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IspE kinase as an anti-infective target: Role of a
hydrophobic pocket in inhibitor binding
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Hamid et al. investigate IspE kinase
homologs from pathogenic bacteria,
revealing structural differences that
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subpocket for inhibitor design. This study
offers valuable insights for developing
potent and selective inhibitors targeting
the MEP pathway in pathogenic
microorganisms.
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SUMMARY

Enzymes of the methylerythritol phosphate (MEP) pathway are potential targets for antimicrobial drug dis-
covery. Here, we focus on 4-diphosphocytidyl-2-C-methyl-D-erythritol (IspE) kinase from the MEP pathway.
We use biochemical and structural biology methods to investigate homologs from pathogenic microorgan-
isms; Escherichia coli, Klebsiella pneumoniae, and Acinetobacter baumannii. We determined the X-ray crys-
tal structures of IspE-inhibitor complexes and studied inhibitors’ binding modes targeting the substrate
pocket. The experimental results indicate the need for distinct inhibitor strategies due to structural differ-
ences among IspE homologs, particularly for A. baumannii IspE, which displays a unique inhibitory profile
due to a tighter hydrophobic subpocket in the substrate binding site. This study enhances our understanding
of the MEP enzymes and sets the stage for structure-based drug design of selective inhibitors to combat

pathogenic microorganisms.

INTRODUCTION

There is a growing need for new anti-infectives. The world is rac-
ing to identify new microbial targets to combat multidrug-resis-
tant pathogens."” The 2C-methyl-D-erythritol 4-phosphate
(MEP) pathway is a rich source of attractive underexplored
anti-infective targets®* due to its role in the production of the uni-
versal precursors of isoprenoids, especially in pathogenic micro-
organisms.>® Unlike humans, many of these microorganisms
rely on the MEP pathway for the synthesis of the isoprenoids
building blocks, isopentenyl diphosphate (IDP) and dimethylallyl
diphosphate (DMADP). Several Gram-negative bacteria, like Es-
cherichia coli, Klebsiella pneumoniae, and Acinetobacter bau-
mannii depend on this pathway for isoprenoid production.”®
Constituent enzymes of the MEP pathway are validated anti-
infective drug targets as confirmed through the in vivo efficacy
of the antimalarial drug fosmidomycin, which targets the path-
way’s second step catalyzed by the enzyme IspC.%°

This study focuses on the only kinase present in the MEP
pathway, the IspE kinase. The IspE gene (ychB) was first identi-
fied in 1999 by Luttgen et al. as the enzyme that follows IspD in
the MEP pathway. They provided evidence of ATP-dependent
phosphorylation of the substrate 4-diphosphocytidyl-2-C-
methyl-D-erythritol (CDP-ME)'" (Figure 1). Building upon these
findings, further investigations led by Kuzuyama and his team,
confirmed the role of the ychB gene and provided additional in-
sights into its kinetic product.’? Until now, IspE crystal structures

have been elucidated for Aquifelix aeolicus IspE (AalspE, PDB:
2VF3),"® E. coli IspE (EclspE, PDB: 10J4),"* Thermus thermophi-
lus (TtlspE, PDB: 1UEK),"® and Mycobacterium tuberculosis
(MtblspE, PDB: 3PYD).'®

IspE kinase, an ATP-dependent enzyme, shares structural
similarities with the galactokinase, homoserine kinase, mevalo-
nate kinase, and phosphomevalonate kinase (GHMP) enzymes.
The active site of this family is characterized by five regions
responsible for binding the substrate CDP-ME and the co-factor
ATP. These regions interact specifically with adenosine, methyl-
erythritol, cytidine, and phosphate groups. Additionally, there is
a small hydrophobic pocket that is partially accommodated by
the methyl group of the substrate CDP-ME."*"'® In contrast to
most GHMP kinases, IspE is mostly present in solution as a
monomer.”” Two available structures of E. coli IspE show two
molecules in the asymmetric unit (ASU). Notably, each crystal
lattice configuration is distinct. A structure of IspE in complex
with CDP-ME and ATP (PDB: 10J4) has a 2-fold symmetry.'*
On the other hand, a complex structure of IspE and ADP (PDB:
2WW4), lacks this symmetry, and parts of both molecules in
the ASU are found too close to each other’s active site, specif-
ically the CDP-ME pocket.'® This proximity leads to enzyme
inactivity in vivo because of the unavailable substrate pocket.
This suggests that the formation of two molecules in the ASU
is a result of the crystallization process itself. This arrangement
seems to be predominant in the IspE crystal lattice, which poses
a challenge in drug design. Attempting to co-crystallize/soak
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inhibitors targeting the substrate-binding site to elucidate their
binding mode is hampered by an essentially unavailable pocket.

