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liferation may eliminate undesired cells in the
donor cell population. Similar cell culture
strategies may be used to extend this ap-
proach to other somatic precursor cells.

The availability of human ES cells and the
possibility of generating autologous ES cells
by nuclear transfer provide exciting perspec-
tives for the treatment of human diseases. The
efficient generation of ES cell-derived glial
cells and their use in a neonatal myelin dis-
ease model indicates that this strategy might
eventually be applicable to human neurolog-
ical disorders. Although cell replacement in
adult inflammatory myelin diseases such as
multiple sclerosis poses additional problems,
further optimization of the donor ES cells
such as targeted inactivation of disease-relat-
ed genes or overexpression of factors promot-
ing cell migration and survival may help to
meet these challenges.
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. Two-Metal-lon Catalysis in
Adenylyl Cyclase
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Adenylyl cyclase (AC) converts adenosine triphosphate (ATP) to cyclic aden-
osine monophosphate, a ubiquitous second messenger that regulates many
cellular functions. Recent structural studies have revealed much about the
structure and function of mammalian AC but have not fully defined its active
site or catalytic mechanism. Four crystal structures were determined of the
catalytic domains of AC in complex with two different ATP analogs and various
divalent metal ions. These structures provide a model for the enzyme-substrate
complex and conclusively demonstrate that two metal ions bind in the active
site. The similarity of the active site of AC to those of DNA polymerases
suggests that the enzymes catalyze phosphoryl transfer by the same two-
metal-ion mechanism and likely have evolved from a common ancestor.

Mammalian ACs are integral membrane pro-
teins that catalyze the synthesis of the second
messenger adenosine 3’,5'-monophosphate
(cAMP) from ATP. Many signaling path-
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ways converge on and regulate the enzyme
(1), including those of heterotrimeric GTP-
binding proteins (G proteins), which couple
the activation of heptahelical receptors on the
cell surface to subsequent changes in AC
activity. G proteins bind directly to the cata-
Iytic core of AC, which consists of two ho-
mologous cytoplasmic domains, C,, and C,,.
These domains can be expressed as indepen-
dent polypeptides in Escherichia coli and,
when mixed, form a heterodimer that exhibits
catalytic activity as well as sensitivity to G
and G,a, the stimulatory and inhibitory G
protein a subunits (2—4).

We recently determined the crystal struc-
ture of a complex between G, and the C,;:
C,, heterodimer (Fig. 1A) and proposed a
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mechanism for AC activation by the a sub-
unit (5). By soaking crystals of the complex
with the inhibitor 2'-deoxy-3'-AMP - pyro-
phosphate (2'-d-3'-AMP - PP,), we also lo-
cated the active site of AC (Fig. 1B). Upon
binding, the inhibitor induces the collapse of
several conserved loops to form the active
site of the enzyme. Modeling studies predict
that the binding of ATP elicits a similar
conformational change from “open” to
“closed.” However, a catalytic mechanism
for the synthesis of cAMP was not obvious
from the 2'-d-3'-AMP - PP —inhibited struc-
ture. In particular, the active site lacked either
an obvious catalytic base, which would ab-
stract a proton from the 3’ hydroxyl of ATP,
or a second metal ion, which would be con-

