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β-Lactam antibiotics inhibit cell-wall transpeptidases, preventing
the peptidoglycan, the major constituent of the bacterial cell wall,
from cross-linking. This causes accumulation of long non–cross-
linked strands of peptidoglycan, which leads to bacterial death.
Pseudomonas aeruginosa, a nefarious bacterial pathogen, at-
tempts to repair this aberrantly formed peptidoglycan by the func-
tion of the lytic transglycosylase Slt. We document in this report
that Slt turns over the peptidoglycan by both exolytic and endo-
lytic reactions, which cause glycosidic bond scission from a termi-
nus or in the middle of the peptidoglycan, respectively. These
reactions were characterized with complex synthetic peptidogly-
can fragments that ranged in size from tetrasaccharides to octa-
saccharides. The X-ray structure of the wild-type apo Slt revealed it
to be a doughnut-shaped protein. In a series of six additional X-ray
crystal structures, we provide insights with authentic substrates
into how Slt is enabled for catalysis for both the endolytic and
exolytic reactions. The substrate for the exolytic reaction binds
Slt in a canonical arrangement and reveals how both the glycan
chain and the peptide stems are recognized by the Slt. We docu-
ment that the apo enzyme does not have a fully formed active site
for the endolytic reaction. However, binding of the peptidoglycan
at the existing subsites within the catalytic domain causes a con-
formational change in the protein that assembles the surface for
binding of a more expansive peptidoglycan between the catalytic
domain and an adjacent domain. The complexes of Slt with syn-
thetic peptidoglycan substrates provide an unprecedented snap-
shot of the endolytic reaction.
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Transpeptidases, members of the superfamily of penicillin-
binding proteins (PBPs), are inhibited by β-lactam antibiotics.

These enzymes cross-link the peptidoglycan, the major constit-
uent of the bacterial cell wall (Fig. 1) (1–3). This inhibition re-
sults in longer non–cross-linked strands of peptidoglycan, which
are aberrant structures. The bacterium attempts to repair the
damage to the cell wall by initiating turnover of these longer
non–cross-linked strands by the functions of the superfamily of
lytic transglycosylases (LTs) (Fig. 1) (4). Multiple LTs are known
in various bacteria, exemplified by eight in Escherichia coli and
11 in Pseudomonas aeruginosa (5). It is of interest that the ac-
tivities of these enzymes are overlapping to safeguard in large
measure the important functions that the various LTs play (6, 7).
Notwithstanding the aforementioned overlapping enzymatic

activities, the principal LT implicated in turnover of the linear
peptidoglycan that results from exposure to the antibiotic in
E. coli is Slt70 (4) and its counterpart in P. aeruginosa Slt (8, 9).
Both enzymes are members of the family 1 LTs (subfamily 1A)
(5). We describe here our elucidation of the reactions of Slt and
report the X-ray structures of the wild-type apo Slt, of a cata-
lytically impaired mutant (E503Q), and of five complexes with
synthetic substrates/products and an inhibitor. The collective
data reveal that the enzyme catalyzes both exolytic (cleavage
from one end of the peptidoglycan) and endolytic (cleavage in

the middle) reactions and shed structural insights into these
processes.

Results and Discussion
The peptidoglycan is composed of a repeating backbone of
N-acetylglucosamine (NAG)-N-acetylmuramic acid (NAM), con-
nected by β-1→4 glycosidic linkages. A pentapeptide, L-Ala-γ-D-
Glu-m-DAP-D-Ala-D-Ala (DAP is diaminopimelate), is appen-
ded to the NAM subunit, which serves as the site of cross-linking
of two neighboring peptidoglycan strands (Fig. 1). The NAM
moiety is transformed to 1,6-anhydro-N-acetylmuramyl moiety
(anhNAM) by the reactions of LTs via a transition state that goes
through an oxocarbenium species (5). Hence, some strands of
peptidoglycan terminate in anhNAM.
The cloning of the gene for Slt (locus tag PA3020) minus the