Here we focus on the structural analysis of IspE from human
pathogens, namely, E. coli, K. pneumoniae, and A. baumannii.
We study the interactions between the ligand and the active
site of IspE from these three pathogens. By investigating these
aspects, the study seeks to gain a deeper understanding of the
IspE enzymes in these human pathogens and their potential as
targets for developing new anti-infective agents.

RESULTS AND DISCUSSION

Kinetic characterization of IspE from E. coli,
K. pneumoniae, and A. baumannii
To characterize IspE kinase homologs and their inhibitor binding
properties, the plasmids containing IspE genes for expressing
IspE from E. coli, K. pneumoniae, and A. baumannii (from
BioCat GmbH) were transformed into E. coli B21(DES3), the cor-
responding proteins overexpressed, purified, and their quality
analyzed. The activities of the isolated enzymes from the three
pathogens were measured by coupling the IspE kinase activity
to the auxiliary enzymes lactate dehydrogenase and pyruvate ki-
nase, using a spectrophotometric assay that quantifies the
reduction in the absorption of NADH at 340 nm."®

E. coliIspE showed a KPP ~ME 6f 200 uM (Vimax 171 ptM min~")
and KATF of 420 uM (Vimax 195 uM min~"). For K. pneumoniae
IspE, the apparent K,,P"™ME was 170 pM (Vmax 119 pM min~")
and KA was 348 uM (Vimax 121 pM min~"). These kinetic values
are in the same range as those reported previously.'®'%2° E. coli
and K. pneumoniae IspE share a sequence homology of 84%,
which is also reflected in their kinetic and structural similarity (dis-
cussed in the following). A. baumannii IspE shows comparable
values with a K" of 474 uM (Vmax 153 pM min~"); however,
it shows slightly higher values of K,°PP~ME: 358 UM (Vinax
112 uM min~") (Figure S1). Noteworthily, A. baumannii IspE
shares only 39% sequence identity with E. coli and 42% with
K. pneumoniae. Specifically, the sequence alignment from the
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an oligomeric state (Figure S3). This
observation agrees with earlier studies on other IspE kinase ho-
mologs and indicates that IspE operates as a monomer, with the
active site formed within a single polypeptide unit, without any
evident involvement from another subunit in the catalytic pro-
cess.'®'%'8 The determined biochemical and kinetic values
were subsequently used to optimize assay conditions for each
homolog to evaluate inhibitory activity.

Molecular structure of K. pneumoniae IspE is highly
similar to E. coli IspE, but crystal packing conceals
substrate binding pocket

The 3D structure of K. pneumoniae IspE was determined at a res-
olution of 1.8 A using molecular replacement and further refined
to R-work and R-free values of 19% and 22%, respectively
(PDB: 8CKH). E. coli and K. pneumoniae both belong to the
Enterobacteriaceae family, with an 84% sequence identity.
Predictably, they show similar structural features reflected in a
root-mean-square deviation (RMSD) of 0.557 A. In addition,
conserved residues between the two homologs are involved in
binding to ATP and the substrate CDP-ME.

The orthorhombic K. pneumoniae IspE crystals contain two
molecules in the ASU that bury an interface of 1,167 A2 by a total
solvent-accessible surface area of 24,927 A2, Strands 2 and B3
and the connecting turn from one molecule point into the sub-
strate binding site of another molecule. This site is occupied by
the phosphate of the substrate CDP-ME in the monoclinic crystal
form of E. coli IspE. The association between the two molecules
in K. pneumoniae IspE seems to be promoted by a hydrogen
bond between the side chain of Arg22 and the main chain of
Leu137, with an average distance of 2.8 A. Such packing of
the two molecules prevents substrate or inhibitor binding
(Figure 2).

Similar crystallization artifacts have been observed before in
the triclinic form of E. coli IspE."® This observation holds partic-
ular significance in drug design, especially when attempting to
co-crystallize inhibitors targeting the substrate-binding pocket.
In this study, we experimentally show that the structural and
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Figure 2. Structure of Klebsiella pneumoniae IspE: subunits and domains organization with molecule A shown in green and molecule B

in blue

(A) Domain organization: N-terminal, ATP-binding domain has four strands and three helices. The ATP binding site is bordering helices 1 and 2. The CDP-ME
binding domain is made up of eight strands and five helices in the C-terminal domain. 2 and B3 in the C-terminal domain are antiparallel to each other and

they are curved to form the main part of the substrate binding side.