Fig. 1. Complexes of ATP analog inhibitors with
the catalytic core of AC (37). (A) The C,,:C,,
catalytic core of AC viewed along its pseudo-
twofold axis toward what is believed to be the
cytoplasmic face of the molecule. Forskolin
(FSKE’ and ATP, which bind between the C,,
(tan) and C,, (mauve) domains, are shown as
stick models. The switch Il helix of G.a, which
forms much of the interface with AC, is depict-
ed as a red rod. (B) Model of ATP bound in the
active site. The side chain of N1025 is modeled
after its conformation in the AC - ATPaS-R, - Mn
structure (Fig. 1D), whereas all other ele-
ments are those of the AC - BLddATP - Mn
structure (Fig. 1C). Thin black lines depict the
coordination of the metal ions. The fifth ligand
to metal A is a carboxylate oxygen from D440
and is obscured in this view. Protein and inhib-
itor residues are drawn as stick models, metals
as magenta metallic spheres, and water mole-
cules as red spheres. Carbon atoms are gray,
nitrogens blue, oxygens red, phosphorous
green, and sulfur yellow. Amino acids are la-
beled according to their position in canine type
V AC for C,, and rat type Il AC for C,,. (C) The
left panel portrays the active site of the AC -
BLADATP - Mn complex. Secondary structure is
labeled as previously defined (5). Superimposed
is electron density from a 2.8 A resolution
IFoug — IFc| omit map (blue wire cage) con-
toured at 2.5¢. Structural elements donated by
the C,, and C,, domains of AC are shown in tan
and mauve, respectively. The right panel is a
closeup of the triphosphate of the inhibitor. For
clarity, the image has been rotated slightly
from the view in the left panel. The green and
purple wire cages represent electron density
contoured at 5¢ for 3.0 A IF,, | — IF,,| and 2.8
AIF,, | — IF, | omit maps, respectively, dem-
n . 3 . . .
onstrating that Zn?* preferentially binds at site
A and Mn2* at site B. The peak height is 8.2¢
for the Zn?* electron density and 11.3¢ for
Mn2*. IFo, |, IF,,,l, and IF,, | are the observed
structure factor amplitudes of the AC - BLd-
dATP - Mg, AC - BLAdATP - Mn, and AC -
BLADATP - Zn data sets, respectively. (D) The
active site of AC - ATPaS-R; * Mn (left) and a
closeup view of its thiotriphosphate (right).
Superimposed is electron density from a 3.0 A
IF,] — IF_| omit map contoured at 2.5¢. A 7¢
peak marks the position of metal B and is
modeled as Mn?*. A 20 peak marks the posi-
tion of metal A and is modeled as Mg?", al-
though it could also be a weakly bound Mn?*,

REPORTS

sistent with both kinetic models of enzyme
activity and recent information obtained from
mutagenesis studies (6). .
The reaction catalyzed by AC is similar to
those of DNA polymerases. Both enzymes
catalyze the attack of the 3’ hydroxyl of
ribose on the o phosphate of a nucleoside
triphosphate. Despite no obvious sequence
homology, the enzymes do possess similar
domains (7). Of the four known families of
DNA polymerases, three have a core “palm”
domain composed of a BaBBaf motif. At
distinct topological locations within this mo-
tif are two invariant aspartic acid residues
that coordinate two catalytic metal ions (8—
10). The C,, and C,, domains of AC also
contain a BaBBap motif, but only C,, bears

Switch Il

the analogous aspartic acids. If AC is indeed
related to DNA polymerases (7) and if its
reaction is catalyzed by the same mechanism,
then two catalytic metal ions are also expect-
ed to bind to the C,, domain of AC. Mutation
of the two aspartic acids in C,, should be as
catalytically devastating as the analogous
mutations in DNA polymerases (/1).

To define the active site of AC unambig-
uously, we determined structures of AC in
complex with the competitive substrate ana-
logs: B-L-2',3'-dideoxyadenosine 5’-triphos-
phate (B-L-2',3’-dd-5'-ATP), which has a
median inhibitory concentration (IC;;) of
~24 nM with native enzyme from rat brain
(12), and adenosine 5'-(a-thio)-triphosphate
(R,) (ATPaS-R), which has an IC, of | uhM
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with the soluble AC used in these crystallo-
graphic studies (/3, 14). Crystals of the G a:
C,,:C,, complex were soaked with various
combinations of ATP analogs and metal ions
(15). Four structures were ultimately deter-
mined: G,a:C,,:C,, * B-L-2',3'-dd-5'-ATP -
2Mg?* (AC+ BLAdATP - Mg), G a:C,,:C,,
B-L-2',3'-dd-5'-ATP - Mg?* + Mn2* (AC -
BLAdATP - Mn), G,o::C, :C,, * B-L-2',3'-dd-
5'-ATP - Mg?* - Zn2* (AC + BLddATP - Zn),
and G,a:C,,:C,, - ATPaS-R - Mg®" - Mn**
(AC * ATPaS-R * Mn) (Table 1). In each
case, the AC catalytic core was in the closed
conformation previously described for the
complex of Ga:C,,:C,, with the inhibitor
2'-d-3'-AMP - PP, (5).

