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Abstract

Bacterial lytic transglycosylases (LTs) contribute to peptidoglycan cell wall

metabolism and are potential drug targets to potentiate β-lactam antibiotics

to overcome antibiotic resistance. Since LT inhibitor development is under-

explored, we probed 15 N-acetyl-containing heterocycles in a structure-

guided fashion for their ability to inhibit and bind to the Campylobacter

jejuni LT Cj0843c. Ten GlcNAc analogs were synthesized with substitutions

at the C1 position, with two having an additional modification at the C4 or

C6 position. Most of the compounds showed weak inhibition of Cj0843c

activity. Compounds with alterations at the C4 position, replacing the -OH

with a -NH2, and C6 position, the addition of a -CH3, yielded improved

inhibitory efficacy. All 10 GlcNAc analogs were crystallographically ana-

lyzed via soaking experiments using Cj0843c crystals and found to bind to

the +1 +2 saccharide subsites with one of them additionally binding to the

�2 �1 subsite region. We also probed other N-acetyl-containing heterocy-

cles and found that sialidase inhibitors N-acetyl-2,3-dehydro-

2-deoxyneuraminic acid and siastatin B inhibited Cj0843c weakly and crys-

tallographically bound to the �2 �1 subsites. Analogs of the former also

showed inhibition and crystallographic binding and included zanamivir

amine. This latter set of heterocycles positioned their N-acetyl group in the

�2 subsite with additional moieties interacting in the �1 subsite. Overall,

these results could provide novel opportunities for LT inhibition via explor-

ing different subsites and novel scaffolds. The results also increased our

mechanistic understanding of Cj0843c regarding peptidoglycan GlcNAc

subsite binding preferences and ligand-dependent modulation of the pro-

tonation state of the catalytic E390.
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1 | INTRODUCTION

Lytic transglycosylases (LTs) are bacterial enzymes that
can cleave peptidoglycan (PG) strands of the bacterial cell
wall (Dik et al., 2017, 2018; Scheurwater et al., 2008). LTs
are needed for cell wall remodeling during cell division,
to remove non-crosslinked PG strands to avoid macromo-
lecular crowding and when cells are exposed to β-lactams
antibiotics that block PG cross-linking (Weaver
et al., 2022). In addition, LTs are needed to make space
in the PG layer for nanomachines, such as secretion sys-
tems or flagella (Dik et al., 2017). Escherichia coli has
seven LTs with diverse specificity, including whether
they hydrolyze cross-linked versus non-cross-linked PG
and whether they have endolytic and/or exolytic activity
(Dik et al., 2017; Lee et al., 2013). LTs can be membrane-
anchored or soluble, while others bind to secretion sys-
tems or flagella (Dik et al., 2017).

LTs are potential drug targets (Chang et al., 2021;
Martinez-Bond et al., 2022; Williams et al., 2017) as inhi-
bition of LTs or knocking out LTs has been shown to
restore the efficacy of β-lactam antibiotics. This beneficial
effect has been shown for a number of serious pathogens,
including E. coli (Imada et al., 1982), Neisseria meningiti-
dis (Williams et al., 2017), Pseudomonas aeruginosa (Dik
et al., 2019; Horsman et al., 2017; Lee et al., 2018;
Tomoshige et al., 2018), Enterobacter aerogenes
(Tomoshige et al., 2018), Acinetobacter baumannii
(Tomoshige et al., 2018), Helicobacter pylori (Bonis
et al., 2012), and Campylobacter jejuni (Vijayaraghavan
et al., 2018; Zeng et al., 2015). These observed benefits of
LT inhibition involve two possible mechanisms that,
depending on the pathogen, either or both contribute to
the potentiation of β-lactams. In the first mechanism, the
penicillin-binding proteins retain glycosyltransferase
activity while their PG cross-linking activity is inhibited
by β-lactams; this generates long non-cross-linked PG
strands (Cho et al., 2014; Weaver et al., 2022). LTs nor-
mally clear such non-productive long PG strands; LT
inhibition leaves these long PG strands intact, causing
the formation of cell wall bulges leading to weak points
in the cell wall, making the cell more prone to lysis (Dik
et al., 2019; Imada et al., 1982). In the second mecha-
nism, LT activity generates PG disaccharide products
(Dik et al., 2017). These products are recycled to the cyto-
plasm and modified before activating AmpR, which in
turn increases β-lactamase expression in pathogens such

as P. aeruginosa, Neisseria gonorrhoeae, and E. cloacae
(Dik et al., 2017; Dominguez-Gil et al., 2016; Zeng &
Lin, 2013). Thus, the inhibition of LT re-sensitizes bacte-
ria to β-lactams by lowering β-lactamase expression.

There are additional benefits of LT inhibition as LTs
increase fitness in A. baumannii (Crepin et al., 2018) and
are needed for toxin release in Clostridium difficile
(El Meouche & Peltier, 2018; Wydau-Dematteis
et al., 2018). Inhibition or deletion of LTs also can lead to
increased susceptibility to the host immune system
(Perez Medina & Dillard, 2018; Ragland et al., 2017). Fur-
thermore, an antibody against an LT from S. aureus
enhanced the host immune defense (Lorenz et al., 2011).
Also, LTs are critical for sporulation in Bacillus anthracis
and C. difficile (Nocadello et al., 2016) and downregulate
immune response signaling in response to N. gonorrhoeae
(Knilans et al., 2017). LTs are also vital for creating space
in the PG for inserting type III secretion systems and fla-
gella; interfering with either process decreases bacterial
virulence (Burkinshaw et al., 2015; Roure et al., 2012).
Finally, the inactivation of LTs in Stenotrophomonas mal-
tophilia leads to increased susceptibility to non-β-lactam
antibiotics aminoglycosides and macrolides, likely due to
increased membrane permeability due to LT inhibition
(Wu et al., 2016).