(B) Close-up visualization of the clash the two subunits inflicted on each other where the p2-83 turn is sliding in the CDP-ME binding pocket. Hydrogen bonds are
formed between the Arg22 side chain of one molecule and the main chain in Leu137 of the other molecule (distance 2.8 A). Interacting residues and ANP are

shown as sticks. C: green and yellow; O: red; N: blue; S: yellow.

kinetic values of K. pneumoniae IspE prove its high similarity to
E. coli IspE, suggesting that these two enzymes share a similar
way of ligand binding. These findings led to the assumption
that they can be used interchangeably for drug-discovery pro-
jects, with the recommendation to prioritize the more robust
homolog.

Monoclinic structure of E. coli IspE: A unique crystal
form exhibiting a distinct arrangement of the two
subunits that allows ligand binding

The new crystals of E. coli IspE found by us align with the overall
structure identified for E. coli IspE®' where a similar domain
arrangement to the other E. coli IspE crystal structure is
evident.*'® Specifically, the newly found crystals have the
space group C2 and diffract at 1.5 A resolution (refinement sta-
tistics can be found in Table S2). In this monoclinic crystal form,
the active site pocket is fully accessible for ligand binding as the
binding sites of the two subunits were positioned in opposite di-
rections (180° rotation from each other). This configuration
created a fully accessible pocket for ligand binding allowing
the use of soaking or co-crystallization (Figure 3). We obtained
complex structure of E. coli IspE with CDP-ME and the unhydro-
lyzable ATP analog, Adenylyl-imidodiphosphate (ANP), for which
a clear density was observed for only two phosphates and not
the terminal phosphate, most probably because of the flexibility
of the triphosphate. Consequently, we placed ADP in the pocket
instead of ANP. The binding of both molecules closely resembles
what has been described previously for E. coli IspE."*

The total solvent-accessible area in the new crystal form is
25.127 A2 and the buried interface area is 97.0 A (8%), compared
to 1167.9 A (23%) in the triclinic structure and 568.7 A% (12%) in
the previously reported monoclinic space group P21 (calculated
using server for Proteins, Interfaces, Structures and Assemblies
[PISA]).?? Figure 3 shows the different crystal forms identified for
E. coli IspE in comparison to those obtained in this study.

Biochemical evaluation of IspE substrate-competitive
inhibitors

In the search for inhibitors against IspE, it is possible either to
target the ATP or the substrate-binding sites. Kinase inhibitors
are mostly designed to target the ATP-binding site.>*** In IspE
kinase, however, this pocket is rather shallow and mostly sol-
vent-exposed. Over the years, our group attempted to address
this pocket. We, recently, performed a virtual screening on the
ATP binding pocket followed by a structure-activity relationship
(SAR) study,”® and in the past Tang et al. used a library of existing
GHMP kinase inhibitors.?® Unfortunately, both attempts were not
very successful in developing selective IspE inhibitors targeting
the kinase ATP pocket.

On the other hand, the substrate-binding pocket and sub-
pockets have been successfully targeted,””’*° and the work
published in 2007 led to the identification of compound
(+)-1,2°C Figure 4. Brenk’s group also extensively focused on
the study of IspE inhibitors and they reported in silico and
high-throughput (HTS) approaches that identified inhibitors in
the high micromolar range.® It is evident that major efforts are
necessary to optimize the existing inhibitors as well as to identify
novel hit molecules and, to do so further insights about the bind-
ing mode could be very beneficial. Here, we used compound
(+)-1 as a reference inhibitor due to its high potency and selec-
tivity against IspE. As shown in Figure 4, this structure consists
of a central cytosine scaffold bearing a tetrahydrothiophene
ring, as ribose analogue, bridged via a triple bond to a cyclo-
propyl sulfonamide. Aiming to identify determinants for IspE inhi-
bition by (¢)-1, we conducted a focused SAR study that sepa-
rately targeted each component of the molecule.

The designed and synthesized subset of compounds (1—6)
was simultaneously tested in vitro on the three IspE homologs
studied in this work (Figure 4). Interestingly, we found that all
the compounds showed a similar inhibition pattern against
E. coli IspE and K. pneumoniae IspE, with 5 and 6 being
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inactive. As expected, the biggest difference is found against
A. baumannii IspE where only compound (£)-1 is still active.
The three homologs exhibited an inhibition pattern that
correlates with their structural similarities and differences
in the binding site, indicating the need for different strategies
in designing inhibitors targeting each of these enzyme
homologs.

