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ABSTRACT: The genome ofStaphylococcus aureusis constantly in a state of flux, acquiring genes that
enable the bacterium to maintain resistance in the face of antibiotic pressure. The acquisition of themecA
gene from an unknown origin impartedS. aureuswith broad resistance toâ-lactam antibiotics, with the
resultant strain designated as methicillin-resistantS. aureus(MRSA). Epidemiological and genetic evidence
suggests that the gene encoding PBP 2a of MRSA might have originated fromStaphylococcus sciuri, an
animal pathogen, where it exists as a silent gene of unknown function. We synthesized, cloned, and
expressed themecA gene of S. sciuri in Escherichia coli, and the protein product was purified to
homogeneity. Biochemical characterization and comparison of the protein to PBP 2a ofS. aureusrevealed
them to be highly similar. These characteristics start with sequence similarity but extend to biochemical
behavior in inhibition byâ-lactam antibiotics, to the existence of an allosteric site for binding of bacterial
peptidoglycan, to the issues of the sheltered active site, and to the need for conformational change in
making the active site accessible to the substrate and the inhibitors. Altogether, the evidence strongly
argues that the kinship between the two proteins is deep-rooted on the basis of many biochemical attributes
quantified in this study.

Antimicrobial resistance entails the continuous change of
a flexible bacterial genome that in the face of the antibiotic
pressure moves inexorably toward better fitness. Staphylo-
coccus aureusexemplifies this change, thriving as a result
of its considerable genomic plasticity with respect to
antibacterial resistance mechanisms. The quintessential ex-
ample is the acquisition of themecAgene, which set in
motion the emergence of methicillin-resistantS. aureus
(MRSA)1 in the early 1960s (1). The clinical difficulty with
this organism escalated when variants of MRSA became
resistant to vancomycin, one of the last resort antibiotics in
treatment of the organism (2, 3). Major resistance to
vancomycin emerged when the enterococcalVanAgene was
acquired by MRSA.

The acquisition of the non-nativemecAgene byS. aureus
has occurred several times over the past 40 years from an
unknown species (4, 5). The search for this original gene
led to a structural homologue ofmecAas a native gene in
the animal commensal speciesStaphylococcus sciuri
(6-8). Different variants of themecAhomologue (mecA1
andmecA2) have been detected in both methicillin-resistant

and -susceptible isolates, suggesting that the homologue of
the mecA gene in S. sciuri might serve distinct and yet
unknown functions in this organism, representing a natural
reservoir of the methicillin resistance gene (6, 8-11). There
are several lines of evidence that indicate thatmecAof S.
sciuri might be the predecessor tomecAof MRSA. ThemecA
gene ofS. aureusand themecAhomologue ofS. sciuriboth
encode a protein with a predicted transpeptidase domain that
has the typical sequence of high-molecular weight penicillin-
binding proteins (12). Introduction of themecAhomologue
from methicillin-resistantS. sciuri into S. aureusproduced
quantities of the requisite protein that reacted with mono-
clonal antibodies prepared against PBP 2a of MRSA (13).
The argument became even more compelling when amecA
homologue from a methicillin-resistant strain ofS. sciuriwas
introduced into a susceptible strain ofS. aureusand
strengthened antibiotic resistance (14). However, the simi-
larities between the twomecAgenes are counterbalanced by
differences as well, the most profound being the ubiquitous
presence of themecA homologue in all genetically and
epidemiologically unrelated isolates ofS. sciuri(6). This is
in contrast tomecAof S. aureus, which is found only in
resistant strains. Moreover, themecAhomologue is believed
to perform an unknown physiological function inS. sciuri
unrelated to antibiotic resistance (6, 11). It is likely that S.
sciuri in its natural environment is not challenged by
â-lactam antibiotics.

These tantalizing observations at the genetic level argue
for the kinship of the two genes; however, biochemical
characterization necessary for the demonstration of the
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similarity between the two at the protein level is lacking at
present. We recently reported on cloning, purification, and
kinetic analyses of the interactions ofâ-lactam antibiotics
with PBP 2a of MRSA to document the origins of its
unfavorable inhibition by these antibiotics (15). Furthermore,
we have documented that the protein has an allosteric site
for binding of the cell wall and that binding cell wall
fragments to the allosteric site allows the active site of the
enzyme to become more accessible to theâ-lactam antibiotics
(16, 17). Both binding of theâ-lactam antibiotics to the active
site and that of the cell wall to the allosteric site are prompted
by conformational changes in the protein. On the basis of
the consideration that the crystal structure of PBP 2a ofS.
aureusexhibits a sheltered active site, we have argued that
the conformational change is necessary to make the active
site accessible to the cell wall substrate for the physiological
function of this protein in vivo (15, 16).