segment corresponding to the signal peptide (the first 24 aa), its
expression, and purification of the 73-kDa Slt were reported
previously (6). We had documented that Slt from P. aeruginosa
(PAO1) was able to turn over the sacculus—the purified bacte-
rial cell wall—however, the amounts of the liberated muropep-
tides (products of the LT reactions) were relatively small (6). We
carefully analyzed the incubation mixtures of Slt with four
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peptidoglycan-based synthetic tetrasaccharides (compounds 1p,
1, 2p, and 2; “p” for peptide stem; Fig. 2A) from our laboratory
(6, 10, 11). Compounds 1 and 2, those without peptide stems,
were not substrates. We noted marginal turnover of 1p (Fig. 2B),
but 2p was a good substrate (Fig. 2C). These observations
seemingly indicate that Slt requires in its minimal substrate the
presence of the stem peptide(s) and the anhNAM (Fig. 2A). As a
critical next experiment with more realistic potential substrates,
we prepared by reported methodologies (11, 12) the two octa-
saccharides 3p and 3 in 58 and 36 synthetic steps, respectively.
Both compounds have a long sugar backbone to closely mimic the
non–cross-linked peptidoglycan that results from exposure of
the organism to the β-lactam antibiotics. If both the presence of
the stem peptides and anhNAM were indeed required, neither

3p nor 3 should serve as substrate. Consistent with the results
with the tetrasacchrides 1 and 2, compound 3 is not a substrate.
On the contrary, 3p was turned over by Slt. Hence, the presence
of the peptide stems in peptidoglycan, but not that of the anh-
NAM moiety, is a requirement for Slt. The reaction of 3p by Slt
produced all six possible products (IIpa + VIp, IVpa + IVp, and
VIpa + IIp; roman numerals specify the number of sugars, “p”
for peptide stem and “a” for anhNAM) by cleavage at any of the
three colored glycosidic bonds [Fig. 2 A and D; the nature of the
six distinct products were confirmed by liquid chromatography/
mass spectrometry (LC/MS) and by comparison with authentic
synthetic samples for three of them]. Therefore, Slt is capable of
cleaving 3p in the middle glycosidic bond (shown in blue) and the

Fig. 1. The interplay among transpeptidase (TP), transglycosylase (TG), and
Slt is depicted by the cartoons to the Left of each panel, explaining the
mechanistic concept that emerged from the crystal structures shown to the
Right of each panel. The NAM and NAG are depicted as dark and light green
hexagons, respectively. The bicyclic anhNAM is in brown. The peptide stems
are not shown, except for cross-links (black lines). The undecaprenyl mem-
brane anchor of Lipid II is represented by the zigzagging black lines. (A) Lipid
II is polymerized by a TG to generate the nascent peptidoglycan, which ex-
periences cross-linking to the cell wall by a TP. On inhibition of TP by a
β-lactam antibiotic, aberrant longer nascent peptidoglycan is formed, which
serves as substrate for the endolytic reaction of Slt. (B) The product of
endolytic reaction serves as substrate for the exolytic reaction of Slt, (C)
which, in turn, generates the ultimate product, compound IIpa. In-
ternalization of IIpa by the permease AmpG initiated the cascade of events
that leads to production of β-lactamase as an antibiotic-resistance de-
terminant against β-lactam antibiotics. The conceptual framework for the
schematic was adapted from Cho et al. (4).

Fig. 2. Turnover of synthetic peptidoglycans by Slt. (A) The six synthetic
peptidoglycans and the turnover chemistry by Slt. The reactive glycosidic
sites are colored in red, blue, and green. (B–D) LC/MS traces of the reactions
of three peptide-stem–containing substrates (1p, 2p, and 3p) with Slt. 1p, 3p,
and their turnover products containing pentapeptide. 2p and IIpa* contains
tetrapeptide instead of pentapeptide. (E) Time-course of reaction profile
(area under the curve vs. time) of Slt with substrate 3p.