Next, we selected the most potent and soluble compounds for
co-crystallization to further confirm their binding mode and guide
our optimization strategies. Although we could obtain high-resolu-

Structure

Figure 3. Comparison of Escherichia coli
IspE crystal conformations in the ASU
Differences between the two monoclinic crystal
forms and the triclinic are highlighted. PDB: 8QC7
(monoclinic C121), obtained in this study, is shown
in yellow, PDB: 10J4 (monoclinic, P 1 21 1) is
shown in gray, and PDB: 2WW4 (triclinic P1)
is shown in light blue. Molecule A from all crystals is
presented in the same orientation to illustrate
substrate (CDP-ME, shown as spheres) availabil-
ity/blockage.

tion complex structures with E. coli IspE, the molecular packing of
K. pneumoniae IspE prevents substrate and inhibitors designed to
bind to the substrate pocket-binding. Nevertheless, due to their
high similarity, we propose that the binding mode can be trans-
lated from E. coli to K. pneumoniae. Encouragingly, this assump-
tion is also experimentally supported by the comparable 1Cs5q
values found. On the other hand, all our efforts have failed in ob-
taining a complex structure with A. baumannii IspE, due to its
high solubility, which means that high concentrations are required
to drive crystallization. In addition, because A. baumannii IspE has

(£)-1 2 3
o A o A o L
NHy o~ NH, S NH 'S
H =z N 2 2N
JN\/ | ] H T i
H
s H

ICs5 (M) ICs (M) ICs (M)

EclspE 13.0£2.9 EclspE 36.5+1.6 EclspE  10.3+0.7

KplspE 8.0+ 1.5 fplspE  dhIEd KplspE  11.3+0.6

4 5 A 6
0]
o /O R NH !
NH N7 2 g
N? H N~ g "
J\ ! J\ | S
0“ N (0 1 | N
H ICsy (uM) H

EclspE 6.2 +3.19 EclspE 32% inhibition @480 uM EclspE 10% inhibition @480 uM
KplspE 52+1.3 KplspE 25% inhibition @480 uM KplspE 0% inhibition @480 uM
AblspE NA AblspE 0% inhibition @480 uM AblspE 0% inhibition @480 uM

Figure 4. Biochemical evaluation of compounds (1—6)

The half-maximal inhibitory concentration (ICso) on Escherichia coli IspE (EclspE), Klebsiella pneumoniae IspE (KplspE), and Acinetobacter baumannii IspE
(AblspE) are depicted. The values presented are average of duplicate measurements. NA: not available; no dose-response curve was obtained to calculate the

ICs value.
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Figure 5. Binding of compound (+)-1and 2in
the substrate binding site of Escherichia coli
IspE

(A) Surface representation of E. coli IspE
active site, showing an overlay between the
CDP-ME and the competitive inhibitor (+)-1
in the substrate pocket. The active site of
IspE is composed of three main pockets: the
cytidine binding pocket with the ribose
sub-pocket, the methylerythritol (ME) binding
site featuring a small hydrophobic cavity (high-
lighted by a red circle), and the ATP binding
pocket.

Val156

His26

(B) Superimposition of experimental structures of E. coli IspE co-crystallized with compounds ()1 in yellow and 2 in green showing binding interactions
discussed in the text. Molecular surface representations performed using PyMol. Color code: C: green and yellow; O: red; N: blue; S: yellow.

13% lysine residues in its sequence, mostly on the surface, we
tried lysine methylation which resulted in poor-quality crystals.

E. coli IspE-inhibitor complex structures
Although the new monoclinic E. coli IspE crystals allow soaking
experiments, high concentrations of the inhibitor is required in
order to exchange the substrate by the inhibitor; therefore, the
inhibitors have to be sufficiently soluble. Fortunately, the sub-
strates of the MEP pathway, especially those of the IspE enzyme,
are highly polar due to their charged di- and triphosphate
groups.® As mentioned earlier, for this study our choice was
directed toward (+)-1 and its derivatives. In all the complex struc-
tures obtained with E. coli IspE and compounds 1 (PDB: 8QCC),
2 (PDB: 8QCN), and 3 (PDB: 8QCO), a consistent interaction
pattern was observed. The central cytosine in the inhibitors is
positioned between Tyr25 and Phe185, leading to the formation
of hydrogen bonds with both the backbone and side chain of
His26, similar to the interaction observed with the cytosine ring
in CDP-ME, (Figure 5). In the structure with compound (+)-1,
the tetrahydrothiophene ring overlaps with the ribose moiety of
CDP-ME, where it occupies a central position between Tyr25
and Pro182, forming a pseudo-7 sandwich (Figure 5A). While
these residues are conserved in the K. pneumoniae IspE struc-
ture, Pro182 is replaced by a GIn174 in A. baumannii IspE, which
means a different type of interaction will have to take place in this
position. Additionally, the sulfur atom of the tetrahydrothiophene
ring could potentially point to form hydrogen bonds with either
Thr181 or Tyr25. The alkyne linker guides the sulfonamide moiety
into the notably polar phosphate binding region situated be-
tween the substrate and the ATP binding sites. The nitrogen
atom of the sulfonamide forms a hydrogen bond with the side
chain of Asp141. Furthermore, the sulfone group, in relation to
the NH group, adopts a staggered conformation, facilitating
hydrogen bond interactions with the side chain of Asn12 and
Lys10. In compounds 1, 2, and 3, the orientation of the cyclo-
propyl and cyclopentyl rings is directed toward a small hydro-
phobic pocket delineated by Leu15, Leu28, and Phe32. This hy-
drophobic region partially contributes to binding the methyl
group of the substrate, CDP-ME. Our experimental findings
confirm that these compounds are indeed binding to the sub-
strate-binding pocket as intended, forming interactions similar
to those observed with the native substrate.