We report herein the cloning, expression, and purification
of the gene product ofmecAfrom S. sciuri. We also describe
a homology-based computational structure for the protein.
We present evidence in this report that suggests many of
the aspects of the biochemical properties of PBP 2a ofS.
aureusare shared with its counterpart fromS. sciuri. At a
quantitative level, the kinetic parameters for the aforemen-
tioned interactions are quite similar in both proteins. The
biochemical evidence documents the direct kinship between
the twomecAgene products. The argument for the possibility
of the transfer of themecAgene from the animal commensal
speciesS. sciuri to the human pathogenS. aureuswould
appear plausible at both the genetic and biochemical level
of collective knowledge.

EXPERIMENTAL PROCEDURES

Cloning of the mecA Gene of S. sciuri.The sequence for
the mecAgene ofS. sciuriATCC29062 was optimized for
Escherichia colicodon usage using Protein2DNA (DNA2,
Inc.) software. The optimized gene was synthesized by
EZBioLAB with the gene missing the sequence for the 24-
amino acid N-terminal membrane anchor. The sites for the
restriction endonucleasesNcoI and XhoI were added at
opposite ends of the sequence for cloning purposes. The
syntheticmecAgene was cloned into theSmaI site of the
pUC57 plasmid. The resulting construct was used to trans-
form E. coli JM83, and cells were grown overnight on LB
agar plates. Plasmids were isolated from overnight colonies.
The fragment of the plasmid containing the truncatedmecA
was excised from the original construct usingNcoI and
HindIII endonucleases and cloned into theNcoI andHindIII
sites of the pET24d(+) vector, andE. coli JM83 was
transformed by this plasmid. Both strands of the entiremecA
gene from four transformants were sequenced by primer
walking, starting with the M13 universal and reverse primers.

Expression of the S. sciuri MecA Protein. E. coli BL21-
(DE3) was transformed with themecAgene ofS. sciuri
contained within the multiple cloning site of the pET24d-
(+) plasmid. An overnight seed culture (3 mL) was used to
inoculate 500 mL of LB medium supplemented with kana-
mycin (30 µg/mL), and cells were grown at 37°C with
shaking (120 rpm) until the optical density at 600 nm (OD600)
reached∼0.8 (∼8 h). Expression was induced within the
bacterial culture by addition of 0.4 mM isopropylâ-D-

thiogalactopyranoside (IPTG), followed by incubation at
25 °C for an additional 18 h. Cells were harvested by
centrifugation at 14000g for 20 min at 4°C, and the pellet
was resuspended in 10 mM Tris-HCl buffer (pH 8) (buffer
A).

Purification of the MecA Protein of S. sciuri. The MecA
protein was purified using a two-step purification protocol
with an LP chromatography system (Amersham) at 4°C.
Cells were disrupted by 30 cycles of sonication (20 s of burst
and 20 s of rest for each cycle). The resulting supernatant
was centrifuged at 14000g for 30 min using a Beckman-
Coulter centrifuge. Pelletting, suspension in buffer A, and
sonication were repeated twice to optimize the yield. The
resulting cell-free extract was loaded at 2 mL/min onto a
Q-Sepharose column (2.5 cm× 20 cm; 80 mL of High Q
support resin, Bio-Rad) equilibrated with buffer A. The
column was washed with 200 mL of buffer and was eluted
with a linear gradient from 0 to 0.3 M NaCl in buffer A at
a rate of 2 mL/min (total volume of 400 mL). The MecA
protein was eluted at∼0.08-0.12 M NaCl.