B-L-2',3’-dd-5'-ATP contains a ribose
moiety with opposite absolute configuration
of that in ATP. Even so, B-L-2',3’-dd-5'-
ATP occupies the active site in a similar
fashion to 2'-d-3'-AMP - PP,, with the purine
ring binding in a pocket formed between the
C,, and C,, domains and the B and vy phos-
phates binding the P loop in a similar fashion
as PP, (Fig. 1C). The lack of 2’ and 3’
hydroxyls allows the ribose ring of B-L-2',3'-
dd-5'-ATP to pack snugly against the C,,
domain, which explains the enhanced binding
of this inhibitor relative to its fully substituted
analogs (/2). In the AC - BLddATP - Mg
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structure, B-L-2',3'-dd-5'-ATP appears to
bind as a complex with two metal ions. The
first metal (metal A) is coordinated by the
pro-R oxygen of the a phosphate, a carbox-
ylate oxygen from each of the invariant as-
partic acid residues [Asp®?® (D396) and
D440], and a water molecule. The four li-
gands form a tetrahedral coordination sphere.
The second metal (metal B) was previously
observed in the 2'-d-3'-AMP - PP, complex
with G,a:C,,:C,, and is octahedrally coordi-
nated by one oxygen from each aspartic acid;
an unesterified oxygen from each of the a, B,
and vy phosphates; and the backbone carbonyl
of 11e**7. Addition of Zn?* to generate AC -
BLAAATP - Zn, or of Mn?* to generate AC +
BLAAATP - Mn, increases the electron densi-
ty at the A or B sites, respectively (Fig. 1C).
These data conclusively demonstrate that
there are two metal ion binding sites in the
active site of AC.

Although both are presumably occupied
by Mg?" in the cell, the specificity of the two
metal sites for Mn?* or Zn?*, which have
identical charge and similar ionic radii, prob-
ably reflects the number and stereochemistry
of the coordinating ligands. Accordingly,
Zn?", which readily accommodates four li-
gands, preferentially binds at site A, whereas
Mn2*, which prefers octahedral coordina-

tion, binds at site B. Mn?™ is an activator of
AC, whereas Zn?™ is an inhibitor [IC,, = 15
uM (13)]. Although Zn?* does not gener-
ally inhibit two-metal-ion—utilizing enzymes
(16-18), it does inhibit several DNA and
RNA polymerases (19). In these enzymes and
AC, Zn?>* may perturb the coordination of
the reactive groups and thus affect enzyme
activity. These changes may not be evident in
AC - BLAdATP - Zn where there is no 3’
hydroxyl to coordinate metal A.

The structure of the AC - ATPaS-R | - Mn
complex rationalizes the potent inhibitory
properties that result from substitution of a
thiol group for the R, a phosphate oxygen
and reveals additional features that likely ex-
ist in the active site of an AC + ATP complex.
Two metal ions are also apparent in the struc-
ture of this complex (Fig. 1D). The coordi-
nating ligands for metal B are the same as in
the AC - BLAdATP structures, except that a
sulfur is substituted for the pro-R oxygen on
the o phosphate. Metal A has only four ob-
vious ligands: the sulfur atom of ATPaS-R ,
one oxygen from each aspartic acid, and a
water molecule positioned transaxial to the
oxygen ligand donated by D440. There are
probably additional water ligands that are not
apparent because of disorder or the resolution
of the experiment. The thiotriphosphate of

Table 1. Summary of data collection and refinement statistics. Diffraction
data from crystals of G a:C,:C,, complexes were measured on a 2k X 2k
ADSC Quantum 4 charge-coupled device area detector using 0.923 A radia-
tion from the F1 beam line at the Cornell High Energy Synchrotron Source
(CHESS). All crystals were flash-frozen in nitrogen-cooled liquid propane on
0.1 to 0.2-mm cryoloops (Hampton) and were maintained throughout data
collection in an MSC cryostream at —180°C. With a 0.1-mm collimator, the
mosaicity for crystals of the complex was typically 0.5°. Diffraction ampli-
tudes from crystals of the complex were indexed and integrated using
MOSFLM (32) and scaled using SCALA of the CCP4 programming suite (33).
The G,a:C,,:C,, complex with 2'-d-3'-AMP - PP, (with inhibitor removed) was
used as the initial model for refinement of the four structures. After one