Compound 2 was designed to experimentally evaluate the
importance of the tetrahydrothiophene ring. Interestingly, it

demonstrated an almost 3-fold decrease in activity with 1Csq
values against E. coli IspE and K. pneumoniae IspE, and a
10-fold reduction against A. baumannii IspE. The complex
structure shows that this drop in activity was due to the loss of
the tetrahydrothiophene ring’s hydrophobic interaction (stacked
between Tyr25 and Pro182) and of a potential hydrogen bond of
the S atom with Thr181 or Tyr25 (Figure 5B). Despite the dra-
matic decrease in activity especially against A. baumannii IspE,
the compound still retained some activity against the other ho-
mologs, indicating that the rest of the molecule still significantly
contributes to binding.

Aiming to test the optimum binding occupancy of the small hy-
drophobic pocket, we designed and synthesized compounds 3
and 4 bearing a five and six member ring, respectively, in place
of the cyclopropyl of (+)-1. The analysis of the co-crystalization
with E. coli and K. pneumoniae IspE showed that both com-
pounds have regained the lost activity in compound 2 and
slightly improved the affinity compared to (+)-1. Compound 4
with the six-membered cyclohexyl ring further improved the
inhibitory activity compared to compound 3 with the five-
membered cyclopentyl ring. Theoretical and experimental
studies have previously shown that occupation of hydrophobic
pockets in a protein target is the main contributor to the binding
affinity of the ligand.®® In IspE, it was found that this hydrophobic
pocket, originally accommodating the methyl group of the meth-
ylerythritol moiety, is notably more spacious than initially antici-
pated. Therefore, the appropriate filling of this sub-pocket would
result in a significant gain in binding free enthalpy.®* The volume
of this pocket measures roughly around 180 A3inE. coli IspE and
K. pneumoniae IspE, while it is only 102 A%in A. baumannii IspE.
Prior studies indicated a significant relationship between its
occupancy and activity of the ligands targeting the substrate
pocket.”®

Although we could not obtain a complex structure with
compound 4, due to solubility issues, a co-crystal structure
of compound 3 with E. coli IspE was obtained, which showed
that the cyclopentyl ring indeed occupies the deep hydropho-
bic pocket surrounded by nonpolar residues, lle15, lle17,
Leu28, and Ph185 (Figure 6). This hydrophobic interaction ex-
hibited sufficient strength for these two compounds to
possess higher affinities than compound (+)-1. This factor
should be taken into account when considering an extension
from this subpocket to the adjacent phosphate-binding
pocket.
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A. baumannii IspE needs to be targeted using a tailored
strategy

Among the subset of compounds synthesized and tested, only
(£)-1 showed inhibition against IspE from A. baumannii compa-
rable to the other tested homologs. On the contrary, the inhibi-
tion values for 2, 3, and 4, are substantially different. This low ac-
tivity might also be the reason for the absence of X-ray crystal
structure from this homolog. To overcome this bottleneck, we
used sequence alignment and homology modeling to rationalize
this and to structurally showcase the differences.

The Swiss-Model of A. baumannii IspE (Uniprot accession
code: B2ZHUMBS) was aligned with the E. coli IspE structure in mo-
lecular operating environment (MOE) software with an overall
RMSD of 1.118 A.%>% Figure 7 shows the structural differences
between the two homologs within the CDP-ME binding site.

Compounds 2-4 were docked into the CDP-ME binding site of
E. coli IspE (experimental crystal structure) and A. baumannii
IspE (Swiss model) resulting in highly similar binding modes.
The docking scores are in line with experimental inhibition data
showing a slightly lower predicted binding energy of 2 compared
with 3 and 4 (Table S2). We attribute this to the reduced ability of
the cyclopropyl ring to interact with the small hydrophobic
pocket at the back of the binding site.

