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Abstract

Penicillin-binding protein 1b (PBP 1b) of the Gram-positive bacterium Streptococcus pneumoniae
catalyzes the cross-linking of adjacent peptidoglycan strands, as a critical event in the biosynthesis
of its cell wall. This enzyme is representative of the biosynthetic PBP structures of the p-lactam-
recognizing enzyme superfamily, and is the target of the B-lactam antibiotics. In the cross-linking
reaction, the amide between the -D-Ala-D-Ala dipeptide at the terminus of a peptide stem acts as
an acyl donor toward the g-amino group of a lysine found on an adjacent stem. The mechanism of
this transpeptidation was evaluated using explicit-solvent molecular dynamics simulations and
ONIOM quantum mechanics/molecular mechanics calculations. Sequential acyl transfer occurs to,
and then from, the active site serine. The resulting cross-link is predicted to have a cis-amide
configuration. The ensuing and energetically favorable cis- to trans-amide isomerization, within
the active site, may represent the key event driving product release to complete enzymatic
turnover.

Introduction

Penicillin-binding proteins (PBPs) catalyze the transglycosylase, transpeptidase, and
carboxypeptidase activities that create the peptidoglycan structure of the bacterial cell
wall.1=3 Within the PBP family, the high-molecular-mass PBPs catalyze both the
transglycosylase—glycan lengthening by sequential addition of the N-acetyl-4-O-[2-
(acetylamino)-2-deoxy-B-D-glucopyranosyl]-B-muramyl (NAG-NAM) disaccharide—and
transpeptidase (glycan cross-linking through the peptide stems on the NAM saccharide)
reactions of cell wall synthesis, each in spatially separated domains.# The high-molecular-
mass PBP 1b of the Gram-positive bacterium Streptococcus pneumoniae is a multi-domain
enzyme, active during both cell elongation and cell division, and is a representative structure
of the Class A PBP members of the p-lactam-recognizing enzyme superfamily.2:56 PBP 1b
has a helical transmembrane domain for adherence to the outer leaflet of the cell
membrane.” The 2.2 A resolution crystal structure of a soluble PBP 1b, construct lacking
this transmembrane domain, shows three additional domains (PDB Code 2BG1).89 These
are the transpeptidase and tranglycosylase domains, and an interconnecting domain of
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unknown function. The transglycosylase domain of this enzyme is adjacent to the membrane
surface, and is separated by a structural domain from the transpeptidase domain. The
reactions catalyzed by this PBP are summarized in Scheme 1. Despite the central role of
these high M, PBPs in cell wall biosynthesis, and their prominence as antibiotic targets,
neither the structures of their substrate complexes nor their catalytic mechanisms are well
understood. Due to the complexity of their bifunctional mechanism, there are few
experimental studies on the transglycosylase reaction and no experimental studies on the
transpeptidase reaction. With respect to transglycosylation, the binding mode of inhibitors
has provided a basis for interpreting the occupancy of the growing glycan strand.10 The
binding mode for cross-linking by transpeptidase catalysis is much less certain. This
shortcoming is particularly vexing since mutational alteration of the transpeptidase active
site is a primary mechanism for the development of resistance to B-lactam antibiotics by S.
pneumoniae. In the absence of ligand, the crystal structure of PBP 1b displays a “closed”
transpeptidase active site, showing a steric impediment toward peptidoglycan entry. In
contrast, the structures of PBP 1b inactivated by cephalosporin p-lactams (PDB codes
2UWX and 2UWY) show a more open active site.8: The difference is a loop connecting
two B-sheets alongside the cleft.? PBP inactivation by the p-lactams identifies Ser460 as the
nucleophile mediating the acyl-transfer reactions, via a presumptive acyl-enzyme
intermediate. Serine activation is accomplished (as it is in all PBP transpeptidase/
carboxypeptidase active sites) by a proximal lysine.1112 In order to investigate the events of
peptidoglycan binding and cross-linking catalyzed by this Ser460-Lys463 dyad, we
evaluated by computation the PBP 1b transpeptidation mechanism. This study involved 991
ONIOM QM/MM MP2/6-31+G(d)//HF/3-21G calculations and 33.6 ns of explicit solvent
molecular dynamics (MD) simulations.