4394 | www.pnas.org/cgi/doi/10.1073/pnas.1801298115 Lee et al.
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flanking glycosidic bonds (colored in red and green; Fig. 2A).
These competing reactions (Fig. 2D) result in both the endolytic
and exolytic outcomes. The temporal analysis for the turnover
flux reveals intermediates IVpa, VIpa, IVp, and VIp undergoing
further reactions (Fig. 2E). However, we did observe preference
for the presence of anhNAM, based on the rate of processing of
products IVpa and VIpa to IIpa > IVp, VIp to IIpa and IIp.
The same experiments and the set of substrates were also used

with the E. coli homolog Slt70 (33%/96%, sequence identity/
query coverage, respectively). The findings were very similar
(Fig. S1). Overall, Slt requires the presence of peptide stems in
its substrates. The minimum length of the glycan is four. Slt is
capable of catalyzing both the endolytic and exolytic reactions
with the octasaccharide substrate. Furthermore, as stated above,
Slt requires the presence of the peptide stems in the substrates,
but it could tolerate a missing peptide stem, as documented for
an additional octasaccharide substrate (Fig. S2).
We undertook to correlate the analyses of the Slt reactions,

described above, with its structure. The crystal structure of wild-
type apo Slt was solved ab initio at 2.2-Å resolution (Fig. 3A, SI
Materials and Methods, and Table S1) using the program
Arcimboldo (13) to combine partial phase sets. It is important
to note that all attempts to use the existing structure of the
homologous Slt70 from E. coli as the initial model by the
molecular-replacement method failed. Indeed, the structural
homologs Slt70 (14) and LtgA (from Neisseria gonorrhoeae) (15)
present large differences in the spatial arrangement of the do-
mains as reflected by high rmsd values (4.6 Å for 528 Cα atoms
for Slt70 and 6.0 Å for 439 Cα atoms for LtgA) (Fig. S3), while
their catalytic domains are very similar (rmsd of 0.6 and 1.1 Å for
Slt70 and LtgA, respectively) (Fig. S3C). This helix-rich protein
(Fig. 3A) is composed of 612 aa (residues 29–641), and similar to
the related Slt70 from E. coli (16), consists of three distinct
domains: the N-terminal domain (also called the U domain;
residues 29–387), the L domain (residues 388–478), and the C-
terminal catalytic domain (residues 479–641). The overall fold of
the catalytic domain is similar to that of goose-type lysozyme
(family GH23 from www.cazy.org/). The functions of the U and
L domains have not been known, but the L domain has been
proposed as a potential peptidoglycan-binding domain (14). The
three domains organize in a doughnut-shaped arrangement with
a diameter for the central opening of ∼30 Å and outside maxi-
mum dimensions of 69 and 76 Å (Fig. 3A). The catalytic domain
is composed of seven α-helices distributed across two lobes
around the groove where the catalytic E503 is located. E503 is
the source of the critical proton for the nonhydrolytic glycosidic
bond cleavage in the substrates, en route to the high-energy
oxocarbenium species (Fig. 4A). E503 is straddling subsites −1
and +1, where the scissile glycosidic bond of the peptidoglycan
binds (17). This is the catalytic role that has been attributed to
the residue for bond scission in glycosidases. The transient
oxocarbenium ion entraps the C6 hydroxyl of the NAM to result
in 1,6-anhNAM as one product at subsite −1, with the freed
NAG as the other in subsite +1 (Fig. 4A).
There does not exist any complexes of LTs with bona fide

peptidoglycan substrates (5). In our efforts to get complexes of
the peptidoglycan (substrate) with the enzyme (see below), we
mutated the gene for Slt by PCR mutagenesis to generate the
E503Q Slt variant. The gene was expressed and the protein was
purified to homogeneity. We assayed the E503Q mutant protein
with substrates 2p and 3p and did not observe any activity. The
mutated enzyme was also inactive by the fluorescein-labeled
sacculus assay (SI Materials and Methods). Crystals for the in-
active E503Q mutant were obtained in different crystallization
conditions than the wild-type enzyme (SI Materials and Methods),
and its structure was solved at 3.05-Å resolution. As expected,
the crystal structure of E503Q is essentially identical to that of the
wild-type enzyme (rmsd of 0.5 Å for 612 Cα atoms). We used the
crystals of the E503Q mutant in soaking experiments with
the synthetic peptidoglycan substrates (1p, 2p, and 3p).