On the other hand, when looking at Figures 8A-8C, we
observe significant differences of the binding mode of these
compounds in the A. baumannii IspE structure. In particular,
for 2 (Figure 8A), there is loss of the interaction of the cytosine
carbonyl with His25 as well as the loss of the interaction between
the sulfonamide oxygen and the side chain of Asn11 (when
compared to the E. coli IspE binding mode). Similarly, for 3 (Fig-
ure 8B), we observe the loss of hydrogen bonding interactions
between the cytosine ring and the backbone of lle48 with the for-
mation of an internal hydrogen bond instead. Finally, for 4 (Fig-
ure 8C), the interactions of the cytosine ring with the backbone
are maintained; however, in the docked pose, the sulfonamide
no longer interacts with the side chains of Asn11 and Asp133
leading to a loss in predicted binding energy relative to the
E. coli IspE structure. Taking the inhibition values in mind, there
seem to be no side chain movements enough to restore those
lost interactions in the A. baumannii homolog.

Replacing of the Cys211 in E. coli IspE with Phe205 in
A. baumannii IspE appears to reduce the size of a small hydro-
phobic pocket. In E. coli IspE, this pocket accommodates the cy-
clopentyl ring of compound 3. However, the smaller size in A.
baumannii IspE causes a shift of the compound and a concom-
itant loss of the important hydrogen bonds with either the cyto-
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Structure

Figure 6. Binding of ligand 3 to Escherichia
coli IspE (PDB: 8QCO)

(A) Molecular surface representation of E. coli IspE
showing the hydrophobic pocket occupied by the
five-membered hydrocarbon ring from the ligand.
(B) Close-up of the small, hydrophobic pocket
showing residues of the receptor surrounding the
ligand, distance to the closest residues in the hy-
drophobic pocket are shown in Angstrom. Color
code: C: green; O: red; N: blue; S: yellow.

sine ring or the sulfonamide moiety (Figure 8A). This explains
the observed decrease in the experimental activity of these com-
pounds against A. baumannii IspE. The replacement of Proline
by Glutamine in A. baumannii IspE creates an opportunity on
the opposite side of the pocket. We can design compounds to
form a hydrogen bond with this glutamine residue, potentially
improving binding affinity. Furthermore, the 3-membered ring
seems optimal for interaction within this pocket. Keeping this
core structure while expanding the molecule toward the adjacent
ATP binding site could be a promising strategy. This expansion
might lead to additional interactions with the protein, potentially
improving binding and activity. Combining these approaches,
we can potentially develop more potent compounds against
A. baumannii IspE.

On the other hand, for the homologs from E. coli and
K. pneumoniae, the hydrophobic pocket can be further utilized
by incorporating a functional group that forms a covalent bond
with the cysteine within the pocket. This stronger interaction
could enhance the compound’s effectiveness.

A few additional findings are worth mentioning; we tested the
importance of the alkyne linker by synthesizing compound 5 with
a flexible linker. This resulted in a complete loss of activity across
all homologs suggesting the important role of this alkyne linker to
direct the cycloalkyl rings into the hydrophobic pocket. The
study also highlighted the challenge of cytosine replacement
without compromising ligand affinity, a contrast to the numerous
adenine substitutions seen in kinase inhibitors. The replacement
of cytosine with an amino pyrimidine ring resulted in a significant
reduction in activity as observed in compound 6. It is also worth
noting that the most active compound (4) has an IC5, value of
5.2 uM, leaving room for further optimization. The exclusion of
the thiophene ring is a major step in simplifying these derivatives,
shortening the synthesis and allowing for higher final yields.
These preliminary findings will guide our future development of
novel IspE inhibitors.

Conclusions

Our study aimed to characterize IspE kinase homologs, explore
the substrate pocket, and study inhibitor binding modes. To
achieve this, we recombinantly overexpressed and purified
the proteins from E. coli IspE, K. pneumoniae IspE, and
A. baumannii IspE; established biochemical assays; and ob-
tained complex structures with inhibitors. While E. coli and
K. pneumoniae IspE exhibited similar kinetics, consistent with
previous reports. In addition to showing lower sequence identity,
A. baumannii IspE kinetic values highlighted its divergence.
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These values were used in optimizing the assay conditions for
each homolog, setting the stage for HTS screening in search of
inhibitors.