The fractions containing the protein were combined and
concentrated, and the buffer was exchanged with 50 mM
sodium phosphate and 0.2 M NaCl (pH 7.0) (buffer B). The
sample was loaded at a rate of 1.0 mL/min onto a Sepharose
column (2.5 cm× 50 cm; 160 mL of High S support resin,
Bio-Rad) equilibrated with buffer B. The protein was eluted
with a linear gradient from 0.2 to 1.0 M in buffer B at a rate
of 2 mL/min to a final volume of 1500 mL. The MecA
protein eluted from the column at∼0.4-0.6 M NaCl. The
fractions were combined, concentrated, and dialyzed against
25 mM Hepes in 1 M NaCl (pH 7.0). The protein concentra-
tion was determined with the BCA protein assay kit (Pierce).
The yield from a 500 mL cell culture was∼10 mg.

Determination of the Kinetic Parameters for Interactions
of â-Lactam Antibiotics with the MecA Protein of S. sciuri
in the Absence and Presence of a Cell Wall Fragment. The
kinetic parameters for interactions ofâ-lactam antibiotics
with the MecA protein were determined by known methods
(15, 18). The MecA protein experiences acylation at the
active site serine (Ser401), and the acyl-enzyme species
slowly undergoes deacylation according to eq 1.

where E represents the MecA protein, EI is the noncovalent
pre-acylation complex, E-I is the covalent acyl-enzyme
species, and P is the product of hydrolysis of theâ-lactam
antibiotic. The first-order rate constants for protein acylation
with differentâ-lactam antibiotics were determined using a
Cary 50 UV spectrophotometer (Varian Inc.) at room
temperature (∼25 °C). The experiments were carried out in
25 mM Hepes and 1 M NaCl (pH 7.0). The reaction between
the MecA protein and nitrocefin was assessed by monitoring
the formation of the acyl-enzyme species at 500 nm (∆ε500

) 15 900 cm-1 M-1). The observed first-order rate constants
(kobs) were measured at a protein concentration of 3.0µM
with different concentrations of nitrocefin (20-500 µM).
Each was monitored for 45 min, at which time the protein
was invariably acylated. Nitrocefin (80µM) was used as the
reporter molecule to determine the apparent first-order rate
constants for acylation by other nonchromogenic (or poorly
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chromogenic)â-lactams at several concentrations in com-
petition experiments.

The observed first-order rate constants (kobs) were also
measured for the MecA protein ofS. sciuri (3 µM) with
several concentrations of nitrocefin (10-120 µM) in the
presence of cell wall surrogate compound1 (0.5-2 mM)
using the same parameters that were described above.

The deacylation rate constants for the MecA protein were
determined using BOCILLIN FL (Molecular Probes, Inc.)
as a reporter molecule (compound2 shown in Figure 3), both
in the absence and in the presence of cell wall surrogate
compound1. A typical reaction mixture (60µL) contained
20µM MecA and aâ-lactam antibiotic concentration at least
2-fold higher than itsKd value. The mixture was incubated
at room temperature for 45 min in 25 mM Hepes and 1 M
NaCl (pH 7.0). The excessâ-lactam was removed by passing
the mixture through a Micro Bio-Spin6 column (Bio-Rad).
For experiments performed in the presence of compound1,
it (0.5-2.0 mM) was added to the resultant mixture im-
mediately following the removal of excess antibiotic by the
aforementioned step. An aliquot (3µL) of the mixture was
diluted 5-fold with the same buffer and incubated at room
temperature for different time intervals. The amount of free
protein, liberated from the acyl-protein species, was assayed
by the addition of BOCILLIN FL to give a final concentra-
tion of 50 µM and incubated for an additional 45 min at
room temperature. The SDS sample buffer (15µL) was
added to the reaction mixture, which was then boiled for 3
min. The samples (30µL in total) were loaded onto a 10%
SDS-polyacrylamide gel, which was developed and then
scanned using a Storm840 Fluorimager.

Circular Dichroic Measurements. The circular dichroic
(CD) spectra of MecA [9µM in 50 mM KH2PO4 and 0.1 M
NaCl (pH 7.5)] were recorded in the absence and presence
of 30 µM oxacillin or 30 µM ceftazidime at 25°C on a

stopped-flow circular dichroism spectrometer (AVIV Instru-
ments Inc. 202 SF) with a 2 mm path length. The CD
readings for theâ-lactams were negligible compared with
those of the protein and were subtracted in each case.