Tool compounds to probe LT-related mechanistic ques-
tions that might be starting points for drug development are
very limited, with only bulgecin A showing promising
potency. Bulgecin A is a natural product isolated from
P. acidophila and P. mesoacidophila (Imada et al., 1982), and
is a relatively broad-spectrum LT inhibitor (Dik et al., 2019;
Fibriansah et al., 2012; Imada et al., 1982; Kraft et al., 1999;
Nakao et al., 1986; Romeis et al., 1993; Skalweit & Li, 2016;
Templin et al., 1992; Thunnissen et al., 1995; Tomoshige
et al., 2018; van Asselt et al., 2000; Vijayaraghavan
et al., 2018;Williams et al., 2017; Zahrl et al., 2005). A second
LT inhibitor is NAG-thiazoline (Reid, Blackburn, &
Clarke, 2004; Reid, Blackburn, Legaree, et al., 2004), but it
inhibits only one LT, MltB; for example, it does not inhibit
E. coliMltE (Byun et al., 2018). Thionine acetate was shown
to inhibit Slt35 (Mezoughi et al., 2021). Unlike the last two
inhibitors, only bulgecin A has been crystallographically
confirmed to inhibit LTs (Fibriansah et al., 2012; Lee
et al., 2018; Thunnissen et al., 1995; Vijayaraghavan
et al., 2018;Williams et al., 2017).

While bulgecin A shows promising effects against dif-
ferent LTs from different organisms in either biochemical

2 of 17 KUMAR ET AL.

 1469896x, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.4683 by C

A
SE W

ESTER
N

 R
ESER

V
E U

N
IV

ER
SITY

, W
iley O

nline Library on [20/09/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



or microbiological assays, virtually no follow-up studies
advancing this compound or more potent derivatives have
been reported. This is likely due to bulgecin A being very
difficult to chemically synthesize as it is carbohydrate-based
and has eight chiral centers (Tomoshige et al., 2018). Fur-
thermore, in the only animal study, bulgecin A synergized
with a β-lactam antibiotic yielding only a small but signifi-
cant decrease in colonization of H. pylori in mice (Bonis
et al., 2012). The small effect was attributed to the instabil-
ity of bulgecin A in mice (Bonis et al., 2012), further illus-
trating the need to develop different inhibitors. Also, in
P. aeruginosa, bulgecin A was found to have poor penetra-
tion (Kim et al., 2023). Therefore, new inhibitor tool com-
pounds with different scaffolds are needed to facilitate
chemical synthesis and modification by medicinal chemis-
try to pursue specific or broad-spectrum LT inhibition
in vitro and in vivo. Our inhibitor design studies presented
herein targeted the LT Cj0843c from C. jejuni for the follow-
ing reasons: (1) its crystals can diffract to 1.87 Å resolution;
(2) crystallizes in two space groups; (3) is amenable to
ligand soaking experiments; (4) is similar to other donut-
shaped soluble LTs like Slt70; (5) its interactions with PG
have been studied by molecular dynamics (MD) simula-
tions, mutagenesis, and PG mimicking saccharide soaks;
and (6) binding and/or inhibition by bulgecin A can be
detected crystallographically, biophysically using thermal
shift assay, and enzymatically (Kumar, Mathure, et al.,
2021; Vijayaraghavan et al., 2018).

To design new LT inhibitors, we focused on maintain-
ing a moiety that bulgecin A (Figure 1) and the PG sub-
strate share and that is an N-acetyl-group containing a
six-membered ring, that is, N-acetyl-glucosamine
(GlcNAc). The GlcNAc moiety and N-acetylmuramic
acid, which is GlcNAc with a lactic acid moiety, are alter-
nating PG strand building blocks; the N-acetylmuramic
acid building blocks in PG are linked to peptide moieties.
Crystallographic studies of di- and trisaccharides of
GlcNAc bound to Cj0843c showed di- and trisaccharides
binding in two locations in the active site groove (Kumar,
Mathure, et al., 2021). These saccharide binding sites are
on either side of the catalytic E390 where PG cleavages
take place; GlcNAc moieties in the �2 and +1 subsites
make the most interactions compared to the moieties in
the other subsites (Kumar, Mathure, et al., 2021). To
develop new LT inhibitors, we generated GlcNAc deriva-
tives to explore interactions in the Cj0843c active site. In
addition, we modified the GlcNAc scaffold at two differ-
ent positions using structure-guided ligand design.
Finally, we probed N-acetyl-containing molecules that
have a different six-membered heterocyclic ring. Overall,
15 compounds were probed for their inhibition of
Cj0843c LT, and their binding modes were crystallo-
graphically investigated (Figure 1).