round of rigid body refinement, Powell minimization, and simulated annealing
with CNS (34), the program O (35) was used to fit inhibitors and metal ions
into positive difference density in the active site. The models were subse-
quently refined for multiple rounds in CNS. Anisotropic overall B factors and
a bulk solvent mask were used throughout refinement. No residues in any of
the four models are found in disallowed regions of the Ramachandran plot.
Because the G, used in the current study had been treated with trypsin, there
are notable differences in G between the structures reported here and previ-

_ously determined structures of G a:C,:C, . By comparing electron density maps,

trypsin appears to cut after R38 of bovine G.a, cleaving the NH,-terminal
helix from the protein, and after R389 at the end of a5. The latter cut results
in an alternate conformation for the COOH-terminal residues of the protein.

AC + BLAdATP - Mn

AC - BLAdATP + Zn AC - ATPaS-R, - Mr

Crystal AC - BLAdATP - Mg

Cell constants (A) a=1183
b=134.2
c= 714

Crystals (n) 2

D, (A along a* and b*) 2.8

Unique reflections 22671

Average redundancy 3.8

Roym (%)* 136

Completeness (%) 80.2

(o) 8.6

Res. range for refinement (A)t 15—-28

Total reflections used 21963

Protein atoms (n) 5657

Water molecules (n) 42

Heterogen atoms (n) 94

Rmsd bond lengths (A) 0.008

Rmsd bond angles (°) 1.28

Rmsd bonded B factors (A?) 1.7

Ryors (%)% 222

Riee (%)§ 284

Average B factor (A2) 43.1

a=1182 a=1184 a= 1189
b=1342 b= 134.2 b =1349
c= 713 c= 716 c= 722
1 1 1
2.8 3.0 3.0
28238 21550 20230
34 3.5 2.6
10.6 13.7 14.2
98.8 92.4 85.6
12.0 9.8 7.9
15 —-2.8 15—-3.0 15 - 3.0
27082 21017 19678
5649 5633 5657
66 46 34
106 107 108
0.007 0.007 0.008
1.25 1.24 1.17
2.3 1.9 2.1
20.6 20.4 22.0
25.2 26.2 26.6
41.0 35.1 43.2

*Reym = 3,3 h)=1h), |12, Z,1(h), where I(h) is the mean intensity after rejections.
=3, IIFO(h)I —IF(MIVZ,|Fy(h)]; no /o cutoff was used during refinement.

refinement.
calculate Ry .

iR

work

+Due to anisotropy, data with an | index greater than 20 were omitted from
§Ten percent of the complete data set was excluded from refinement to
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ATPaS-R  is well ordered and the sulfur is
about 3 A from each metal ion. It is therefore
unclear whether the sulfur serves as a ligand
for either metal. Even though each phospho-
rous atom of ATPaS-R, resides in a similar
position to those of B-L-2',3'-dd-5'-ATP, the
overall conformation of their triphosphate
moieties is distinct (compare Fig. 1, C and
D). The conformation of the ATPasS thio-
triphosphate helps accommodate the bulkier
sulfur atom by rotating the « phosphate
slightly up from its position in B-L-2',3'-dd-
5'-ATP. However, this results in distorted
coordination geometry for both metals. The
ribose moiety of the inhibitor is poorly or-
dered, perhaps because the sulfur atom pre-
cludes the 3’ hydroxyl of the inhibitor from
binding metal A. The 3’ hydroxyl is not in
position for attack on the o phosphate.

An aspargine at position 1025 in type II
AC is conserved in all adenylyl and guanylyl
cyclases (Fig. 1D). Mutation of this residue in
type II AC reduces the catalytic constant 30
to 100 times but does not dramatically affect
the Michaelis constant (K) for ATP (20).
Although several alternative roles have been
proposed for this residue (5, 20, 21), the
structure of AC - ATPaS-R + Mn demon-
strates that Asn'92% forms a hydrogen bond
with the O4’ oxygen of ribose. Mutation of
this residue could result in misorientation of
the substrate in the active site.

