactams as substrate
for the modified BlaR1, but branching (presumably by the same
flipping of the ester carbonyl documented by Maveryraud et al.)
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