Substrate Structure

The PBP 1b transpeptidation reaction was conceptualized as discrete D-alaninyl acyl
transfer reactions. Initially, the —-D-Ala—D-Ala of one stem is transferred to Ser460 to form
an acyl-enzyme, liberating the terminal D-Ala as a leaving group. In the second half-
reaction, the D-alaninyl acyl moiety is transferred from the acyl-enzyme to the e-amino
group of the lysine of an adjacent peptidoglycan strand. Following MD identification of the
productive conformation of bound substrate, the enzyme-substrate complex was partitioned
between QM/MM regions to evaluate the bond-forming and bond-breaking events of
catalysis. The peptidoglycan substrate was represented by a NAG-NAM-NAG-NAM
tetrasaccharide.12:13 The peptide stem used as the -D-alaninyl acyl donor extends from one
of the NAM saccharides into contact with Ser460. Following acyl-enzyme formation, acyl
transfer occurs from the Ser460 acyl-enzyme to the stem of a second NAG-NAM-NAG-
NAM tetrasaccharide. Identical tetrasaccharide structures were used for the donor and
acceptor strands. The peptide stems of this tetrasaccharide are linked to the D-lactyl group of
the N-acetylmuramic saccharide, and have a —L-Ala—(y-D-GIx)-L-Lys-D-Ala-D-Ala
pentapeptide structure. Use of a y-D-Glu in the GIx position rather than the y-D-GIn
structure used in the S. pneumoniae cell wall415 simplified the computational preparation
of this structure, and is inconsequential with respect to the transpeptidase mechanism. The
total charge on the peptide stem is —1 (the sum of the lysine ammonium, the y-D-Glu a-
carboxylate, and the terminal D-Ala a-carboxylate), assuming normal protonation states. As
there are two stems on a NAG-NAM-NAG-NAM tetrasaccharide the total charge for the
molecule is —2. Coordinates for the substrate were extracted using SYBYL 7.3.16 Three
crystal structures of PBP 1b (PDB codes: 2BG1, 1.9 A resolution; 2UWX, 2.4 A; 2FFF, 2.2
A) representing the substrate inaccessible (“closed” loop between the B3 and B, sheets) and
substrate accessible (“open” loop) states of this PBP were examined.® The 2UWX “open”
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structure (468 residues) used in this study includes a short N-terminal peptide, the
transglycosylase-transpeptidase interdomain (residues 337-396), the transpeptidase
(residues 397-709), and the C-terminal regulatory (residues 710-790) domains.
Superimposition of the 2UWX and 2FFF structures using an atom-fitting method showed
very small differences in the catalytic domain. We used the 2UWX structure due to its
nitrocefin-derived acyl-enzyme, used by us to guide substrate positioning. After deletion of
the nitrocefin-derived atoms, Lys463 was assigned as a neutral amine and Lys651 was
assigned as the protonated amine, based on our PBP 5 study. Subsequent charge
assignments, anchor selection, energy minimization, and molecular dynamics procedures
were as described previously in our computational study of the E. coli PBP5
carboxypeptidase enzyme.12

Pre-acylation Complex

The non-covalent pre-acylation complex for the acylation reaction was constructed using the
Dock 5.4 program.1” A trans-amide conformation was used for the amide of the -D-Ala-D-
Ala substrate.12 The ability of the Dock program to use anchor atoms and solid-bonds
during initial docking facilitated positioning of the donor peptidoglycan substrate. Docking
of the acceptor peptidoglycan substrate to the acyl-enzyme used the single-atom constraint
of Gold 3.118 (applied to the Ne of its lysine). The similarity of the PBP 5 and PBP 1b active
sites with respect to —D-Ala—D-Ala recognition allowed superimposition of the active sites.
Gold provides docking via a single atom constraint, with mobility for the other atoms.
Flexibility was allowed by switching “on” intramolecular hydrogen bonds and the
carboxylate rotation, and by using torsion distributions based on the Cambridge Structural
Database.1® Amide bonds were not allowed to flip during conformational sampling.
Chemscore fitting function was used.

Molecular Dynamics

QM/MM

RESULTS

MD simulations were preformed as described previously for PBP 5.12 The Michaelis
complex for the initial acyl transfer was neutralized using the Amber Addions program.20
Subsequently, the Amber solvation program generated a solvent box (approximately 88 A x
114 A x 92 A) encompassing the active site. Atomic charges for the substrates were
determined by a two-step Resp procedure?! and assigned with in-house scripts and Perl
programs. The electrostatic potentials for the NAG-NAM disaccharide, and separately for its
pentapeptide stem, were generated using HF/6-31G(d) full optimization.?2 Methyl
substituents capped the disaccharide and peptide segments during the charge assignments.
The charge calculated for the connecting glycosidic oxygen of the disaccharide was assigned
to the connecting glycosidic oxygen of the tetrasaccharide.

The enzyme-substrate systems were partitioned into low (MM) and high (QM) layers.22:23
The low layer consisted of 7,319 atoms of the enzyme and the 1,000 water molecules closest
to the bound substrate. Their interactions used the MM force fields of the Amber program.
The Parm99 and Gaff force-fields determined the atomic harmonic potentials and other
force field parameters for the substrate. For formation of the tetrahedral species leading to
the Ser460 acyl-enzyme, 38 heavy atoms were included in the QM layer. In the
transpeptidation reaction of the acyl-enzyme, 37 heavy atoms were included in the QM
layer.