The CD spectra of MecA [9µM in 50 mM KH2PO4 and
0.1 M NaCl (pH 7.5)] were recorded in the absence and
presence of compound1 in incremental amounts (from 0.5
to 2 mM) at 25°C. The spectrophotometric contribution of
compound1 was subtracted in each case.

TheKd
P parameter for the interaction between the MecA

homologue and compound1, assuming a 1:1 complex, was
determined using CD spectra by expressing the change in
molar ellipticity at 222 nm as a function of the degree of
saturationR. The degree of saturation is defined by the
relation R ) ∆Θ/∆Θmax, where ∆Θ is the change in
ellipticity of the MecA protein in the presence of a subsatu-
rating amount of ligand (compound1) and ∆Θmax is the
change in ellipticity of the MecA protein in the presence of
a saturating amount of ligand. The dissociation constant for
the peptidoglycan (Kd

P) is determined from the slope (1/Kd
P)

of the plot of 1/(1- R) versus [ligand]/R (19).

Homology Model Construction and Molecular Dynamics
Simulations.The amino acid sequences formecAof S. sciuri
(target) andmecAof S. aureus(template) were analyzed with
Swiss-Model (a protein homology modeling server) to
determine the initial geometry of the target sequence and its
quantitative homology to the known template structure (20).
The structural coordinates for PBP 2a, themecAgene product
of MRSA, were obtained from the Protein Data Bank (entry
1VQQ). This template amino acid sequence was chosen due
to its high level of identity in sequence (∼87%) to the
template. The target structure was modeled in standard PDB
format, comprised of heavy atoms (i.e., C, O, N, and S),
while the addition of light atoms (i.e., hydrogen) was carried
out using the protonation package in the Amber8 Molecular
Dynamics Program. The protein was encapsulated by TIP3P
water molecules within a cubic box of∼94 Å × 85 Å ×
159 Å. The distance from the protein surface to the closest
face of the box was least 10 Å. Following this step, the
Amber xLEaP program was used to generate topological and
geometrical information for the target structure. The topology
calculations integrated charges, force fields, connectivity, and
other essential information for molecular dynamics simula-
tions.

The molecular dynamics protocol has been reported by
us previously (21). With atoms restrained in harmonic
potential, the structure was energy minimized within 5000
steps in Cartesian space using the steepest descent method.
This was followed by 4 ps of molecular dynamics at constant
pressure (1 atm), where the temperature was increased from
0 to 300 K. Subsequently, six steepest descent energy
minimizations, each consisting of 1000 steps, were carried
out by gradually relaxing the restraints. The fully relaxed
system was then subjected to three molecular dynamics runs,
12 ps while heating from 0 to 100 K and 4 ps equilibrated
at 100 K. Similar procedures were applied for temperatures
ranging between 100-200 and 200-300 K. After equilibra-
tion, 10 iterative simulations were carried out at 200 ps each,
with the averaged structure from each simulation used as
the basis for the next simulation. Coordinates were sampled
every 0.2 ps.

FIGURE 1: SDS-PAGE (8.5%) analysis during the purification of
the MecA protein: lane 1, crude supernatant; lane 2, after the
Q-Sepharose column; lane 3, after the S-Sepharose column; lane
M, molecular weight ladder. The arrowhead indicates the position
of the MecA protein.

8052 Biochemistry, Vol. 46, No. 27, 2007 Fuda et al.



RESULTS AND DISCUSSION

A host of microbiological experiments have argued
that PBP 2a proteins fromS. sciuriandS. aureusshould be
related to each other (5, 9, 11, 13, 14). The high degree
of amino acid sequence identity also provided support for
the assertion, yet structural and biochemical information
about themecAproduct fromS. sciuri has been missing
from the literature. To provide such information for this
protein, and specifically to compare and contrast these

properties to those of the protein fromS. aureus, we
undertook this study.