We expect the purine and triphosphate
moieties of B-L-2',3'-dd-5'-ATP to resemble
closely those of ATP in an enzyme-substrate
complex. Although the orientation of the ri-
bose ring of ATP is expected to differ from
that of ATPaS-R in the AC - ATPaS-R -
Mn complex, we still expect the 04’ oxygen
of ATP to form a hydrogen bond with
Asn'%?%, In addition, metal A likely serves as
a Lewis acid that enhances the nucleophilic-
ity of the 3’ hydroxyl of ATP. With these
constraints, a model for the substrate ATP
can be built such that the 3’ hydroxyl of
ribose is 2 A from metal A and is positioned

Table 2. Kinetic parameters for active site mutants of the AC catalytic core.
Site-directed mutagenesis of the C,, domain of type V AC was performed
using the Quickchange (Stratagene) mutagenesis kit (30). Overlapping anti-
parallel pairs of mutagenic oligonucleotides encompassing regions of pQE60-
H6-VC, (2) that code for residues D396 or D440 were used. The sequences of
the mutagenic oligonucleotides are available by request. Double mutants
were generated by successive mutagenesis. All proteins were expressed in E.
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for in-line attack on the o phosphate (Fig.
1B). The coordination sphere of metal A is
roughly square pyramidal in our AC + ATP
model complex. The ligands are the 3’ hy-
droxyl, the pro-R unesterified oxygen of the
o phosphate, a carboxylate oxygen from
D396 and D440, and a water molecule anal-
ogous to that observed in the structure of AC -
ATPaS-R, - Mn (Fig. 1D). Due to close
contacts with the 3’ hydroxyl and the CP
atom of Cys**!, it is not clear whether there is
room for a second water ligand for metal A as
there is in T7 DNA polymerase (T7DNAP)
and Thermus aquaticus DNA polymerase I
(TAQP) (8, 10).

The structure of the product cAMP, as it is
observed in small molecule crystal structures
(22), is incompatible with the active site of
AC when optimally superimposed on ATP.
Its phosphate moiety overlaps with metal A
and D440, which may explain why cAMP is
preferentially released from the active site
before the other product, PP, (23).

To test the role of the two invariant aspar-
tic acid residues in the active site of AC, each
was mutated to alanine and asparagine, alone
and in combination, to generate the eight (37)
mutants D396A, D396N, D440A, D440N,
D396A/D440A, D396N/D440N, D396N/
D440A, and D396A/D440N. Residues anal-
ogous to D396 and D440 have been previ-
ously mutated to alanine in ACs, but not in
the system employed for our crystallographic
studies and not in the same protein, prevent-
ing a meaningful comparison of their effects
(21, 24). As was the case for the analogous
mutations in T7 RNA polymerase (T7RNAP)
and human immunodeficiency virus type I
reverse transcriptase (HIVRT), all of the mu-
tations were largely inactivating (//) (Table
2). No activity was observed for any of the
double mutants. Activity for each of the sin-
gle mutants was reduced approximately 2000
times with the physiological metal Mg®* and
200 times with Mn?*. For all the single
mutants, X_ was increased 2- to 10-fold. For

m

were capable of protein complex formation with IIC,, G.a -
forskolin as measured by gel filtration chromatography, indicating correct
protein folding (73). Adenylyl cyclase activity was measured after activation
of the enzyme by G.a + GTP~S. IIC, (2 wM) was reconstituted with wild-type
VC, (2 nM) or mutant VC,
of 5 mM (free) Mg?*. Where noted, Mn?* was present at 5 mM. Double
mutants have negligible activity, and values for kinetic constants could not be

both D396 and D440 there is no discernable
difference in limiting rate constant (¥, ) or
K, for ATP between the alanine and aspar-
agine mutants. However, mutations at D440
were only half as detrimental to the K than
were mutations at D396. Therefore, D396
may play a more important role in binding
substrate. D440 is unlikely to be a general
base, as suggested previously, because muta-
tion of this residue does not abrogate activity
and no more so than mutation of D396.