2 | RESULTS

2.1 | Cj0843c compound inhibition
studies

Based on initial docking calculations that probed the
binding of five potential analogs of GlcNAc to Cj0843c
(Supporting Information: Figure S1), these five and an
additional set of three GlcNAc analogs each with differ-
ent substituents at the O1 position (LV8036, LV8044,
LV8060, Z7146, Z7912, Z7285, Z3252, and Z3261) were
synthesized via Supporting Information: Scheme 1. Also,
two analogs of LV8060, Fv17b, and Fv16b, were synthe-
sized. This first analog, Fv17b, replaces the -OH group at
the ring C4 position with a -NH2 group (Supporting
Information: Figure S3 for synthesis details). The -OH at
this position in GlcNAc positioned in the +1 subsite
hydrogen bonds with E390 (Kumar, Mathure,
et al., 2021), so the introduced amine was designed to
form a potential salt-bridge interaction with E390. Resi-
due E390 is speculated to be protonated/neutral during a
key step in catalysis based on mechanistic analyses of this
and related LTs but could be deprotonated/charged in
other steps (Byun et al., 2018; Kumar, Mathure,
et al., 2021; Thunnissen et al., 1995; Vijayaraghavan
et al., 2018). A charged E390 could be the reason why
bulgecin A is quite a potent LT inhibitor since it positions
a positively charged secondary amine at 3.6 Å distance
from E390 (Vijayaraghavan et al., 2018). A second analog
of LV8060, Fv16b, was synthesized by adding a -CH3 to
the oxygen at the C6 position (Supporting Information:
Figure S3 for synthesis) to promote hydrophobic and/or
van der Waals interactions with several residues involv-
ing the Cγ atom of E498, the side chains of I501 and
Y502, and main chain atoms of I502-E498 which are in
an α helix. Finally, an additional GlcNAc analog was pur-
chased for testing, 4-nitrophenyl N,N0-diacetyl-β-D-
chitobioside. The GlcNAc analogs were tested for their
ability to inhibit Cj0843c (Figure 2). The compounds
show only modest inhibition, with Fv16b and Fv17b
being the most pronounced at the highest concentrations
tested (low mM). An IC50 could not be calculated from
these dose–response measurements for any of the tested
compounds due to their weak affinities as the inhibition
had not plateaued at the higher concentrations used in
the experiments.

In addition to the above-mentioned synthesized
compounds, we purchased three compounds that have
a different six-membered heterocyclic ring with an
N-acetyl group substituent: N-acetyl-2,3-dehydro-
2-deoxyneuraminic acid, siastatin B, and zanamivir
amine. These compounds were tested for their ability
to inhibit Cj0843c (Figure 2). An analog of N-acetyl-
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2,3-dehydro-2-deoxyneuraminic acid was designed and
synthesized, Fv32r, to replace the primary -OH group
with an -NH2 aimed to make a salt bridge interaction
with E390. This analog showed modest inhibition at
the higher concentrations tested (Figure 2). For com-
parison with the 15 analyzed inhibitors, we tested bul-
gecin A at 75 μM, which yielded 0.57 ± 0.2 fractional
activity of uninhibited Cj0843c, thus decreasing the
activity by 43%. This close to 50% inhibition of Cj0843c
observed for 75 μM bulgecin A is within a factor of 3 of
the previously measured Kd of 210 μM for bulgecin A
binding to Cj0843c using the thermal shift assay/
differential scanning fluorimetry (Vijayaraghavan
et al., 2018).

2.2 | Crystallographic analysis of
compound binding

We characterized the binding of the compounds by soak-
ing the compounds at 10 mM in crystals of Cj0843c and
determined the crystal structures of the complexes. All
15 compounds showed crystallographic evidence of bind-
ing to the active site of Cj0843c (Figures 3 and 4).

2.3 | GlcNAc analogs

All GlcNAc analogs bound only in the +1 +2 subsites
except for Z7285, for which two molecules were bound in

FIGURE 1 Chemical structures of compounds used in the study. The carbon numbering for the GlcNAc moiety of LV8036 is shown;

the carbon numbering for zanamivir amine is also shown.

4 of 17 KUMAR ET AL.
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FIGURE 2 Dose–response lytic transglycosylase activity of Cj0843c testing 15 inhibitors. Data are plotted as fractional lytic activity, with

1.0 being uninhibited. Panels (a–o) show Cj0843c inhibition by inhibitors LV8036, LV8044, LV8060, Fv16b, Fv17b, Z7146, Z7912, Z7285,

Z3252, Z3261, 4-nitrophenyl N,N0-diacetyl-β-D-chitobioside, N-acetyl-2,3-dehydro-2-deoxyneuraminic acid, zanamivir amine, Fv32r, and

siastatin B, respectively.
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FIGURE 3 Legend on next page.
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the active site (the +1 +2 and �2 �1 subsites; Figure 3).
The compounds all bind to the PG-binding groove on the
inner surface of the doughnut-shaped Cj0843c
(as illustrated for the two molecules of Z7285 binding to
Cj0843c in Figure 3l). The interactions of the GlcNAc
moieties in the +1 subsites all involve hydrogen bonds of
the N-acetyl group nitrogen with the backbone oxygen of
E390, the O3 hydroxyl with Q408, the O4 hydroxyl with
E390, and the O6 hydroxyl with the amide nitrogen of
the Q389 side chain (Figure 5). The latter interaction
likely involves a hydrogen bond accepting interaction by
the O6 hydroxyl as the orientation of the amide moiety of
the Q389 side chain is deduced from analysis of the
hydrogen-bonding network of the water that interacts
with the oxygen of the Q389 side chain and other inter-
acting atoms which are all hydrogen bond donors (R388,
R392, and the nitrogen of the N509 side chain). The
GlcNAc O1 substituents are situated in the +2 subsite,
which harbors the C-terminal end of the α-helix compris-
ing residues 377–390 (Figure 5). This +2 subsite region is
relatively hydrophobic due to the main chain conforma-
tion of S391 and R392; the +2 subsite harbors the non-
polar face of residues 391–392, the Cβ and Cγ atoms of
R392, and Y351. The O1 substituents do not make direct
hydrogen bond interactions; Z3253, Fv17b, and Z7285 do
however make water-mediated hydrogen bonds
(Figure 5e,i,j, respectively).

The designed Fv16b compound binds as intended by
maintaining its four GlcNAc hydrogen bonds (Figure 5h).
This includes the O6 atom, which is now an ether in
Fv16b instead of an alcohol; this O6 hydrogen bond
acceptor atom is making a 2.9 Å hydrogen bonding inter-
action with the nitrogen of the Q389 side chain
(Figure 5h). The added methyl at the O6 position makes
hydrophobic interactions with the Cγ atom of E498
(3.9 Å), Cα of Y502 (4.3 Å), and is slightly more distant
from the Cγ2 atom of I501 (4.5 Å; Figure 5h).