To accomplish this task, the protein had to be cloned,
expressed, and purified. Cloning of the 1998-nucleotidemecA
gene ofS. sciuri into an expression vector proved to be a
difficult task. Initially, the mecAgene fromS. sciuri was
PCR-amplified from the chromosomal DNA ofS. sciuri
ATCC29062 without the sequence for the 24-amino acid
N-terminal membrane anchor. The gene was cloned into the

FIGURE 2: (A) Stereoview of the ribbon representation for the homology-based three-dimensional structural model of MecA ofS. sciuri.
The structure is colored green for the transpeptidase domain (Gly343-Asp656), yellow for the non-penicillin-binding domain (Pro145-
Ile312), purple for the N-terminal extension domain (Ala23-Gln139), and orange for active site (indicated by arrows) residues Ser401,
Lys404, and Tyr444. (B) Stereoview of the active site of MecA ofS. sciurishowing the Ser-Lys dyad (Ser401 and Lys404) and Tyr444.
The side chains of the active site residues are shown in capped-stick representation with colors according to atom type (C, N, and O colored
yellow, blue, and red, respectively). A Connolly solvent accessible surface is constructed around the active site.

Table 1: Kinetic Parameters for Interactions ofâ-Lactam Antibiotics with the MecA Protein ofS. sciuriand with PBP 2a of MRSA

S. sciuri S. aureus

cephalosporin k2 (×103 s-1) k3 (×106 s-1) Kd (µM) k2/Kd (M-1 s-1) k2 (×103 s-1) k3 (×106 s-1) Kd (µM) k2/Kd (M-1 s-1)

nitrocefin 16( 1 4.0( 0.1 142( 21 114( 16 3.7( 0.3 7.2( 0.1 192( 24 19( 3.0
cefepime 9( 1 5.6( 1.0 1750( 250 6( 1 1.5( 0.1 5.9( 0.5 1618( 145 0.9( 0.1
ceftazidime 6( 1 4.4( 0.1 1100( 115 6( 1 1.0( 0.1 3.2( 0.2 671( 116 1.5( 0.3
ampicillin 15( 2 8.0( 1.0 475( 80 32( 6 3.4( 0.1 3.2( 0.1 668( 124 5.0( 1.0
oxacillin 5 ( 1 7.5( 0.3 450( 90 12( 3 1.6( 0.1 2.5( 0.1 180( 25 9.0( 1.0
imipenem 4( 1 7.5( 0.4 500( 30 8( 2 1.7( 0.1 3.3( 0.3 603( 93 2.8( 0.4
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pET24d(+) expression vector under an IPTG-inducible
promoter. Conditions for optimizing expression were inves-
tigated; however, either the MecA protein failed to be
expressed outright, or the levels of expression were never
sufficient for practical purification. We tried to simplify the
process by recloning the gene into pET24d(+) with a
histidine tag to purify the protein using affinity chromatog-
raphy. However, the improvement in yield was minimal, and
purification using affinity chromatography still could not
result in homogeneous protein.

We concluded that the levels of expression were likely
depressed because of the disparity of the codon usage
between the staphylococci andE. coli. Hence, themecAgene
of S. sciuriwas optimized forE. coli codon usage, and the
rather large gene was synthesized without the portion for
the 24-amino acid N-terminal membrane anchor and ulti-
mately cloned into pET24d(+). This approach led to success.
The enzyme was produced intracellularly upon induction with
IPTG, with dramatically improved expression levels. The
MecA protein was purified to apparent homogeneity in two
chromatographic steps (Figure 1). We typically produce∼20
mg of the protein from a liter of cell culture.

We originally had anticipated expression levels of the
MecA protein ofS. sciuriwould be comparable to that of
PBP 2a ofS. aureus. This expectation was based on high
degrees of nucleic acid and amino acid sequence similarity
between the two proteins (22) and the fact that recombinant
PBP 2a of MRSA was expressed well inE. coli and was
easily purified (15). These expectations were wrong, and the
differences in expression of the two genes proved to be
problematic. Coincidentally, themecAgene is present in all
genetically and epidemiologically unrelated isolates ofS.
sciuri but poorly expressed in antibiotic-susceptible strains
(6). Furthermore, the physiological role of the MecA protein
of S. sciuriis currently uncharacterized, although it is capable
of participating in cell wall synthesis (5, 14). This differs

from the case of PBP 2a of MRSA, which is expressed well
in vivo and plays an integral role in cell wall synthesis in
the presence ofâ-lactam antibiotics (23, 24).