The structure of the E503Q Slt:2p complex was solved at 2.75-Å
resolution, providing electron density for both the complete
tetrasaccharide backbone and for the peptide stems attached to
the NAM and the anhNAM (Fig. S4A). The substrate fully oc-
cupies the four active-site subsites −2 to +2 (Fig. 3B and Fig.
S5A). The enzyme establishes a number of polar interactions with
the sugars at subsites −2 to +1, but not with anhNAM at +2,
which is ensconced in a relatively hydrophobic environment (Fig.
3B and Fig. S5A). It is worth recalling that 2p serves as substrate
to furnish two molecules of NAG-anhNAM as products (Fig. 2A).
This structure gives an unprecedented view of the substrate

2p bound for the exolytic reaction, with the terminal NAG-
anhNAM positioned at the threshold of the central opening of
the annular shape. As indicated earlier, Slt exhibits strong
preference for the presence of the peptide stem(s) in the sub-
strate. Accordingly, the crystal structure of the Slt:2p complex
provides information on how the peptide stems are recognized at
the catalytic domain of an LT. (i) Notwithstanding that the en-
tire peptide stem is seen in the structure at both −1 and
+2 subsites, only polar interactions are established with Slt up to
the m-DAP position (Fig. 3B and Fig. S5A). (ii) Five arginines
are critical in peptide-stem recognition (R582 and R288 for
peptide at −1, and R501, R473, and R372 for peptide at +2).
Some of these arginines are held in place by a network of salt
bridge interactions for their proper orientation (Fig. 3B and Fig.
S5A). (iii) Peptide-stem recognition requires the intervention of
the other domains (Fig. S5A). For instance, polar interactions
stabilizing the m-DAP attached to NAM at −1 are made by
S284 and R288 (both from the U domain), while that at +2 is
made by R372 and R473 (from U and L domains, respectively).
Residues from the L domain (such as W467, I458, D468, and
R392) participate in van der Walls interactions or in the salt
bridge network with the peptide stems at +2 subsite. Hence, both
the U and L domains are involved in substrate recognition in
conjunction with the catalytic domain, seen here because of the
realism afforded by the authentic synthetic substrates. The obser-
vation of full density for a bona fide substrate is a first among LTs
(5). Previously, only partial density for ligands was seen (18–20) or
substrate analogs (chito-oligosaccharides) were employed (21, 22).
Furthermore, comparison of the structures of apo Slt to the

Slt:2p complex reveals a significant structural tightening around
the bound substrate, as seen also for the additional complexes
that will be described below. These changes occur on one lobe of
the catalytic domain involving helices (α1, α2, α3, and α4) and
loops such as the clamping loop (residues 504–524) and the loop
between α3 and α4 (residues 534–547) (Fig. S6A). The spatial
rearrangement involves important movements (e.g., ∼3 Å for α3,
∼5 Å for α310, and ∼4 Å for the clamping loop) and results in
repositioning of some critical residues for interaction with the
peptidoglycan chain (among them Y557 and T526, which might
trigger the movement by interactions within the subsite −2). Of
special relevance is a 1.6-Å movement of the catalytic residue
503 toward the bound substrate, compared with the position in
the apo structure. As indicated earlier, E503 is the source of the
critical proton for initiation of the glycosidic bond scission. Fi-
nally, a set of conformational changes involve M507 and the
formation of a strong bifurcated salt bridge interaction (with
distances of 3.3 and 3.0 Å, respectively) between D509 from the
catalytic domain and R426 from the L domain (Fig. S6A).
Next, we soaked the E503Q Slt crystals with substrate 1p and