The design of the methyl addition to the O6 atom of
GlcNAc to improve affinity for Cj0843c could also be
tried in other LTs as the GlcNAc moieties from reaction
products or PG fragments bind identically in their respec-
tive +1 subsites (Supporting Information: Figure S4; van

Asselt et al., 1999). In addition, the hydrophobicity of the
residues in the region where the O6 methyl is introduced
is relatively conserved: residues E498 and Y502 are highly
conserved in four LTs (Supporting Information:
Figure S4; van Asselt et al., 1999). Furthermore, I501 in
Cj0843c is a G586 in E. coli Slt70, and although the other
LTs have more polar residues at this position, Q609 in
P. aeruginosa Slt, R191 in E. coli MltE, and D583 in
N. meningitidis LtgA, in each case these residues position
their hydrophobic Cγ and/or Cβ atoms facing this hydro-
phobic region (Supporting Information: Figure S4b–d;
van Asselt et al., 1999).

Like Fv16b, Fv17b also binds as anticipated
(Figure 5i). The -NH2 group introduced at the C4 position
in Fv17b is making a 3.0 Å interaction with E390, likely a
salt bridge interaction (Figure 5i). The possibility of such
a salt bridge with E390, a stronger interaction than a
hydrogen bond, agrees with the improved inhibition of
Fv17b over LV8060. Like for Fv16b, the Fv17b design
could also be tried for inhibitor design in other LTs since
the catalytic glutamic acid is conserved.

Superimposing the GlcNAc analog-bound Cj0843c
structures reveals that their GlcNAc moieties are situated
in the same +1 subsite positions, yet their O1 substituent
position varies depending on the nature of the substitu-
ents (Figure 6). Although the GlcNAc rings show mini-
mal variation in their position, one of the compounds has
its ring slightly more shifted regarding its C4 and C6
groups, which is Fv17b (Figure 6). This perhaps signifi-
cant shift in the Fv17b saccharide ring could be due to
the -NH2 at the ring C4 position instead of the -OH.
Alternatively, the shift could be merely due to the more
modest resolution of this 2.48 Å resolution Fv17b
Cj0843c complex structure. The superposition includes
the substrate-mimicking GlcNAc trisaccharide-bound
Cj0843c structure (Kumar, Mathure, et al., 2021), indicat-
ing that the analogs' GlcNAc moiety in the +1 subsite
makes PG substrate-like interactions.

One of the GlcNAc analogs, Z7285, was bound in two
locations in the active site, including the �2 �1 subsites
(Figures 3j and 5j). This latter binding mode for Z7285
was similar to that obtained by docking calculations

FIGURE 3 Unbiased omit electron density of GlcNAc-containing inhibitors bound in the Cj0843c active site. Electron density was

calculated after the removal of the inhibitors from the model, followed by 10 cycles of Refmac refinement. Density is contoured at the 3 σ
level. The inhibitors are shown in stick model with cyan-colored carbon atoms; the protein is shown in a cartoon representation with nearby

residues labeled and shown in the stick model. Alternative side-chain conformations are labeled a and b. The saccharide subsites at labeled

in bold (e.g., +1). (a) LV8046. (b) LV8044. (c) LV8060. (d) Z7912. (e) Z3252. (f) Z7146. (g) Z3261. (h) Fv16b. (i) Fv17b. (j) Z7285 with two

inhibitors bound in the active site. (k) 4-nitrophenyl N,N0-diacetyl-β-D-chitobioside. (l) Zoomed-out view of the doughnut-shaped Cj0843c

with two Z7285 molecules bound in the active site. The two Z7285 molecules (labeled 1 and 2 in the �2 �1 and +1 +2 subsites, respectively)

are shown as stick with cyan carbon atoms. The N-terminal NU domain (teal), U domain (light blue), L domain (pale red), and catalytic C

domain (gray) are shown. The catalytic E390 is depicted as spheres with purple carbon atoms.
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(Supporting Information: Figure S1). The nitrogen atom
of the 2-pyrrolidinone moiety of Z7285 makes a 3.0 Å
hydrogen bond with the backbone oxygen of N464
(Figure 5j). Also, the carbonyl oxygen of the
2-pyrrolidinone moiety of Z7285 makes hydrogen bonds
with N464 and E390 (3.2 and 2.3 Å distance, respec-
tively). This latter interaction suggests that E390 is pro-
tonated, being the hydrogen bond donor for this
interaction with the carbonyl oxygen of Z7285.

To gain insights into the individual affinities of the two
Z7285 binding sites, we carried out a dose–response-type
soaking experiment where we lowered the concentration
from our initial 10 mM to 3 and 1 mM and subsequently
collected two additional diffraction data sets. Refinement
of the 3 and 1 mM Z7285 soaked Cj0843c structures, and
subsequent analysis of the unbiased active site density

revealed that at 1 mM, no strong ligand density was pre-
sent for either binding mode (Supporting Information:
Figure S5). For the 3 mM-soaked data set, only strong
Z7285 density was observed for the +1 +2 subsites
(Supporting Information: Figure S5). These results indicate
that the +1 +2 binding site has a higher affinity for Z7285
with an estimated in-crystal affinity between 1 and 3 mM,
whereas the �2 �1 subsite is estimated to have an in-
crystal affinity between 3 and 10 mM. These Z7285 dose–
response soaking experiments agree with an analysis of
the temperature factors of the ligand and protein atoms in
the 10 mM Z7285 Cj04843c complex using color-ramping
(Supporting Information: Figure S6). This analysis indi-
cates that the moiety with the lowest ligand temperature
factors is the GlcNAc moiety in the +1 subsite, suggesting
it is the more ordered moiety.