The high degrees of sequence similarity between the MecA
proteins of S. sciuri and S. aureusargue for structural
similarities between the two proteins. However, in the
absence of a three-dimensional structure for the former, we
used the X-ray structure of the latter (25) to generate a
computational homology model for the MecA protein ofS.
sciuri. The MecA protein ofS. sciuriconsists of 666 amino
acid residues. The structure modeled for theMecAprotein
of S. sciuriincludes three domains, as shown in Figure 2A.
They include the N-terminal extension domain (Ala23-
Gln139, colored purple), the non-penicillin-binding (nPB)
domain (Pro145-Ile312, colored yellow), and the transpep-
tidase domain (Gly343-Asp656, colored green). The overall
dimensions of the protein are∼140 Å× 64 Å × 56 Å, close
to the dimensions of PBP 2a ofS. aureus(25). The resulting
rms deviation for the backbone between the two structures
is 2.6 Å. The transpeptidase domains of the two MecA
proteins share a similar overall fold. The active site of the
protein appears to be as sheltered like that of PBP 2a ofS.
aureus. This is due to the loop that lowers itself onto the
active site, on which residue Tyr444 is located (Figure 2B).
The centrally located Tyr444 essentially caps the active site,
making access to it difficult by both the substrate and
inhibitors, a feature also seen in the X-ray structure of PBP
2a of S. aureus(25).

Structural information about the MecA protein ofS. sciuri
compelled us to characterize the protein by biochemical
analyses. To this end, we examined the kinetics of interaction
of the MecA protein ofS. sciuriwith â-lactam antibiotics
as covalent inhibitors to elucidate what mechanistic aspects
it shares with PBP 2a of MRSA.â-Lactam antibiotics also
acylate the enzyme active site serine (Ser401), rendering the
enzyme inactive and forming a complex that is irreversible
for all practical purposes. We evaluated the kinetics of
interactions with three cephalosporins (nitrocefin, cefepime,
and ceftazidime), two penicillins (ampicillin and oxacillin),
and one carbapenem (imipenem) with MecA ofS. sciuri,
comparing them side by side in Table 1 with the correspond-
ing values for PBP 2a of MRSA (15).

As in the case of PBP 2a of MRSA, the MecA protein of
S. sciurihas a poor rate of acylation (k2 effect) with a low
affinity for â-lactams in general. Thet1/2 for acylation of
the MecA protein was in the range of 0.5-3 min with the
antibiotics that were tested, compared to 3-12 min with PBP
2a of MRSA (15). The dissociation constants for the pre-
acylation complexes ranged between 142 and 1750µM,
resulting in second-order rate constants (k2/Kd) of 6-114 M-1

s-1. This is compared to dissociation constants in the range
of 180-1618µM and second-order rate constants (k2/Kd) of

FIGURE 3: Compound1 is a disaccharide-containing surrogate of
the bacterial peptidoglycan. Compound2 is the structure of
BOCILLIN FL.

Table 2. Kinetic Parameters for Interaction of Nitrocefin with the
MecA Protein ofS. sciuri in the Absence and Presence of
Compound1

[1] (mM) k2 (×103 s-1) k3 (×106 s-1) Kd (µM) k2/Kd (M-1 s-1)

0 16( 1 4.0( 0.1 142( 21 114( 16
0.5 18( 1 8.0( 0.6 122( 20 150( 22
1.0 22( 1 98( 13 230( 30
1.5 28( 4 80( 15 360( 75
2.0 36( 1 16( 1 60( 6 604( 55
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1-19 M-1 s-1 for PBP 2a. It is important to note that
evolution of PBP 2a ofS. aureus(presumably from that of
S. scuiri) would appear to have gone in the direction of
poorer interaction with these clinically used antibiotics, as
would be intuitively reasonable. The acylation rate constants
(k2) and the second-order rate constants for inhibition (k2/
Kd) are overall poorer for PBP 2a ofS. aureus. Again, like
the case for PBP 2a of MRSA, the rate constants for
deacylation (k3) of the acyl-enzyme species were exceed-
ingly poor, with t1/2 values in the range of 26-48 h,
compared to 26-77 h for PBP 2a. The side-by-side
comparison of the kinetic parameters for MecA ofS. sciuri
and PBP 2a of MRSA in Table 1 reveals both enzymes
behaving remarkably similarly in the presence ofâ-lactams.
The dual causes of failure of effective inhibition of these
proteins by theâ-lactam antibiotics are the depressedk2

values and elevated dissociation constants (Kd). The basis
for both these manifestations is the closed nature of the active
sites. For either the peptidoglycan substrate or theâ-lactam
inhibitor to gain access to the active site, the protein should
open up the active site by a conformational change.