the structure of the complex was solved at 2.90-Å resolution (SI
Materials and Methods and Table S1). We were intrigued to find
two molecules of compound 1p bound to the enzyme (Fig. 3C
and Fig. S4B). One tetrasaccharide was in the canonical active
site spanning subsites −4 to −1 (Fig. S5B). Interactions that were
observed in the Slt:2p complex for the sugar rings at subsites
−2 and −1 are also conserved in the Slt:1p complex (Fig. 3C).
Furthermore, Y557 and E529 extend polar interactions to the
sugar rings at subsites −3 and −4. Interactions with the peptide
stems in the Slt:2p complex are conserved in the Slt:1p complex.
As with the Slt:2p complex, the terminal D-Ala-D-Ala in the stem
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peptides of the Slt:1p complex do not establish interactions with
the protein. Interestingly, a second molecule of compound 1p
was found in a newly constituted site at the interface between the
catalytic and the L domains. This groove is not present in the apo
form, but is created upon interaction with the substrate. The
newly formed groove, arranged at a ∼99° angle to the first ca-
nonical substrate-binding site, intersects it at the +2 subsite. The
+2 subsite was occupied by anhNAM in the Slt:2p complex for
the exolytic reaction. However, in the Slt:1p complex, the active
site has now been extended by the newly formed surface (subsites
+3, +4, +5, and +6). The interactions of the second molecule of
1p within this extended section of the active site would appear to
be mainly through shape complementarity via van der Waals
interactions and by a few polar interactions (R426 and N542)
with the protein. In retrospect, the absence of 1,6-anhNAM in
the structure of the substrate 1p might have been a driving force
in observing this alternative binding interaction with Slt. This
creation of an extended active site upon exposure of the enzyme
to the substrate is unusual and intriguing. Our synthetic octa-
saccharide substrate 3p provided the unique opportunity to test
if indeed the expansion of the active site can be seen in binding
to this more extended peptidoglycan molecule.
Soaking experiments were performed with the crystals of the

E503Q Slt in the presence of compound 3p. The X-ray structure
of the Slt:3p complex was solved at 3.20-Å resolution (SI Mate-
rials and Methods and Table S1). The octasaccharide binds Slt
from subsites −4 to +4 (Fig. 3D and Fig. S5C), straddling equally
the subsites on the two sides of the seat of the reaction (between
subsites −1 and +1). This arrangement would be expected for an
endolytic reaction, consistent with our turnover analyses with 3p.
The interactions observed at subsites −4 to +1 in the complex
with substrate 3p are essentially the same as those seen for
complexes with 1p and 2p (Fig. 3). Importantly, the NAM ring at
subsite +2 in the Slt:3p complex is oriented very differently than
the anhNAM in the Slt:2p complex, bending the glycan chain
sharply in the direction of the newly formed peptidoglycan-
binding site seen in the complex with the tetrasaccharide 1p
(Slt:1p), as described above. This arrangement positions the
subsequent two NAG and NAM rings (located at subsites +3 and
+4) close to the equivalent sugars in the Slt:1p complex (Fig.
S5D). Therefore, reorganization of the active site to create the
additional subsites for binding of the larger peptidoglycan sub-
strate was also seen with 3p (Movie S1). This is an intriguing
structure for the complex that can explain how the enzyme
performs the endolytic reactions. The electron density for the
peptidoglycan rings at subsites beyond +2 is poorer than for the
other subsites (Fig. S4C), which we attribute to mobility of this
segment of the substrate bound to these subsites. However, between
the complexes for Slt:1p (for which the electron density is excellent)
and for Slt:3p, there is clarity as to where substrate sugars bind.
We generated a hybrid computational model of the two X-ray