FIGURE 4 Unbiased omit electron density of siastatin B and deoxy-neuraminic acid analogs bound in the Cj0843c active site. Density,

inhibitor, and protein representation are in Figure 3. (a) Zanamivir amine. (b) N-acetyl-2,3-dehydro-2-deoxyneuraminic acid. (c) Fv32r.

(d) Siastatin B.
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The above results indicate that the +1 +2 subsites
can more readily bind GlcNAc-containing molecules
compared to the �2 �1 subsites. This preference could
be due to the larger number of hydrogen bonds GlcNAc

makes in the +1 versus the �2 subsite (4 and 2, respec-
tively). This unanticipated preference of GlcNAc analogs
for the +1 +2 subsites likely affected the docking predic-
tions that targeted the �2 �1 subsites where bulgecin A

FIGURE 5 Interactions of GlcNAc-containing inhibitors bound in the Cj0843c active site. Inhibitor and protein representation are as in

Figure 3, with hydrogen bonds depicted as dashed lines. Water molecules are shown as red spheres and are labeled “W#x.” Panels (a–k),
same inhibitors as in Figure 3a–k.
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binds. Of the five molecules that were initially predicted,
via docking, to bind to the �2 �1 subsites to position an
oxygen atom to interact with E390 (LV8036, LV8044,
LV8060, Z7912, and Z7285; Supporting Information:
Figure S1), only Z7285 bound in this subsite region and
the +1 +2 subsites whereas the others only bound in the
+1 +2 subsite region (Figure 5). The oxygen atoms of the
different substituents at the O1 position that are docked
and predicted to form hydrogen bonds with the proton-
ated E390 are in close proximity to the GlcNAc moiety
binding to the +1 subsite (Supporting Information:
Figure S1). In particular, these oxygen atoms predicted to
interact with E390 are in close proximity to the +1 sub-
site GlcNAc hydroxyl at the C4 position (Supporting
Information: Figure S1) that also hydrogen bonds to the
same E390 (Figure 5). The docked binding modes in the
�2 �1 subsite region would be, therefore, sterically hin-
dered by a second GlcNAc analog also binding to the +1
+2 subsites unless the O1 substituent is small enough to
shift over as occurred for Z7285 (Figure 5j and Support-
ing Information: Figure S1a).

In addition to steric hindrance, the binding of a GlcNAc
analog to the +1 position could influence the protonation
state of E390 as suggested by MD simulations or, if proton-
ated, perhaps affect which oxygen atom of E390 harbors
the proton, thus further complicating future docking
endeavors. An additional complicating factor regarding the
protonation state of E390 is that the pH of 7.5 of the assay
is somewhat higher than the pH of 5.9 used for the soaking
experiments. This 1.6 pH unit difference together with the
chemical differences of the inhibitors of which some of
them are aimed to influence the protonation state of E390
further complicate computational inhibitor design for LTs.
For instance, MD simulations of Cj0843c with a PG strand
substrate bound suggested that E390 is protonated, whereas
MD simulations with di- and trisaccharides of GlcNAc
bound in the +1 subsite, mimicking the product-bound
state, indicated E390 is deprotonated (Kumar, Mathure,
et al., 2021; Vijayaraghavan et al., 2018); these changes in
catalytic Glu protonation state were also previously postu-
lated for Slt70 (Thunnissen et al., 1995).

2.4 | Zanamivir amine analogs and
siastatin B

N-acetyl-2,3-dehydro-2-deoxyneuraminic acid, zanami-
vir amine, and siastatin B were all crystallographically
observed to bind to the �2 subsite active site region of
Cj0843c extending into the �1 subsite (Figures 4 and
7). Based on the observed N-acetyl-2,3-dehydro-
2-deoxyneuraminic acid and zanamivir amine interac-
tions, Fv32r was designed and synthesized to replace

the terminal -OH with an -NH2 group to introduce a
salt bridge interaction with E390. Fv32r is bound to the
same active site region in a similar fashion (Figures 4
and 7). Siastatin B is also bound in the �2 subsite
region and has a secondary amine in its 6-membered
ring instead of an oxygen as the other compounds. All
the compounds position their N-acetyl group in the
same pocket with the amide oxygen and nitrogen
atoms interacting with the main chain nitrogen of
M410 and the oxygen atom of Y463, respectively. These
are the same interactions that the N-acetyl group of
GlcNAc of bulgecin A and the di- and trisaccharides
make in the �2 subsite of the Cj0843c active site
(Kumar, Mathure, et al., 2021; Vijayaraghavan
et al., 2018). The glycerol substituent at position 6 of
zanamivir amine and N-acetyl-2,3-dehydro-
2-deoxyneuraminic acid makes hydrogen bonds with
the backbone oxygen of Q408 and the E390 side chain
(Figure 7). The primary alcohol group at the C9 posi-
tion also interacts with E390 in the N-acetyl-2,-
3-dehydro-2-deoxyneuraminic acid complex but is
more disordered in the zanamivir amine complex

FIGURE 6 Superposition of GlcNAc-containing compounds

and analogs bound in the +1 +2 subsites of Cj0843c. The following

molecules are shown with the color of their carbon atoms listed in

parentheses: GlcNAc trisaccharide (PDBid 7LAM; Kumar,

Mathure, et al., 2021); gray; also bound in �2 �3 �4 subsites),

GlcNAc disaccharide (PDBid 7LAQ; Kumar, Mathure, et al., 2021);

pink; also bound in +1 and +2 subsites), Fv17b (green), LV8060

(cyan), 4-nitrophenyl N,N0-diacetyl-β-D-chitobioside (orange),
Z3252 (dark gray), Z3261 (pink), Z7146 (blue green), Z7285 (green,

also bound in +2 +1 subsites), Z7912 (purple), Fv16b (golden

yellow), LV8036 (dark blue), and LV8044 (yellow). The carbon

numbering for GlcNAc in the +1 subsite is shown. Nearby protein

residues are shown in ball-and-stick representation (with gray

carbon atoms), and conserved hydrogen bonds are depicted as

dashed lines.
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(Figures 4c and 7c). The interactions of Fv32r are similar as
compared to N-acetyl-2,3-dehydro-2-deoxyneuraminic acid
with the introduced -NH2 group also interacting with E390,
likely forming a salt bridge interaction (Figure 7c).