This study commenced with positioning of the NAG-NAM-NAG-NAM donor substrate, in
its conformation as seen in NMR analysis, 13 into the cavity containing the Ser460-Lys463
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dyad. Three anchor atoms (terminal D-Ala a-carbon, amide nitrogen, and the D-Ala
carbonyl carbon) and one rigid bond (between the terminal D-Ala a-carbon and its
carboxylate carbon) of the pentapeptide stem were selected as the reference points to guide
the modeling of the enzyme-donor substrate complex. The computational protocol sampled
fifty poses. Each pose was examined with respect to orientation along the cleft and with
respect to the distance between the carbon of the D-Ala carbonyl and the Oy atom of Ser460.
A pose showing a productive C-O distance (1.8 A) for acylation was selected (Figure 1,
Panels A-C). In this pose, the pentapeptide stem extends linearly along a cleft leading to
Ser460, and positions the D-Glu residue of the stem under the extrusion created by Asn656
of the protein. The a-carboxylate of this Glu is solvent exposed, and shows one hydrogen
bond to water and one to the Ser637 on the surface of the catalytic domain. Transformation
of this carboxylate (from the NMR structure) to a carboxamide, to give the y-isoGlIn sub-
structure of the S. pneumoniae peptidoglycan, would preserve this hydrogen bond
interaction. The angle of the backbone of the peptide stem entering the active site is nearly
perpendicular (approximately 110 + 10°) to the NAM saccharide, as is also seen in the
solution structure of the peptidoglycan.13 The NAG-NAM-NAG-NAM has two stems (on
each of the NAM saccharides). The D-Ala terminus of the second peptide stem neighbors
Lys367 of the transglycosylase domain (Figure 1, Panel B and red dot in Panel C). Lys367 is
20 A distant from the transpeptidase active site. The stem cleft of the transglycosylase
domain is closed.

Conformation of the Michaelis Complex

The energy-minimized Michaelis complex (Fig. 1B) was obtained following an initial 1 ns
equilibration. Five structures (extracted at 0.2 ns intervals) served as starting points for five
separate 3 ns MD simulations. In the crystal structure of the apo-enzyme? the neutral &-
amine of Lys463 is hydrogen-bonded (3.2 A) to the hydroxyl of Ser460. This hydrogen
bond was stable (2.6-2.8 A) throughout the MD simulations. One conformation, chosen on
the basis of the orientation of the hydrogen bond (2.7 A) between the Ser460 hydroxyl and
the Lys463 lone pair, was optimized by the two-layer ONIOM method.24 The pentapeptide
stem of the resulting Michaelis complex occupies the long cleft between the B3 strand
(residues 649 to 654, aligned with the two right-sided red dots of Fig. 1B) and the loop
between the a4 (residues 509 to 516) and a5 (residues 518 to 531, aligned with two left-sided
red dots). The carbonyl of the scissile amide engages the oxyanion hole defined by the
backbone amides of Ser460 (3.2 A) and Thr654 (2.8 A) (Figure 2A). The carbon of the
carbonyl is 2.2 A from the Oy of Ser 460. Additional hydrogen bonds occur between the C-
terminal D-Ala carboxylate and Thr652 N¢ (2.6 A, not shown), the Ser516 Oy (2.7 A), and
the Lys651 amine (2.7 A). The optimized length of the Ser460-Lys463 hydrogen bond is 2.6
A. The NH of the scissile amide is solvent-exposed and engaged in a hydrogen bond (3.0 A)
to a water molecule (Figure 2A).

Tetrahedral Intermediate

A QM region encompassing 77 atoms (including 26 from the donor substrate) was defined
by a 6 A radius from Oy of Ser460. The heavy atoms included C§, Ce and N¢ of Lys463;
Ca, CB, Oy and the N of Ser460; the carbonyl group of Ala459; the Ca and the carbonyl
group of Gly653; the backbone NH and Ca atoms of Thr654; the Cp and Oy atoms of
Ser516; the C5, Ce and N( of Lys651; the CB, Cy, Oy and N& atoms of Asn518; and the O of
the water molecule close to the amide NH group of the substrate. HF/3-21G ONIOM QM/
MM geometry optimization initiated the QM/MM calculation of the bond-forming and
bond-breaking events leading to the first tetrahedral species. Two reaction coordinates were
defined. The first coordinate (d4) is the O—H bond of Ser460, where lengthening of dq
coincides with proton transfer to Lys463. The second reaction coordinate is the distance (d,)
between the carbonyl carbon and Oy of Ser460. Shortening of d, corresponds to bond
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formation between the serine oxygen and the carbonyl carbon. A two-dimensional potential
energy surface was generated by scanning dy (at 0.1 A intervals from 0.9 to 2.0 A) and d,
(from 1.4 to 2.7 A), comprising 168 MP2/6-31+G(d) single-point energy calculations. The
arrows on the potential energy surface (Figure 2B) indicate progression from the Michaelis
complex (Species 1 atd; = 1.0 A, dy = 2.2 A) to the tetrahedral (Species Il atd; = 1.8 A, d,
= 1.5 A: Figure 2B and 2C). Forward motion along this path is exothermic with species Il at
—18.1 kcal-mol~1 below the Michaelis complex. The hydrogen bonds of the oxyanion hole
shorten (between the substrate O and Ser460 backbone NH by 0.2 A, between the substrate
carbonyl oxygen and the Thr654 backbone NH by 0.1 A) consistent with increasing negative
charge on the O atom.2 Proton transfer to the amine of Lys463 from Oy of Ser460 results in
two bond rotations. The hydrogen of the QM water rotates approximately 110° with loss of
the 3.5 A hydrogen bond to the carbonyl oxygen of the Ser516 backbone, to engage the
nitrogen of the D-Ala of the tetrahedral species with a 2.9 A hydrogen bond. Concomitant
with this rotation, a small translational motion (from 3.0 A to 2.8 A) of the nitrogen of
Lys463 toward the hydroxyl oxygen of Ser516 occurs, as the NH of this nitrogen rotates by
approximately 87° to form a 2.7 A hydrogen bond with the Op hydroxyl (not shown) of
Thr654.