We have argued that the closed conformation of PBP 2a
was advantageous to the organism in the face of the challenge
by â-lactam antibiotics, yet the enzyme still had to per-
form its catalytic function with the peptidoglycan substrate

or would be of no use to the organism. To rationalize this
apparent anomaly, we explored the possibility of the exist-
ence of an allosteric site outside the active site of PBP 2a
of S. aureusthat could be triggered by the peptidoglycan to
open up the active site (16). A synthetic peptidoglycan
fragment prepared in our laboratory, the structure of
which (compound1) is shown in Figure 3, proved of use
(26, 27). We documented that binding of the peptidoglycan
at the allosteric site of theS. aureusprotein triggered a
conformational change that made the active site more
accessible to theâ-lactam inhibitors. The allosteric site
would appear to be present also in the MecA protein from
S. sciuri.

Compound1 (Figure 3) is an analogue of a fragment of
the S. sciuri cell wall, which possesses theN-acetylglu-
cosamine (NAG)-N-acetylmuramic acid (NAM) disaccha-
ride backbone of the cell wall. To the NAM residue is
appended the pentapeptide (NAM-L-Ala-γ-D-Glu-L-Lys-D-
Ala-D-Ala) linker unit that is typical ofS. sciuri. While S.
aureushas a pentaglycyl moiety appended to theL-Lys side
chain that participates in the PBP 2a-catalyzed cross-linking
reaction,S. sciurihas a pentapeptide chain comprised of one
alanine and four glycine residues (14). The lysine-appended
pentapeptide was intentionally left out of the structure, as
we did not want the cell wall fragment to serve as a substrate.

FIGURE 4: (A) Far-UV circular dichroic spectrum of MecA ofS. sciuri[9 µM (b)], during interaction with oxacillin at 1 (2), 24 ([), and
48 h (O). The lines simply connect the data points and were not fit to any specific model. (B) Change in the molar ellipticity of MecA of
S. sciuriat 208 (b) and 222 nm (O) as a function of time (2880 min) in the presence of oxacillin (30µM). (C) Change in the molar
ellipticity of MecA of S. sciuriat 208 (b) and 222 nm (O) over the shorter duration (200 min) for oxacillin (30µM). (D) Far-UV circular
dichroic spectrum of MecA ofS. sciuri[9 µM (b)], during interactions with ceftazidime at 1 (2), 24 ([), and 48 h (O). The lines simply
connect the data points and were not fit to any specific model. (E) Change in the molar ellipticity of MecA ofS. sciuriat 208 (b) and 222
nm (O) as a function of time (2880 min) in the presence of ceftazidime (30µM). (F) Change in the molar ellipticity of MecA ofS. sciuri
at 208 (b) and 222 nm (O) over the shorter duration (200 min) for ceftazidime (30µM).
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The kinetic parameters for interactions of the MecA protein
from S. scuiriwith nitrocefin in the presence of increasing
concentrations of the cell wall surrogate are given in Table
2. Several trends were established in the presence of the cell
wall surrogate that are comparable to those observed with
PBP 2a of MRSA (16). Similar to PBP 2a, the MecA
homologue ofS. sciuriis activated by the cell wall surrogate.
As the concentration of the cell wall surrogate increased,
the rate constant for acylation by nitrocefin (k2) became larger
and the corresponding dissociation constant (Kd) became
smaller (Table 2). Both parameters contributed to the increase
in k2/Kd values for nitrocefin in the presence of increasing
concentrations of the cell wall surrogate. Furthermore, a
4-fold enhancement in the rate constants for deacylation (k3)
was also observed in the presence of compound1.

We had previously argued thatâ-lactam antibiotics gain
greater accessibility to the active site of PBP 2a in the
presence of increasing concentrations of the cell wall
surrogate, a consequence of the allosteric binding interaction
mentioned earlier (16, 17). The implication is that the
allosteric modulator (cell wall) converts the structure of the
enzyme from the closed form to the active and open one.
The open and closed forms for another PBP have also been
documented by crystallography recently (28). The MecA
protein ofS. sciuridemonstrates the same behavior, mani-
fested in the enhanced facility of enzyme acylation and the
improved stability of the noncovalent preacylation complex
observed for the protein and antibiotic.