Siastatin B also makes N-acetyl group-mediated
hydrogen bonds with the backbone oxygen of M410
(3.0 Å) and backbone nitrogen of Y463 (3.3 Å; Figure 7d).
In addition, siastatin B, via its secondary amine ring
nitrogen, makes a 2.8 Å hydrogen bond with the back-
bone oxygen of Q408 (Figure 7d). This secondary amine
ring nitrogen is also at 4.5 Å distance from E390 poten-
tially making an electrostatic interaction. Finally, siasta-
tin B makes hydrophobic interactions with A403 and two
water-mediated interactions.

Comparison of all the compounds observed to bind to
the �2 subsite of Cj0843c reveals a range of different ori-
entations of the N-acetyl-containing six-membered het-
erocyclic rings (Figure 8). These compounds maintain
their N-acetyl amide group active site hydrogen bonds
yet reorient the ring as well as the methyl group of the
N-acetyl moiety (Figure 8). The apparent pivot point cen-
ters around the amide (maintaining hydrogen bonds with
M410 and Y463) with the rings of Z7285 and siastatin B
being the two extremes of the varying compound orienta-
tions. For the Z7285 complex, its six-membered ring is
closer to the �3 subsite than any other compounds,
whereas the ring in siastatin B is mostly situated in the
�1 subsite (Figure 8). The methyl moiety of the N-acetyl
group is situated in a hydrophobic pocket comprised of
Y463, F409, L413, and H445, and its position varied by as
much as 1.5 Å among the different compounds.

3 | DISCUSSION

Fifteen new Cj0843c inhibitors are presented herein,
whose binding modes are all crystallographically con-
firmed. Their apparent affinities are all relatively weak
and likely to be in the low mM range, but all are stoichio-
metrically bound when crystals are soaked at 10 mM con-
centrations suggesting their Kd values are below 10 mM.
The inhibition data using the EnzChek assay suggests a
similar mM affinity for the inhibitors. Despite their low
affinity, this study is the first advancement of new inhibi-
tors for LTs that have been crystallographically con-
firmed since bulgecin A. The broad-spectrum LT
inhibitor bulgecin A is a natural product and was discov-
ered in 1982 (Imada et al., 1982), found to inhibit LTs in
1992 (Templin et al., 1992), and crystallographic binding
to an LT confirmed in 1995 (Thunnissen et al., 1995) and
later in other LTs (Fibriansah et al., 2012; Lee et al., 2018;
Vijayaraghavan et al., 2018; Williams et al., 2017). The

eight chiral centers of this natural product leading to the
difficulty of chemically synthesizing bulgecin A has likely
hampered the field in finding novel analogs (Tomoshige
et al., 2018). Our studies have shown that Cj0843c-
inhibiting derivatives of O1-substituted GlcNAc mole-
cules can be relatively easily synthesized. In addition,
modification of the GlcNAc scaffold by changes at the
carbon 4 and 6 positions (Fv17b and Fv16b, respectively)
improve inhibitory potency. Furthermore, in addition to
the GlcNAc scaffold, compounds with two different yet
related scaffolds were found to inhibit Cj0843c: zamami-
vir amine (and analogs) and siastatin B. Comparing
N-acetyl-2,3-dehydro-2-deoxyneuraminic acid and Fv32r,
the change of the -OH to -NH2 at the C9 position to make
a salt-bridge interaction with E390 did not seem to
increase affinity possibly due entropic considerations of
the rotational freedom around the C8-C9 bond. Compar-
ing N-acetyl-2,3-dehydro-2-deoxyneuraminic acid and
zanamivir amine, the change of the -OH to -NH2 at the
C4 position to generate a possible favorable helix dipole
interaction (Hol, 1985), being near the C-terminus of the
α helix comprising residues 456–464, did not improve
inhibition.

Our studies show that compounds binding to the �2
and +1 subsite regions can inhibit an LT, indicating that
both regions can be exploited for LT inhibitor design.
The Cj0843c inhibitor studies also suggest that the +1
subsite has a higher affinity for GlcNAc moieties than the
�2 subsite as only one analog bound in the latter region
while also still binding to the +1 subsite region.

The ability of neuraminidase/sialidase inhibitors sias-
tatin B (Kudo et al., 1993; Tailford et al., 2015), N-acetyl-
2,3-dehydro-2-deoxyneuraminic acid (Magesh
et al., 2008), Fv32r (previously also synthesized as
4-amino-DANA (Smith et al., 2001)), and the zanamivir
precursor zanamivir amine (Caceres et al., 2022) to
inhibit Cj0843c suggests that such inhibitors could be
starting points for design of more-potent LT inhibitors.
Zanamivir is FDA-approved to treat flu, and many siali-
dase inhibitor analogs have previously been synthesized
(Keil et al., 2022; Laborda et al., 2016), which could be
tested for their ability to inhibit LTs.