Formation of the Acyl-enzyme Intermediate

The key event for tetrahedral collapse to the acyl-enzyme is protonation of its nitrogen,
enabling this nitrogen to act as a leaving group. The active site residues that are candidates
for proton donation are Lys651 (present in the ammonium state in the native protein
structure, and also in our Michaelis complex) and Lys463. The possible pathways for proton
transfer include direct transfer from Lys651, direct transfer from Lys463, Ser516-mediated
proton transfer (from either lysine), or active site water-mediated transfer (also a possibility
from either lysine). These possibilities were differentiated using MD trajectories (Figure S1,
Supporting Information). A 7.8 ns MD simulation examining the dynamics of Lys651,
Ser516 and Lys463 identified two conformations for the Lys463 sidechain. One
conformation corresponds to a weak hydrogen bond (2.7-4.2 A) between the Lys463
ammonium and the nitrogen of the tetrahedral species (Panel A of Figure S2, Supporting
Information). The other conformation has two strong hydrogen bonds (Figure S2, Panel B).
One is between the nearby water and the scissile bond nitrogen (1.8 A), and other is between
the water and the ammonium group of Lys463 (2.0 A). These conformations imply two
possible paths—with and without participation of a bridging water—for protonation of the
tetrahedral species. Starting from the energetically more favorable (the one having the
shorter distances) conformation, a QM/MM potential energy surface was constructed for
water-mediated protonation of the tetrahedral species 11’ (Figure 3A) using the distance
between the water hydrogen and the tetrahedral nitrogen (ds), and the distance between the
tetrahedral carbon and the nitrogen atom of the scissile bond (d,4) as reaction coordinates
(Figure 3B). The distance between Lys463 Hn and the water oxygen (dg) was constrained by
setting dg equal to ds, based on previous calculations showing a nearly symmetric energy
path for a very similar dual proton transfer in the PBP 5 mechanism.12 Three energy minima
appear on the surface (130 points at the MP2/6-31+G(d) level of theory). The first minimum
(dg=1.5A, d5 = dg = 1.8 A) is the anionic tetrahedral intermediate (Species 11’ of Figure
3A, derived from Species 11 of Figure 2). The second minimum (ds = 1.7 A, d5 = dg = 1.0
A) is the zwitterionic tetrahedral Species 111 (Figure 3C) obtained via synchronous proton
transfer to the nitrogen of the tetrahedral species, and acceptance by the water molecule of a
proton from Lys463. The barrier for formation of the zwitterionic tetrahedral species from
the anionic tetrahedral intermediate is 18.9 kcal-mol™L. The third minimum (ds = 2.5 A, ds =
dg = 1.0 A) is the acyl-enzyme (Species 1V, Figure 3D), obtained by collapse of the
zwitterionic tetrahedral species through a small barrier of 5.5 kcal-mol~1. The zwitterionic
tetrahedral species is 13.8 kcal-mol™1 above the anionic tetrahedral, and the acyl-enzyme is
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5.4 kcal-mol ™1 above the zwitterionic tetrahedral species. As d, lengthens, the terminal D-
Ala is expelled as a leaving group, concomitant with formation of the acyl-enzyme. This
modeled acyl-enzyme (with the D-Ala leaving group still held in the active site) shows
similarity to the crystallographic acyl-enzyme seen for PBP 4a of B. subtilis.26

In the water-mediated pathway, the PBP 1b acyl-enzyme is formed concurrently with
retention of the water molecule hydrogen bonded to the free amine of Lys463. This
circumstance, importantly, raises the possibility that the acyl-enzyme might then prove
susceptible to hydrolysis, as a competitive event to transpeptidation. For this reason, the
location of this water (Figure 3D) was compared carefully to the cognate water of the
hydrolytic PBP 5 of E. coli.12 In PBP 5, the water positions between the Lys ammonium
nitrogen and the nitrogen of the D-Ala-D-Ala amide. In contrast, the PBP 1b water positions
differently between these same two nitrogen atoms. When the D-Ala leaving group is
present in the PBP 1b active site, it impedes sterically the approach of this water to the acyl-
enzyme. Moreover, water approach to the acyl-enzyme remains improbable even following
departure of the D-Ala, as the water is held 3.8 A from the carbonyl carbon by a strong
hydrogen bond (2.8 A) from the dNH, of Asn518 (Figure 3D). This hydrogen bond holds
the water closer to the protein—solvent interface than to the Lys463-Ser460 catalytic dyad.
Further, MD analysis shows periodic escape of this water to solvent. We conclude that the
PBP 1b water is not favorably disposed toward hydrolysis of the acyl-enzyme, consistent
with the evolution of this enzyme as a transpeptidase (and not as a carboxypeptidase).