structures, where we gave occupancy of subsites −4 to +6 to a
large peptidoglycan substrate (Fig. S7A). The full occupancy
complex for Slt was submitted to molecular-dynamics simula-
tions for a duration of 200 ns according to the methodology
reported previously (23) in the program AMBER16 program
(24) (SI Materials and Methods). The simulation demonstrated a
stable binding of the substrate within the extended substrate-
binding groove. The occupancy of the peptidoglycan in the
binding pocket was as per the X-ray structures for subsites −4 to
+1 and +4 to +6 throughout the simulation. The conformation
for both the unconstrained NAG and NAM rings is chair with all
equatorial substituents. The X-ray structure for the NAM bound
at subsite +2 assumes a half-chair conformation (2H1), which
allows the peptidoglycan to bend for the occupancy of the rest ofFig. 3. Crystal structure of apo Slt and of complexes with compounds 1p,

2p, 3p, and IIpa. (A) 3D structure of the apo Slt. The catalytic groove is lo-
cated in the C-terminal domain (in brown) where the catalytic E503 (labeled)
is located; the neighboring domains U (in orange) and L (in blue) close the
annular structure around the central opening. Stereo images for the (B)
Slt:2p complex, (C) Slt:1p complex, (D) Slt:3p complex, and (E) Slt:IIpa com-
plex. Catalytic subsites are labeled, and all of the compounds are shown as

capped sticks in green for the carbon atoms. Residues interacting with the
ligand are also depicted as capped sticks.
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the active site in the endolytic reaction. The NAM at this subsite
underwent a sampling of boat and skew conformations (3,OB and
3S1) during the simulation. In addition, sugars at subsites +2 and
+3 made slight positional adjustments, but otherwise stable oc-
cupancy of the entire expanded active site was maintained
throughout the simulation.
We add that we had thought initially that the doughnut-

shaped catalyst could conceivably bind the long substrate at
the canonical subsites −4 to +2 analogously to what we see in
the Slt:2p complex, allowing for the subsequent segments of the
substrate to thread through the opening of the protein. The
notion was that as the longer substrate would thread through
the annulus, it would undergo reaction at the seat of catalysis
(subsites −1 to +1), and depending on which glycosidic bond
would align with the seat of catalysis, a different reaction out-
come could result. One drawback to this scheme is the fact that
any segment of the substrate beyond subsite +2 could not have
interactions with the protein. Furthermore, this model would
stipulate that the strand of peptidoglycan that threads through
the enzyme could be tethered only on one terminus (to mem-
brane or to the cell wall). The complexes Slt:1p and Slt:3p firmly
refute this possibility.
Beyond the work that we disclose in this report, there exists a

paucity of structural information on binding of substrates to LTs.
Furthermore, binding of the peptidoglycan for the endolytic re-
action by Slt is important in several respects. The structure of the
peptidoglycan in solution was solved by NMR to reveal it as a
right-handed helix with a periodicity of three NAG-NAM re-
peats per turn of the helix (25). This solution structure has been
seen in several X-ray structures for proteins that bind the pep-
tidoglycan, where the 3D solution structure is recognized by the
enzyme (10, 18, 26, 27). However, this is clearly not the con-
formation that is bound to Slt for the endolytic reaction. The
extended binding site for the endolytic reaction begins at the
−4 subsite moving diagonally toward the central opening of Slt,
where it bends at 99° at the +2 subsite to move away from the
annulus of the protein. This arrangement locates the entire ac-
tive site on one side of the doughnut-shaped protein. The im-
portant implication is that the substrate need not be tethered
only on one terminus, as the threading model would require.
Indeed, the nascent peptidoglycan (Fig. 1A) initially would be
tethered to the inner membrane by the undecaprenylpyr-
ophosphate membrane anchor on one side and to the growing
cell wall on the other. As the transpeptidase is inhibited by the
β-lactam antibiotic, further cross-linking of the nascent pepti-
doglycan is prevented. However, the action of transglycosylase