The remarkable similarity of the BapfBaf
fold in AC to those of the palm domains of
T7DNAP, HIVRT, and TAQP, as well as the
bacteriophage polymerase o homolog gp43, is
equally striking at the molecular level (25). The
active sites of these enzymes are supported by a
platform of four B strands. A P loop following
the first of these creates the triphosphate bind-
ing site. Two conserved aspartate residues co-
ordinate two metal ions in identical fashion, and
the distinct metal preferences of the two sites
are the same in AC and T7DNAP (8). Hence,
like phosphatases, exonucleases, ribozymes,
and polymerases (8, 16, 18, 26), AC employs a
two-metal-ion catalytic mechanism. Conserva-
tion of both fold and mechanism suggests a
common evolutionary origin for the AC and
Poll family catalytic domains.

Both DNA polymerases and AC undergo
a transition from an open to a closed confor-
mational state upon binding nucleotide sub-
strates (25, 27). In DNA polymerases, the
transition involves the collapse of the so-
called “fingers” domain on the palm domain.
In AC, several loops, including a rudimentary
fingers domain, collapse around ATP to form
the competent active site. In each enzyme, the
collapse brings basic residues into the active
site that stabilize the triphosphate of the sub-
strate, the pentavalent phosphate transition
state of the reaction, and the pyrophosphate
leaving group. For polymerases, the confor-
mational change appears crucial to the fidel-
ity (28) and processivity (29) of the reaction.
In AC, active site closure is required to

GTPyS, and

(20 nM). All assays were performed in the presence

coli and purified as previously described (2). The purified mutant proteins determined.
G, * GTPyS + Mg?* G, * GTPyS + Mn?*
Ton*

MUtatIon Km Vmax Vmax/Km m Vmax Vmax/Km

(mM) (s (s mM) (mM) (s7) (s=" mM)
WTT 0.56 15.5 27.7 0.094 88 93.0
D396A 4.5 0.074 0.016 0.293 0.044 0.15
D396N 6.9 0.109 0.016 0.285 0.065 0.23
D440A 28 0.071 0.025 0.126 0.065 0.51
D440N 1.5 0.079 0.053 0.17 0.068 0.40

*Amino acid numbering is for canine type V AC.

TWT, wild type.
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achieve a productive and substrate-specific
catalytic complex, and this induced-fit mech-
anism provides a direct opportunity for allo-
steric regulation. In analogy to an allosteric
dimer, the active site of AC is formed at the
interface between dyad-related homologous
domains. Thus, AC provides two symmetri-
cally related binding sites for the homologous
G proteins G, and Gya (4, 5). We suggest
that G,a facilitates collapse of the active-site
loops from C,, and C,, around the substrate
ATP to form an competent active site, where-
as G;o hinders such collapse and stabilizes an
open, inactive conformation of the enzyme.
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Staphylococcus aureus Sortase,
an Enzyme that Anchors
Surface Proteins to the

Cell Wall

Sarkis K. Mazmanian, Gwen Liu, Hung Ton-That,
Olaf Schneewind*

Surface proteins of Gram-positive bacteria are linked to the bacterial cell wall
by a mechanism that involves cleavage of a conserved Leu-Pro-X-Thr-Gly
(LPXTG) motif and that occurs during assembly of the peptidoglycan cell wall.
A Staphylococcus aureus mutant defective in the anchoring of surface proteins
was isolated and shown to carry a mutation in the srtA gene. Overexpression
of srtA increased the rate of surface protein anchoring, and homologs of srtA
were found in other pathogenic Gram-positive bacteria. The protein specified
by srtA, sortase, may be a useful target for the development of new antimi-

crobial drugs.

Hospital isolates of Staphylococcus aureus,
Staphylococcus epidermidis, and Enterococcus
faecalis have become resistant to most, if not

Department of Microbiology and Immunology, UCLA
School of Medicine, University of California, 10833 Le
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all, known therapeutic regimens (/). Many an-
tibiotics, including penicillin and its derivatives,
target the transpeptidation reaction of bacterial
cell wall synthesis, which cross-links pepti-
doglycan strands (2). To search for other cell
wall synthesis reactions that may serve as tar-
gets for antimicrobial therapy, we have focused
on the anchoring of surface proteins to the
peptidoglycan of Gram-positive bacteria.
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