Acyl Transfer

Initiation of the second half-reaction requires release of the D-Ala from the active site and
the occupancy of its former place—proximal to the acyl-enzyme—by the lysine of the
second peptidoglycan strand. This event demands proper positioning of the acceptor
peptidoglycan on the PBP 1b surface. A starting pose was identified using the acyl-enzyme
of Streptomyces R61 transpeptidase that was inactivated with a cephalosporin with a
peptidoglycan stem-like side chain.?” A structure was selected by evaluation of the angle
between the glycan and the peptide stem (optimally, approximately 106°) and whether the
N nitrogen of the stem L-Lys superimposed with the nitrogen of the ring-opened
cephalosporin of the R61 acyl-enzyme. These criteria derive from the solution conformation
of peptidoglycan strands and alignment of the lysine side chain from the second stem
peptide with the ring-opened cephalosporin, respectively. Three poses met these criteria.
The pose having the most hydrogen bonds between the peptide stem and the protein (four
hydrogen bonds from the stem and five from the protein, involving residues Lys463,
Tyrd98, Tyr515, Ser626, Arg627, Thr654 and Gly689 of PBP 1b and with additional
hydrogen bonds to solvent) was selected. The distance between the L-Lys N and the carbon
of the carbonyl was 2.9 A. The attack angle for nitrogen to the carbonyl plane was 118°.
Moreover, the N-H distance between one of the n-hydrogens of the neutral L-Lys and N of
Lys463 is 2.0 A. The other L-Lys Hn atom orients between the p3-sheet and the o, C-
terminus. This pose was solvated in water, optimized by energy minimization, and evaluated
by 2 ns MD simulation. Harmonic restraints on the distances between the L-Lys N and the
carbon of the carbonyl, and between the L-Lys Hn and Lys463 N(, used a force constant of
20 kcal-mol~1.A~2. An optimal conformer was selected (from among 10,000) using the
distances and angles relating to L-Lys N( as the selection criteria. The selected conformation
was subjected to a 150,000-step energy minimization. Further QM/MM HF/3-21G
optimization (including 1,000 water molecules) yielded an energy-minimized conformation
(Figure 4A). In this complex the distance from N of the L-Lys to the carbon of the carbonyl
was 3.2 A and the distance from this same nitrogen to H of the Lys463 N{ was 3.6 A. The
attack angle of N with respect to the carbonyl plane is 81°. Starting with this energy-
minimized structure, amine addition to the carbonyl was evaluated by QM/MM. The
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resulting potential energy surface (483 MP2/6-31+G(d) points), constructed using the
distance between the L-Lys N¢ nitrogen atom and the carbonyl carbon (d7) and the distance
between the L-Lys463 NC atom and the L-Lys Hn atom (dg) as coordinates, has three
minima (Figure 4B). The acyl-enzyme-peptidoglycan complex is minimum V (d;7 = 3.2 A
and dg = 2.6 A). Minimum V1 is the tetrahedral species (d7 = 1.6 A and dg = 2.2 A, Figure
4C). The transition point between acyl-enzyme V and VI (atd; = 2.3 Aand dg = 2.3 A) is
5.4 kcal-mol™1 higher in potential energy relative to the acyl-enzyme. Collapse of VI to
product involves transfer of a proton from the nitrogen of the tetrahedral species to the
serine oxygen. We observed that as the proton moved toward the Lys463 amine, it was
engaged by a bifurcated hydrogen bond involving the tetrahedral nitrogen and the ester
oxygen. This transition species V11 is located at d; = 1.5 A and dg = 1.5 A, and is 12.4
kcal-mol~1 higher in potential energy than tetrahedral species V1. Lys463 is necessary for
this proton transfer, as it facilitates movement of the proton away from the nitrogen, and
thus defines the potential energy surface leading to protonation of the leaving group oxygen.
The product complex V111 (Figure 5) is more stable than acyl-enzyme species V by 3.4
kcal-mol L,