would continue lengthening the peptidoglycan in the absence of
cross-linking (Fig. 1A), which accumulates in the periplasmic
milieu. These peptidoglycan strands become candidate sub-
strates for the endolytic reaction of Slt (4). An important ob-
servation is that the pentapeptide stem at the −1 subsite is bound
at a “cul-de-sac.” This indicates that the space has evolved for
binding to a pentapeptide stem, which is found in the nascent
peptidoglycan. Once the peptidoglycan is processed by the
endolytic reaction (Fig. 1A), the product strands would then
become subjects to the exolytic activity of Slt (Fig. 1B). The
exolytic reaction produces and releases the ultimate muropep-
tide product NAG-anhNAM-peptide (IIpa), which is internal-
ized to the cytoplasm by the permease AmpG for the purpose of
recycling (28) (Fig. 1C). As indicated earlier, the peptide stem in
nascent peptidoglycan is the full-length pentapeptide. As the
nascent peptidoglycan is turned over in the reactions of Slt, the
reaction products, including NAG-anhNAM (IIpa), will retain
the pentapeptide stem. NAG-anhNAM (IIpa) possessing the
pentapeptide has been shown to be the inducer of the resistance
response to β-lactam antibiotics in live P. aeruginosa (29). It
serves as an effector for the AmpC β-lactamase transcriptional
regulatory protein, AmpR (30, 31). As a corollary, our obser-
vations provide the mechanistic rationale for the increased sus-
ceptibility of P. aeruginosa to β-lactam antibiotics (8) in an slt-
knockout strain, as in the absence of Slt, less effector molecules
would be available to trigger production of AmpC β-lactamase.
One additional soaking experiment was made with the wild-

type Slt crystals and the substrate 1p. As this is soaking of a
substrate with the active enzyme, we were expecting a potential
in crystallo transformation, which would result in IIpa (NAG-
anhNAM) at subsites −2 and −1 and IIp at subsites +1 and +2.
This experiment would validate the crystals as catalytically
competent and would highlight the structural issues in the light
of catalysis. A crystal structure was solved at 2.50-Å resolution
(SI Materials and Methods and Table S1). Indeed, the structure
revealed the complex for one IIpa bound to Slt, but it bound to
subsites +1 and +2 (Fig. 3E and Fig. S4D). This indicates that the
reaction took place in the crystal and that both products disso-
ciated. However, because of the inherent affinity of IIpa for the
+1 and +2 subsites, it bound back at these locations. This ob-
servation is consistent with recognition of 1,6-anhNAM at the
+2 subsite, as we described for the exolytic reaction, and that
substrates with the 1,6-anhNAM moiety were preferred. As ob-
served in the complex of Slt:2p (with the E503Q mutant), in-
teractions of the reaction product IIpa with the enzyme follows
the same pattern. That is, the NAG at subsite +1 makes several
polar interactions with the enzyme, whereas anhNAM partici-
pates in polar interactions through its peptide stem (Fig. 3E).
The comparison of the Slt:IIpa complex with the structures of
apo enzyme and of Slt:2p complex shows that, upon comple-
tion of bond-making and bond-breaking, the clamping loop is
retracted in the direction of the loop position as seen in the
apo structure (Fig. S6B). This movement results in (i) opening
of the active site, (ii) retracting of the catalytic E503 by 1 Å
(approaching the position found in the apo structure), and (iii)
displacement of the sugar rings at subsites +1 and +2 (Fig. S6B).
The dissociation of both products from the active site will bring
the catalytic cycle to its completion.
Bulgecin A is a natural product inhibitor of lytic trans-

glycosylases (Fig. 4A) (15, 16, 21). We soaked crystals of E503Q
mutant with bulgecin A. The structure was solved for the com-
plex at 3.10-Å resolution (SI Materials and Methods and Table
S1). The inhibitor bound to the active site, occupying subsites
−3 to −1 (Fig. 4B, Fig. S4E, and Fig. S8A). The 4-O-sulfate
moiety is largely accessible to solvent within the subsite −3, and it
interacts also with Y557. The bulgecin A NAG moiety occupies
the −2 subsite and interacts with T526 and Y557. The hydroxy-
methyl segment on the modified proline (the bulgecinine moi-
ety) at subsite −1 makes hydrogen bonds to N577 and to the
catalytic residue at position 503. The carbonyl group of bulge-
cinine is hydrogen bonded to S512. Finally, the taurine amine