We presented the crystal structures of K. pneumoniae IspE in
complex with the non-hydrolysable ATP analog. The 3D-struc-
tural characteristics and kinetic parameters of K. pneumoniae
IspE closely resemble those of E. coli IspE. Therefore, we sug-
gest they can be employed interchangeably, particularly when
encountering challenges in obtaining and/or crystallizing either
enzyme. We identified a new crystalline form for E. coli IspE,
which allows ligand binding during soaking. We successfully
used this condition to obtain three new complex structures of
E. coli IspE with inhibitors, which allowed us to gain a deeper un-
derstanding of the role of methylerythritol hydrophobic
subpocket in determining the activity of compounds targeting
the substrate binding site. This pocket is relatively bigger in
E. coli IspE and K. pneumoniae IspE and improved compound
activity was observed by its proper filling. Covalent targeting of
a cysteine residue deep in the pocket might also be considered
for further improvements of this compound class. For
A. baumannii IspE, attention could be drawn to the other side
of the pocket where a glutamine replaces a proline, which is
important for interaction with CDP-ME and ligands designed to
target the substrate pocket.
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Figure 8. Docking of compounds 2,3 and 4 in A. baumannii IspE
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Figure 7. Escherichia coli IspE binding to (+)
1 superimposed with homology modeled
structure of Acinetobacter baumannii IspE
E. coli IspE in yellow superimposed with
A. baumannii I1spE in cyan.

(A) Molecular surface representation of the
A. baumannii IspE showing the tighter hydrophobic
pocket targeted by the cyclopropane in the ligand.
(B) Showing a close-up of the main difference in
the active site between the two homologs. In which
a cysteine (Cys211) in E. coli IspE is replaced by a
phenylalanine (Phe205) in A. baumannii IspE. Color
code: C: cyan and yellow; O: in red; N: in blue; S:
yellow.

e

Our findings emphasize the nuanced nature of IspE kinase in-
hibition, guided by subtle structural variations among homologs,
and offer valuable insights into the development of potent and
selective inhibitors for IspE kinase homologs, contributing to
the broader goal of combatting pathogenic microorganisms
reliant on the MEP pathway.
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Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Anna Hirsch (anna.
hirsch@helmholtz-hips.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o The electron density maps and their corresponding molecular models
have been deposited to the Protein DataBank (PDB) under accession
codes PDB: 8CKH, 8QC7, 8QCC, 8QCN, 8QCO and are publicly avail-
able as of the date of publication. Accession numbers are also listed in
the key resources table. This paper does not report original code.
Computational and chemical syntheses are detailed in the supplemen-
tary materials. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.
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(A) Best docked pose of 2 (in magenta) in the A. baumannii IspE SwissModel structure (in gray) showing loss of the interaction of the cytosine carbonyl with His25

and the sulfonamide oxygen with the side chain of Asn11.

(B) Best docked pose of 3 (in magenta) in the A. baumannii IspE SwissModel structure (in gray) showing loss of hydrogen bonding interactions between the
cytosine ring and the backbone of lle48 and the formation of an internal hydrogen bond instead.

(C) Best docked pose of 4 (in magenta) in the A. baumannii IspE SwissModel structure (in gray) showing the shift of the molecule binding, the sulfonamide losses
interaction with the side chains of Asn11 and Asp133. Relevant residues are labeled in each picture. Protein residues and ligands shown as sticks, C: gray and

magenta; O: red; N: blue; S: yellow.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

LB-Medium Roth 6669.3

Kanamycin Roth T832.3

TEV Protease Biolabs P8112S

ATP Sigma Aldrich A2383

NeXtal Crystallization Kits Qiagen 130704, 130716, 130701

Deposited data

K. pneumoniae IspE This paper PDB: 8CKH

E. coli IspE (CDP-ME) This paper PDB: 8QC7

E. coli IspE (Ligand 1) This paper PDB: 8QCC

E. coli IspE (Ligand 2) This paper PDB: 8QCN

E. coli IspE (Ligand 3) This paper PDB: 8QCO

Recombinant DNA

pET-28a (+) E.coli IspE BioCat 729915-1

pET-28a (+) K. pneumoniae IspE BioCat 719980-1

pET-28a (+) A. baumannii IspE BioCat 721316-1

Software and algorithms

OriginPro2023 (10.0.0.0.154) OriginLab www.originlab.com

MOE (v2022.09)
PyMoL (2.5.5)
Phenix (1.20.1-4487)
Coot (0.9.4.1)

Chemical Computing Group
Schrédinger®’

Phenix Software LLC**%°
Coot*®

www.chemcomp.com
pymol.org
phenix-online.org

www2.mrc-Imb.cam.ac.uk

Other

AKTA Pure System Cytiva 29018224
S200 SEC Column Cytiva 28990944
HisTrap HP 5 mL column GE Healthcare 17524801

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study used E. coli BL21 (DE3) as an overexpression host strain, Internal code: H083.