Closer examination of the potential energy surface around V111 revealed an alternative
pathway for formation of VII1 from zwitterionic tetrahedral V1. This second pathway is
stepwise transfer of the proton from the nitrogen of VI to the oxygen of Ser460, using the
amine nitrogen of Lys463 as a relay. Lys463 accepts the proton from V1 to form a transient
species IX (Figure S2, Panel A of the Supporting Information), while maintaining its
hydrogen bond to the Ser460 oxygen (2.7 A). The pertinent distances describing the collapse
of IX are dqg (distance between Hn of the protonated Lys463 Lys463 and Oy of Ser460) and
dq1 (distance between the same Oy atom and the tetrahedral carbon). The surface (210
MP2/6-31+G(d)//HF/3-21G calculations) shows two minima (Figure S2 Panel B;
Supporting Information). The first minimum is tetrahedral species IX (dig=1.8 A, di; = 1.6
A). Full transfer of the proton from Lys463 to the ester oxygen, concurrent with tetrahedral
collapse (IX to VI11'), ensues through a very small barrier. The designation of this product
complex as VIII' distinguishes it from V111, and reflects subtle different active site
conformations especially with respect to the Lys463 side. The potential energy difference
between VII1 and VIII' is inconsequential. A hydrogen bond from Lys463 to the leaving
oxygen initiates the formation of VI’ (Figure S2, Panel B; Supporting Information). In
VI’ (and also in V1) the four atoms of the amide cross-link (Hn and N from the residue
L-Lys in acceptor stem, and the C and O of the carbonyl in the donor stem) reside on the
same side of the N—C bond. The dihedral angle (H-N-C=0) defined by these four atoms is
7° (that is, nearly 0°). Therefore, the conformation of the amide formed by acyl transfer
from the acyl-enzyme to the lysine is a cis-amide (Figure 5 and Figure S2 Panel C,
Supporting Information). Collapse of the tetrahedral species unites the two peptidoglycan
peptide stems forming a cis amide bond, while regenerating Ser460 for further turnover.

DISCUSSION

Three recurring structural motifs characterize the active sites of the PBP (and the related
serine B-lactamase) families. In PBP 1b, these three motifs have STTK, SWN, and KTG
sequences. The SWN and KTG motifs contribute to the width and linearity of the cleft that
accommodates the peptide stems. Ser516 of the SWN motif and Lys651-Thr652 of the KTG
motif directly engage the carboxylate of the D-Ala at the terminus of the pentapeptide stem
of the acyl-donor. Ser460 and Lys463 of the STTK motif are the key catalytic residues in
acyl-enzyme creation and transfer. As revealed in this study, the roles for these two residues
are essentially identical to the roles of the cognate serine-lysine dyad in our computational
study of the E. coli PBP 5 carboxypeptidase.12 In this simple dyad, Lys463 activates the
vOH of Ser460 for nucleophilic addition to the amide bond of the D-Ala-D-Ala terminus of
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the donor stem. The protonated lysine, formed from creation of the tetrahedral species,
becomes the catalytic acid enabling tetrahedral collapse to the acyl-enzyme. As with PBP 5,
the dominant pathway for proton transfer in tetrahedral collapse involves a water molecule.
Although PBP 1b has not been shown to have carboxypeptidase activity, nor E. coli PBP 5
transpeptidase activity (some are PBPs capable of both activities)28-31 the very different
positioning of the catalytic water in the PBP 1b active site imparts hydrolytic stability to the
PBP 1b acyl-enzyme. A comparison of the structure of the computational PBP 1b acyl-
enzyme with four crystallographic PBP acyl-enzyme structures shows strong spatial
coincidence both for the acyl-enzyme and surrounding residues (Figure S3, Supporting
Information).

The transpeptidase reaction catalyzed by PBP 1b occurs via the two half reactions of acyl-
enzyme synthesis and transfer, both evaluated herein. The potential energy progression
along the entire reaction path is given in Figure 6, as collected from each potential energy
surface. The potential energies are normalized to a value of zero for the Michaelis complex,
and the two half-reactions are unified by assigning identical energies to the acyl-enzyme:D-
Ala and acyl-enzyme-acceptor peptidoglycan complexes. Key features of the unified
reaction coordinate are emphasized. Formation of the first tetrahedral intermediate, by
addition of the hydroxyl group of Ser460 to the D-Ala-D-Ala amide, is exothermic by 18
kcal-mol~L. An activation barrier—almost equivalent to this 18 kcal-mol~1 energy—
transforms this tetrahedral species to the acyl-enzyme (Figure 6A). The potential energy
change for the first acylation half-reaction is +1 kcal-mol~1 with respect to the Michaelis
complex (Figure 6A, I to 1V). Acyl-transfer follows displacement of the D-Ala leaving
group by the stem of the peptidoglycan acyl-acceptor. The overall energetics for the two
possible pathways identified by QM/MM for this acyl-transfer are very similar, especially
comparing the energy barrier separating V11 from VI (Figure 6B and 6C). For both, the
barrier for collapse of the second tetrahedral species (V to V1) is 12 kcal-mol™L. This
barrier appears to be the rate-limiting chemical step in turnover. The estimated potential
energy change in the second half-reaction (V to VIII/VIII') is exothermic by 2.5
kcal-mol~L. Due to the two energy normalizations and the absence of consideration of
entropy, the overall free energy change from the starting Michaelis complex to the product
complex is uncertain. Nonetheless, the potential energy barriers for all chemical events are
relatively small, and the full profile credibly suggests a thermoneutral potential energy value
for transpeptidation. Non-bonding diffusional events, such as substrate binding and product
release, likely contribute significantly as rate-limiting events during turnover.