Although the exact role of the MecA protein inS. sciuri
remains unknown, the protein’s ability to interact with and
process peptidoglycan was demonstrated in recent studies,
wherein themecAhomologue from a methicillin-resistant
strain ofS. sciuriwas introduced into a susceptible strain of
S. aureus, increasing drug resistance and allowing continued
growth and cell wall synthesis of bacteria in the presence of
high concentrations of antibiotic (14). We determined the
Kd

P (dissociation constant for peptidoglycan) for interaction
of the minimalist cell wall surrogate outside the transpep-
tidase active site of the MecA protein to be 1.0( 0.2 mM,
compared to a value of 2.0( 0.8 mM for the same
compound with PBP 2a of MRSA (16). These low millimolar
values might be consistent with our previous assertion that
PBPs of the bacterial cytoplasmic membrane are exposed to
high local concentrations of the cell wall components (an
entropic effect) (27, 29).

In addition, we had previously shown conformational
changes underlie the interactions of PBP 2a with both
â-lactams and cell wall surrogates, which can be
detected by circular dichroism (15-17). We carried out a
series of similar studies for the MecA protein ofS. sciurito
complement our kinetic data. We first incubated the MecA
protein with either oxacillin (a penicillin) or ceftazidime
(a cephalosporin), monitoring the ensuing conformational
changes in the protein at the helical 208 and 222 nm minima
(Figure 4A,D). We observed an overall decrease in the
R-helix content upon exposure to antibiotic, characterized
by a series of conformational changes within the first
four t1/2 values for acylation. These conformational changes
continued for the duration of the monitoring, whereupon
the protein returned to the native state after 2 days (Figure
4B,C,E,F). The changes in ellipticity were not as dramatic
as those observed with PBP 2a of MRSA, indicating

that some qualitative differences between the two proteins
exist.

We also detected conformational changes for the protein
in the presence of the cell wall surrogate (compound1) by
itself, which mirrored our study with PBP 2a (16). The MecA
protein undergoes a change in conformation consistent with
a decrease in the degree of helicity upon addition of
compound1 (Figure 5A). The process is saturable (Figure
5B) with respect to the cell wall fragment, indicative of the
existence of a specific site for its binding. This binding
interaction likely initiates the catalytic events in cell wall
cross-linking. The dissociation constant for compound1 was
determined to be 1.0( 0.4 mM using circular dichroism
(Figure 5C), a value identical to the determination from
enhancement of the rate constants for acylation (i.e., 1.0(
0.2 mM), as described above. We have now shown that the

FIGURE 5: (A) Far-UV circular dichroic spectra of MecA ofS.
sciuri [9 µM (b)] in the presence of compound1 at 0.5 ([), 1.0
(2), 1.5 (O), and 2.0 mM (s). The lines connect the data points
and were not fit to any specific model. (B) Change in the molar
ellipticity of MecA of S. sciuriat 222 nm (b) as a function of the
concentration of compound1. (C) Dissociation constant for
peptidoglycan (Kd

P) determined by plotting the change in ellipticity
of MecA at 222 nm upon saturation with compound1, whereR )
∆Θ/∆Θmax.
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enzyme has to undergo a conformational change to accom-
modate the binding of both theâ-lactam antibiotic and the
peptidoglycan fragment. The changes in the conformation
are likely not limited to a mere decrease in helicity, but a
more definitive analysis of the structural consequences of
binding of the peptidoglycan fragments to MecA should
await X-ray analyses of these complexes.

We have documented herein that biochemical properties
of the MecA proteins from bothS. aureusandS. sciuriare
uncannily similar. These characteristics start with sequence
similarity but extend to biochemical behavior in inhibition
by â-lactam antibiotics, to the existence of the allosteric site
for binding of peptidoglycan, to the issues of the sheltered
active site, and to the need for conformational change to
make the active site accessible to the substrate and the
inhibitors. These behaviors are too similar to be coincidental,
and we are of the opinion that the evolutionary kinship for
the protein that was surmised by epidemiologic and genetic
analyses should be valid. These observations are revealing
in thatS. sciuri, an animal pathogen, could ultimately have
shared genetic determinants withS. aureusin the evolution-
ary development of MRSA, a human pathogen that has
become a clinical scourge.
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