The inhibitor results presented herein also increase
our mechanistic understanding of Cj0843c. Three pieces
of evidence point to that the +1 binding subsite has a
higher affinity for binding GlcNac than the �2 subsite;
this could be important for what part of a PG strand
binds first to the Cj0843c active site. First, only one
GlcNAc analog was found to bind in the �2 subsite,
whereas all 11 GlcNAc compounds bound to the +1 sub-
site (Figure 2). Second, the dose–response soaking experi-
ment of Z7285 indicated a higher affinity for the +1

KUMAR ET AL. 11 of 17

 1469896x, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.4683 by C

A
SE W

ESTER
N

 R
ESER

V
E U

N
IV

ER
SITY

, W
iley O

nline Library on [20/09/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



subsite (Supporting Information: Figure S5). Third, the
B-factor comparison of Z7285 indicated that GlcNAc
binding to the +1 subsite is more ordered than in the �2
subsite (Supporting Information: Figure S6). In addition
to these possibly mechanistically-relevant PG GlcNAc
subsite binding differences, our inhibition studies also
suggest that the protonation state of E390 can be modu-
lated by different ligands. We hypothesize that E390 was
protonated/neutral when bound to 10 mM Z7285 yet was
deprotonated/charged when bound to Fv17b. These
results complement our previous mechanistic Cj0843c
studies on PG binding and varying protonation states for
E390 (Kumar, Mathure, et al., 2021; Vijayaraghavan
et al., 2018).

In summary, our studies have provided novel opportu-
nities for LT inhibition. First, we have shown that rela-
tively easy-to-synthesize O4 analogs of GlcNAc can target
both the �2 �1 and the +1 +2 subsite regions of Cj0843c.
Second, in addition to the �2 �1 subsite that bulgecin A
binds to, the +1 +2 subsite can also be targeted for LT

inhibition, with our data suggesting the latter subsite hav-
ing a likely higher affinity for GlcNAc analogs. Third,
modifications of GlcNAc at the 4 and 6 positions can
improve inhibition of Cj0843c and could be explored for
other LTs. Fourthly, the finding that known sialidase
inhibitors can bind Cj0843c by positioning their N-acetyl
group in the �2 subsite pocket and having additional moi-
eties make interactions in the �1 subsite suggest they
could be starting points for future LT inhibitor design.
Finally, our structural comparison suggests that some of
the inhibitors could also bind other LTs possibly enhanc-
ing the broader impact of these inhibitors.

4 | MATERIALS AND METHODS

4.1 | Compounds

Compounds 4-nitrophenyl N,N0-diacetyl-β-D-chitobio-
side, N-acetyl-2,3-dehydro-2-deoxyneuraminic acid, and

FIGURE 7 Interactions of siastatin B and deoxy-neuraminic acid analogs bound in the Cj0843c active site. Protein and inhibitor

representations are as in Figure 5. Panels (a–d), same inhibitors as in Figure 4a–d.
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siastatin B were purchased from Sigma-Aldrich. Zanami-
vir amine was purchased from Toronto Research Chemi-
cals. Bulgecin A was a kind gift from Andy-Mark
Thunnissen (University of Groningen).

4.2 | Design of GlcNAc derivatives

Starting with a GlcNAc moiety is hypothesized to give
the inhibitors an initial affinity since both the PG sub-
strate, model di- and trisaccharide PG mimics, and bulge-
cin A have a GlcNAc moiety positioned in the �2 and/or
+1 subsites (Kumar, Mathure, et al., 2021;
Vijayaraghavan et al., 2018). GlcNAc analogs varying at
the anomeric O1 position can be synthesized using nucle-
ophilic substitution reaction involving chloride-
substituted GlcNAc and an alcohol (Guo et al., 2011). We
computationally tested many GlcNAc derivatives that
could be generated using alcohols with a single hydroxyl
group present in commercially available alcohol com-
pound libraries from WuXi AppTec and Enamine Ltd.

Docking calculations to probe compound binding to
Cj0843c were done using Schrodinger's GLIDE package
(Friesner et al., 2006) as done previously (Vijayaraghavan
et al., 2016). Additionally, MD simulations to probe the
stability of ligand complex were carried out using Schro-
dinger's DESMOND package (Bowers et al., 2006) as
done previously (Kumar, Mathure, et al., 2021; Kumar,
Viviani, et al., 2021). Compounds were computationally
tested both in the �2 �1 subsites (with the GlcNAc in
the �2 subsite) and the +1 +2 subsites (with GlcNAc in
the +1 subsite) as guided by our previous structural work
of GlcNAc-GlcNAc disaccharide binding to Cj0843
(Kumar, Mathure, et al., 2021).

4.3 | Synthesis of GlcNAc derivatives

The following compounds were synthesized by WuXi
AppTech; the final product was analyzed by liquid
chromatography–mass spectrometry (LCMS) and nuclear
magnetic resonance (NMR) (purity, as assessed by LC, is
listed in brackets): LV8036 (100%), LV8044 (99.5%),
LV8060 (100%), Fv16b (96.9%), Fv17b (100%), and Fv32r
(93.7%). LCMS data and NMR spectra are in Supporting
Information: Figure S2. Synthesis of the GlcNAc deriva-
tives LV8036, LV8044, and LV8060 started from the com-
mercially available acetyl-protected and chloro-
substituted-GlcNAc compound and involved the 2-
methyl-4,5-(3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyrano)-
Δ2-oxazoline intermediate (Seth & Prakash, 2015; Sup-
porting Information: Scheme 1). The more complex syn-
thesis of Fv16b, Fv17b, and Fv32r carried out by WuXi
AppTec is described in Supporting Information:
Figure S3.

The following compounds were synthesized by Enamine
Ltd in a similar manner and likewise characterized: Z7146
(100%), Z7912 (�91%), Z7285 (95%), Z3252 (100%), and
Z3261 (100%) (Supporting Information: Figure S2).

4.4 | Protein purification of Cj0843c

Purification of Cj0843c for crystallization and activity mea-
surements was carried out using His-tag purification, and
size-exclusion chromatography as previously described
(Kumar, Mathure, et al., 2021; Vijayaraghavan et al., 2018).