Fig. 4. Inhibition of Slt by Bulgecin A. (A) The chemical structure of high-
energy oxocarbenium species (shown in brackets), which is mimicked by bul-
gecine A. (B) Stereoview showing the Slt:bulgecin A complex superimposed
with ligands 1p (orange) and 2p (gray) (as observed in the Slt:1p and the
Slt:2p, respectively). Bulgecin A is represented in blue sticks. Residues inter-
acting with the inhibitor are represented as capped sticks and labeled.

Lee et al. PNAS | April 24, 2018 | vol. 115 | no. 17 | 4397

BI
O
CH

EM
IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 1
, 2

02
2 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801298115/-/DCSupplemental


www.manaraa.com

interacts with E606 and one sulfonate oxygen interacts with the
backbone of G513. While the complex of bulgecin A with Slt
looks similar to those with Slt70 and LtgA (PDB ID codes
1SLY and 5MPQ, respectively) (Fig. S8B), we will make the
following observations that have not been made previously (14,
15). The bulgecinine ring mimics the flatness of the oxocarbe-
nium transition state species at the C1 (Fig. 4A). The bulgeci-
nine hydroxymethyl moiety, anchored by residues N577 and
Q503, would mimic the incoming C6 oxygen nucleophile of
NAM to the C1 of the oxocarbenium species from one face.
The Slt:bulgecin A complex shows broadly similar structural
interactions to those found in the Slt:1p, Slt:2p, and Slt:3p
complexes (Fig. 4B), consistent with it serving as a mimetic of
the peptidoglycan and possibly of a transition state for the re-
action that Slt catalyzes, based on the attributes that we
described above.
In summary, the aberrant nascent peptidoglycan that results

from the action of β-lactam antibiotics is turned over by Slt in an
effort to repair the cell wall (4). Based on the arguments that we
have presented, the endolytic reaction on the aberrant peptido-
glycan generates products (Fig. 1A), which in turn serve as
substrates for the exolytic reaction of Slt (Fig. 1B). Binding of the
peptidoglycan to Slt entails a significant structural change in the
entire protein (Movie S2), which tightens the active site around
the bound substrate. This structural rearrangement of the pro-
tein around the substrate was documented in all Slt:1p, Slt:2p,
and Slt:3p complexes, as well as in that for Slt:bulgecin A. The
conformational change not only brings the protein to a cata-
lytically competent state—as documented by the in crystallo
reaction—it also extends the active site so as to enable endolytic
reaction by physically binding the larger peptidoglycan. We
hasten to add that our results shed light on why Slt and other
members of family 1A are as large as they are, on the need for
the annular structure, and on the functions of the additional U

and L domains. Our findings reveal that the L and U domains
are clearly involved in peptidoglycan recognition. Hence, the an-
nular motif in its entirety serves to bind the non–cross-linked
peptidoglycan to fulfill the needs of the endolytic (bent substrate)
and exolytic (linear substrate) reactions. To accomplish this, the
inner-ring regions are rich in basic patches (Fig. S7B) that would
provide electrostatic attraction to the pentapeptide stems on the
peptidoglycan, which we disclosed are required in Slt substrate(s).
The bacterial physiological response to β-lactam antibiotics is
complex indeed (2, 32). Upon encounter of bacteria to β-lactam
antibiotics, inhibition of cell-wall cross-linking and the formation
of the aberrant peptidoglycan lead to the demise of the organism
(4). In the event of exposure of bacteria to subinhibitory con-
centrations of β-lactam antibiotics, the onset of recovery of the
organism from the damage inflicted by the antibiotic is initiated by
the processes that are disclosed in the present report.

Materials and Methods
Complete descriptions of the protein crystallization, structure determination,
and refinement, of the computational methods, and of the reagent prepa-
rations are in SI Materials and Methods.
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