The most interesting mechanistic aspect is the formation of the energetically disfavored cis-
amide cross-link (Figures S4 and S5, Supporting Information). While there are several
examples of the possible involvement of cis-amide bonds in amido hydrolase catalysis, as
discussed previously for PBP 5,12 the definitive implication of a cis-amide in the
transpeptidation product was unexpected. There are two compelling reasons, apart from the
possible thermodynamic advantage in tetrahedral collapse,32 to regard this cis-amide cross-
link as advantageous. The first reason is the possible connection of the thermodynamically
favorable cis- to trans-amide isomerization33 as a driving force for the transition from the
“closed” state for the stem cleft to the “open” state required for product dissociation.8-
These states correlate with structural mutations that confer PBP resistance to the p-lactam
antibiotics.34-37 The second advantage follows from the reasonable presumption that the
biosynthetic PBPs must progressively translocate in order to build the cell wall (a corollary
being that the nascent cell wall needs to translocate from the active site). By coupling amide
isomerization with product release, a significant kinetic barrier is introduced with respect to
product inhibition. The value of such a kinetic barrier is underscored by the relatively low
activation barriers accompanying an overall nearly thermoneutral series of bond-
transforming events.
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The relevance of this cis- to trans-isomerization is also evident at an intuitive level. In order
to connect as a cis-amide, the two peptide stems must reach toward each other from
opposing sides of the PBP 1b protein (Figure 1D). Whereas each stem diffuses
independently into the active site from opposing ends, the product of their union cannot
diffuse away from the active site because of its enclosed nature. In essence, two polymers—
the PBP protein and the cross-linked peptidoglycan—interlock. The thermodynamic
imperative of the cis- to trans-isomerization would force significant conformational change
to the cross-link, provoking the release of the cross-linked peptidoglycan product from the
active site and conformational change of the loop defining the active site cleft back into a
closed conformation to generate the apo state (residues 11e496—Asn500 and Asn656—
Asp658: see the bottom pair of red dots in Figure 1B).

Cell wall biosynthesis involves coordination by the bifunctional PBP of transglycosylase-
catalyzed glycan strand elongation with the subsequent event of transpeptidase-catalyzed
cross-linking of neighboring strands. While the structure of the un-cross-linked
peptidoglycan strand!3 has proven valuable for the understanding of peptidoglycan strand
recognition by other peptidoglycan-binding proteins9:38-41 the basis for the coordination of
these two key events, as reflected in the final structure of the peptidoglycan polymer, is
unknown. This computational study does not address this question. It does, however, posit
specific recognition of the peptide segments of the peptidoglycan by defined clefts crossing
an entire face of the transpeptidase domain. Given the recent revelation by Sung et al. of the
native structure of the biosynthetic PBP 1b of E. coli, we compared the predicted occupancy
of the peptidoglycan-binding clefts as made by this study with the predicted orientation of
the peptidoglycan strand emerging from the transglycosylase domain.19 Gratifyingly, the
cleft occupancies are compatible. The computational excision of the donor peptidoglycan
acyl-enzyme-peptidoglycan acceptor complex from S. pneumomiae PBP 1b, and its
computational placement into the active site of E. coli PBP 1b, is a nearly effortless
computational exercise (Figure 1E). The comparison of the similarity of cleft selection and
occupancy with the one point of difference (Figure 1D, closed cleft; Figure 1E, open cleft;
Figure S6, Supporting Information) supports our proposed PBP 1b mechanism.*2

The computational mechanism seen here for formation of the initial PBP 1b acyl-enzyme is
direct Lys463 activation of Ser460. This mechanism is identical to that seen in our previous
computational study of the PBP 5 carboxypeptidase,12 and is the simplest of the proposed
mechanisms for PBP catalysis of this event that have been presented over time.#344 The
mechanistic identity between PBP 1b and 5 is significant, as PBP 1b shows a more
contracted placement of its active site residues (a typical PBP) compared to the more open
active site of PBP 5 (atypical PBP).43 A key remaining question is the mechanistic role of
the evolutionarily conserved second serine and second lysine of these PBP active sites. On
the basis of the structure of a potent boronate inhibitor of the PBP R39 peptidase Pratt et al.
offer a carefully reasoned argument suggesting participation of this second serine in a proton
relay, interconnecting the general base lysine and the nucleophilic serine, during hydrolytic
deacylation by this enzyme.#344 We do not find computational evidence for such a proton
relay. Rather, the role of this second serine-lysine dyad (Ser516, Lys651) in PBP 1b
catalysis is a secondary role—not to be interpreted as unimportant—in substrate positioning,
active site residue placement, and possible electrostatic stabilization of the tetrahedral
species.

There remains one final point of satisfaction. Coincident with the demonstration that the
mechanism of action of the B-lactam antibiotics coincided with release from the bacterium
of D-alanine,* Tipper and Strominger#® proposed penicillin as a mimetic of the
conformation of the tetrahedral intermediate of the -D-Ala-D-Ala stem terminus. On the
basis of this proposal the active site conformation of the -D-Ala-D-Ala terminus was
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duced.*849 Gratifyingly, a comparison of this predicted conformation with the
nformation for the -D-Ala-D-Ala terminus rendered by our computational studies, shows

strong similarity (Figure S6, Supporting Information). The prescience of the Tipper-
Strominger hypothesis is affirmed.