4.5 | Activity assay for Cj0843c

Activity assays probing small-molecule inhibition of
Cj0843c were carried out using the lysozyme EnzChek
assay kit (Thermo Fisher Scientific) as done previously

FIGURE 8 Superposition of N-acetyl-group containing

compounds bound in the �2 �1 subsites of Cj0843c. The following

molecules are shown with the color of their carbon atoms listed in

parentheses: GlcNAc disaccharide (PDBid 7LAQ; Kumar, Mathure,

et al., 2021; pink; also bound in +1 and +2 subsites), bulgecin A

(PDBid 6CFC; Vijayaraghavan et al., 2018, dark gray), zanamivir

amine (orange), N-acetyl-2,3-dehydro-2-deoxyneuraminic acid

(yellow), Z7285 (green; also bound in +1 and + 2 subsites), Fv32r

(purple), and siastatin B (cyan). Key nearby protein residues are

shown in ball-and-stick representation (with gray carbon atoms).

The range of different orientations of the N-acetyl-substituted ring

containing compounds in the active site pivoting around the

N-acetyl amide moiety is indicated by the purple arrow (for the

methyl group of the N-acetyl moiety) and blue arrow (for the

6-membered ring). The approximate pivot point of the amide

moiety of the compounds N-acetyl group is indicated by the blue

dotted oval and red dotted oval for the amide's nitrogen and oxygen

atoms, respectively, interacting with the main chain oxygen of Y463

and main chain nitrogen of M410, respectively.
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(Kumar, Mathure, et al., 2021). Black 96-well plates (poly-
styrene half area, medium binding) were used for the
assay with a reaction volume of 100 μL per well. Inhibitor
stock solutions were made in DMSO or water depending
on compound solubility. Each 100 μL reaction contains
50 μL of buffer (100 mM Tris pH 7.5 and 100 mM NaCl),
protein (5 μM final concentration), and compound (10 μL
compound was included in that initial 50 μL volume at
varying concentrations). The EnzChek fluorescent PG sub-
strate was dissolved in MilliQ water to make a 1 mg/mL
stock suspension, as per kit instructions, and was vortexed
to ensure the substrate had not settled to the bottom, and
50 μL was added to each well to start the reaction. The
plate was sealed with clear tape and placed in a plate
reader at 25�C (iD3 plate reader from Molecular Devices).
The fluorescence signal was measured per assay kit
instructions over the course of 3 h with moderate shaking
in between reads to prevent the substrate from settling at
the bottom of the plate. Experiments were done in dupli-
cate, and results were analyzed using GraphPad software.
Data were plotted as the percentage of uninhibited
Cj0843c activity with the no-enzyme control set as 0%. For
comparison, bulgecin A was also tested for its inhibition of
Cj0843c, but due to limited quantities of this natural prod-
uct, only one duplicate measurement was done at 75 μM
bulgecin A concentration.

4.6 | Crystallization and inhibitor
soaking of Cj0843c crystals

Cj0843c protein in 10 mM HEPES pH 8.0, 200 mM ammo-
nium acetate buffer was concentrated to 10 mg/mL and
crystallized using a hanging drop vapor diffusion method in
a 24-well VDX plate (Hampton Research). The reservoir
solution consisted of 0.1 M sodium citrate pH 5.9 and 26%
(v/v) PEG 600. The crystallization drops are comprised of
1 μL protein and 1 μL reservoir. Crystals were observed
after 3 days. Most crystals were soaked for 1 h in the
mother liquor buffer containing 10 mM concentration of
the inhibitor and were subsequently mounted in cryo loops
and flash-frozen in liquid nitrogen for x-ray diffraction anal-
ysis. The exceptions to these soaking concentrations or
times are Z7912 which was soaked for 30 min at 10 mM,
and Z7285, which was soaked at three different concentra-
tions (10, 3, and 1 mM) for 1 h for crystallographic dose–
response analysis.

4.7 | Synchrotron data collection and
refinement of Cj0843c inhibitor complexes

Data were collected at the NSLS-II and SSRL synchro-
tron facilities and processed using XDS (Kabsch, 2010),

except for Fv32r, which was processed using HKL-3000
(Minor et al., 2006; see Supporting Information:
Table S1 for data collection statistics). The structures
were solved via molecular replacement with Phaser
(McCoy et al., 2007) using the apo Cj0843c coordinates
as the search model (PDB ID 6CF9; Vijayaraghavan
et al., 2018). Crystals of the inhibitor Cj0843c complexes
diffracted to a resolution ranging from 1.83 to 2.48 Å.
The structures were refined using Refmac (Murshudov
et al., 2011) and PHENIX (Adams et al., 2010), and
manual model building was done using COOT
(Emsley & Cowtan, 2004). After initial refinement, the
active site contained electron density for the inhibitors.
Refinement parameters for the inhibitors were gener-
ated using AceDRG (Long et al., 2017), and the inhibi-
tors were included in subsequent refinement steps.
Additional buffer components were located in electron
density maps and included in the refinement (see Sup-
porting Information: Table S1 for refinement details).
Molecular figures were generated using Pymol (www.
pymol.org). Coordinates and structure factors for the
inhibitor Cj0843c complexes LV8036, LV8044, LV8060,
Fv16b, Fv17b, Z3252, Z3261, Z7146, Z7912, 10 mM
Z7285, 3 mM Z7285, 1 mM Z7285, 4-nitrophenyl N,N0

diacetyl-β-D-chitobioside, zanamivir amine, N-acetyl-2,-
3-dehydro-2-deoxyneuraminic acid, Fv32r, and siastatin
B have been deposited with the Protein Data Bank with
PDB ID codes 8GEZ, 8GF0, 8GF1, 8GFB, 8GFC, 8GFD,
8GFE, 8GFF, 8GFG, 8GFH, 8GFI, 8GFJ, 8GFL, 8GFM,
8GFP, 8GFQ, and 8GFS, respectively.
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