METHOD DETAILS

Enzymatic assays
Assay setup

A coupled spectrophotometric enzyme assay was used to measure IspE activity and kinetic parameters at room temperature over
30 min. IspE concentrations were 200 nM for E. coli, 150 nM for K. pneumoniae, and 100 nM for A. baumannii. Kinetic assays were
performed with varying ATP and CDP-ME concentrations, with one held constant (1 mM ATP or 2 mM CDP-ME). ICsq values for in-
hibitors were calculated from linear curves of initial velocities using nonlinear regression analysis (OriginPro2023) (Figure S1).

Protein preparation

Transformation and culture

Plasmids containing the IspE constructs for E. coli, K. pneumoniae, and A. baumannii were transformed into electrocompetent E. coli
BL21 (DE3) cells. Transformants were cultured on LB-Agar plates supplemented with 25 ng/mL kanamycin and incubated overnight
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at 37°C. Single colonies were transferred into LB medium with 25 pg/mL kanamycin and cultured at 37°C. The cultures were grown
until an OD600 of 0.3-0.6 for E. coli and K. pneumoniae IspE, and 0.8 for A. baumannii IspE. Protein overexpression was induced with
1 mM IPTG at 18°C with shaking at 180 RPM overnight.

Protein purification

Cells were harvested by centrifugation, resuspended in 50 mM Tris-HCI (pH 7.5), 200 mM NaCl, and lysed using Microfluidizer. Ly-
sates were purified using a HisTrap HP 5 mL column, washing buffer; 50 mM Tris-HCI (pH 7.5), 200 mM NaCl, 20 mM Imidazole,
elution buffer; 50 mM Tris-HCI (pH 7.5), 200 mM NaCl, 300 mM Imidazole. His-tags were cleaved by incubation with TEV protease
at a ratio of 1:20 (protease: protein). The cleavage mixture was passed through a reverse IMAC column to remove cleaved tags and
uncut protein. Tag-free proteins were further purified using an AKTA pure system with an S200 column. Peak fractions were
collected, concentrated, and stored in 20 mM Tris-HCI (pH 7.5), 200 mM NaCl. SDS-PAGE was used to assess the purity of the
IspE homologs at each purification step (Figure S3).

Gel filtration analysis

A gel filtration column was calibrated with standard proteins ranging from 670 kDa to 1.35 kDa. A defined volume of the purified IspE
sample was injected into the calibrated column. Protein elution was monitored using UV detection at 280 nm, and the elution profile
was compared to standards to estimate the molecular weight of IspE. A calibration curve was constructed (Figure S3).

Crystallization

Screening and optimization

Crystallization conditions were screened using NeXtal crystal screening kits and incubated at 18°C. Optimization was performed
based on initial hits.

Specific conditions

K. pneumoniae IspE: Crystallized from 15 mg/mL protein with 5 mM AMP-PNP, CDP-ME, and MgCI2 in vapor diffusion chambers
with 1000 mM Sodium citrate and 100 mM HEPES pH 7.0. E. coli IspE: Crystallized from 7.5 mg/mL protein in 25% PEG 4k, 200 mM
MgCI2, and 100 mM MES pH 6.5. Crystals were soaked with 5-10 mM compounds for 2 days.

X-Ray data collection and structure determination

Crystals were cryoprotected with 32% glycerol and data collection was carried out at SLS and ESRF beamlines. Structures were
determined by molecular replacement using Phaser.MR in Phenix,*®° with E. coli IspE (PDB ID: 10J4) as the model. Data were
reduced and aligned using AIMLESS*" in CCP4i,* with manual map interpretation in COOT.*° Iterative refinement was performed
with Phenix refine, followed by validation on the PDB server. Figures were generated using PyMoL (Figure S2).

Compounds synthesis

Commercially sourced chemicals were used without further purification. TLC monitored reaction progress, and column chromatog-
raphy was performed using a CombiFlash Rf system. RP-HPLC was performed on a Thermo Fisher UltiMate 3000 system. 1H and
13C NMR spectra were recorded on Bruker instruments. LCMS purity checks were conducted on an Ultimate 3000-MSQ system.
Compounds used in assays had >95% purity, and high-resolution mass spectra were obtained on a Q Exactive Focus system
(Data S1 and Methods S1).

Computational methods

Molecular docking for IspE inhibitors was performed using MOE v2022.09. Ligands were energy minimized, and protein structures
prepared with force fields and hydrogen assignment. Docking was conducted using the Dock module with scoring functions applied
to assess results. Detailed methods are in the supplementary materials (Methods S2).

QUANTIFICATION AND STATISTICAL ANALYSIS
Enzyme kinetics and ICsq values were calculated using nonlinear regression analysis in OriginPro2023. Calibration curves for gel

filtration were constructed using standard proteins. Crystallization and structural analysis methods followed standard protocols
as referenced. X-ray crystallography data collection and refinement statistics are summarized in Table S1.
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