The molecular events deduced from this mechanistic study are a foundational framework for
further study on the relationships among PBP mutation, cleft dynamics and B-lactam
resistance; on the processive catalytic events involved in the stepwise synthesis of a
polymer;10:50 and lastly on structural models for the three-dimensional architecture of the

pe

Supplement

ptidoglycan.®!

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Panel A shows the stereo structure (2UWX) of acylated PBP 1b (depicted as a Connolley
surface) with the nitrocefin-derived acyl-enzyme (shown in capped-stick: C, gray; N, blue;
O, red; H, cyan; S, yellow). Panel B shows the docked Michaelis complex of the NAG-
NAM-NAG-NAM substrate (orange) in the PBP 1b structure (green surface, showing red
dots to identify residues Asn500 as the top left red dot; GIn686, top right; Asn494, bottom
left; and Asn656, bottom right); Panel C is identical to Panel B with the exception that the
docked substrate is in capped-stick representation. The angle of the pentapeptide stems
relative to the glycan strand is 110° (+ 10°). Panel D shows the probable location (mode a)
of the acceptor stem engagement of the acyl-enzyme and an alternative (and less probable)
mode b cleft for acceptor stem approach (arrowed). Panel E shows the opened cleft, derived
from 10 ns MD simulation of the structure of Panel D. In Panel E the separation between the
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SNH, of Asn494 and the SNH, of Asn656 is 5 A. The plane of the bacterial membrane to
which this enzyme is embedded is located distant to the right edge of these panels.
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Figure 2.

Panel A shows a stereo representation of the Michaelis complex. The L-Lys-D-Ala-D-Ala
terminus of the stem of the substrate is bound, with a trans-amide conformation for the -D-
Ala-D-Ala terminus, into the transpeptidase active site of PBP 1B. Hydrogen bonds are
shown as dashed lines (distances are between heteroatoms given in A, rounded to the nearest
tenth). The substrate is nestled between the a3 sheet and the loop connecting the o4 and as
helices. Panel B shows the QM/MM potential energy surface with respect to the d; (O-H
bond of Ser460) and d, (distance between the carbonyl carbon and Oy of Ser460) reaction
coordinates. The reaction path from the Michaelis complex (I) to the tetrahedral
intermediate (I1) is shown with orange arrows. Panel C shows the structure of tetrahedral
intermediate 11.
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Figure 3.

Panel A is a stereoview of tetrahedral intermediate 11, resulting from water-mediated proton
transfer from Lys463. Hydrogen bonds are shown as dashed lines (distances between
heteroatoms, given as A). The tetrahedral intermediate is nestled between the B3 sheet and
the loop connecting the a4 and os helices. Panel B The reaction path from the anionic
tetrahedral intermediate 11’ through the zwitterionic tetrahedral species 111 to the acyl-
enzyme IV is shown with the orange arrows. Panel C shows the structure of zwitterionic
species I11. Panel D depicted the structure of acyl-enzyme IV.
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Figure 4.

Panel A shows a stereo representation of the transpeptidation reaction from the acyl-enzyme.
The acyl-enzyme is nestled between B3 sheet and the loop connecting o4 and ag helices. The
acyl-enzyme and important active site residues are represented in capped-stick. Hydrogen
bonds are shown as dashed lines (distances between heteroatoms in A, rounded to the
nearest tenth). Panel B shows the QM/MM potential energy surface, with the contour over
the reaction coordinates represented as a shadow. The reaction path from the acyl-enzyme
(V) to the zwitterionic species (V1), and from V1 through transition species (V11) to product
(VH1), is shown by orange arrows. The location of transition species V11 on the energy
surface is very close to that of V111. Panel C shows the conformation of the zwitterionic
species (V1).
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Figure 5.

Stereo representation of cis-amide product V111 bound in the transpeptidase active site.
Hydrogen bonds are shown as dashed lines (distances in A between heteroatoms, rounded to
the nearest tenth). Important active site residues and V111 (Figure 4B) are in capped-stick
representation.
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Figure 6.

Potential energy profiles for the acylation (A) and deacylation (B) reactions, where | denotes
the complex of the donor peptidoglycan bound into the transpeptidase active site; 11 and 11,
the tetrahedral intermediate (with Lys463 protonated); 111, the zwittonionic tetrahedral
species (Lys 463 is neutral); 1V, the acyl-enzyme-p-Ala complex; V, the complex of the
acyl-enzyme with the acceptor peptidoglycan; VI, the anionic tetrahedral species of acyl
transfer; VII, the four-atom tetrahedral; V111 and VIII’, the cross-linked product complex;

IX, the protonated Lys463 tetrahedral species. The horizontal axis is scaled approximately to
the distance changes between the successive energy minima. Entropic factors are not taken
into account.
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Scheme 1.
Summary of the PBP 1b-dependent catalytic reactions used in the synthesis of the S.
pneumoniae peptidoglycan.
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