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ABSTRACT
The rise of antibiotic resistance combined with the lack of new products entering the market

has led to bacterial infections becoming one of the biggest threats to global health. Therefore,
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DHDPS mis-annotations in Gram-negative pathogens

there is an urgent need to identify novel antibiotic targets, such as dihydrodipicolinate
synthase (DHDPS), an enzyme involved in the production of essential metabolites in cell wall
and protein synthesis. Here, we utilised a 7-residue sequence motif to identify mis-annotation
of multiple DHDPS genes in the high-priority Gram-negative bacteria Acinetobacter
baumanniiandKlebsiella pneumoniae. We subsequently confirmed these mis-annotations
using a combination of enzyme kinetics and X-ray crystallography. Thus, this study
highlights the need to ensure genes encoding promising drug targets, like DHDPS, are

annotated correctly, especially for clinically-important pathogens.

INTRODUCTION

Bacterial resistance to antibiotics is increasing, with widespread resistance no longer a threat
but a reality,, contributing significantly to patient morbidity and mortality [1]. Moreover, few
new antibioties are in development, with pharmaceutical companies failing to meet current
clinical needs. . As such, the World Health Organization (WHO) has released a priority list of
bacteria that require urgent antibiotic research and development, with the top three pathogens
being carbapenem-resistant Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacteriaceae spp. [1]. These Gram-negative bacteria cause several nosocomial
infections, (particularly in immunocompromised patients, including meningitis, pneumonia,
bacteraemia as well as urinary tract and wound infections [1]. The range and severity of these
infections highlight the importance of identifying novel drug targets against these high

priority Gram-negative pathogens.

A promisingstarget for new antibiotic development are the enzymes in the diaminopimelate
(DAP) pathway that are responsible for the production of meso-DAP and L-lysine (lysine)
(Fig. 1) [2=7}- In_the majority of Gram-negative bacteria, meso-DAP is a constituent of the
peptidoglycan chains within the cell wall, while lysine is essential for protein synthesis [2-9].
Importantly, the synthesis of these metabolites via the DAP pathway is unique to bacteria and
plants, thus minimising potential off-target effects in humans [3,4,6,7]. The first committed

step of this pathway is the condensation of pyruvate and (S)-aspartate semialdehyde (ASA) to

This article is protected by copyright. All rights reserved



DHDPS mis-annotations in Gram-negative pathogens

produce 4-hydroxy-2,3,4,5-tetrahydro-(2S)-dipicolinic acid (HTPA) catalysed by the class I
aldolase 4-hydroxy-tetrahydrodipicolinate synthase (EC 4.3.3.7), commonly referred to as
dihydrodipicolinate synthase (DHDPS) (Fig. 1) [2,10]. HTPA is subsequently reduced to
2,3,4,5-tetrahydropicolinate (THDP) using the NAD(P)H-dependent enzyme 4-hydroxy-
tetrahydrodipicolinate reductase (EC 1.17.1.8), herein referred to as dihydrodipicolinate
reductase (DHDPR) (Fig. 1) [6,11,12]. At this point, the DAP pathway diverges into one of
four sub-pathways, with each resulting in the production of meso-DAP (Fig. 1) [6,7,10]. The
sub-pathways are organism-dependent [6,7,10] with, for example, Gram-negative bacteria
utilising the_succinyl sub-pathway that yields LL-DAP before conversion to meso-DAP by
diaminopimelate/epimerase (DAP-E, EC 5.1.1.7) (Fig. 1) [4,6]. Finally, meso-DAP is used
either directly/in the crosslinking of the peptidoglycan layer in Gram-negative bacteria, or
decarboxylated to lysine by diaminopimelate decarboxylase (DAP-DC, EC 4.1.1.20) (Fig. 1)
[4,13,14]. The production of lysine in this final step also serves as a negative feedback loop,
where lysine can bind and allosterically inhibit the DHDPS enzyme [15-17].

Given DHDPS is involved in the first committed and rate limiting step of the DAP pathway,
several studiesshave focused on demonstrating the essentiality of its encoding gene, dapA, for
bacterial survival/ [18-22]. Typically, bacteria contain a single dapA gene. However, we have
recently identified that P. aeruginosa has up to 4 annotated dapA genes, of which only two
encode functienmal DHDPS enzymes [23]. Mis-annotated dapA genes have also been
previously observed in Agrobacterium tumefaciens, with 9 out of the 10 annotated dapA
genes yielding enzymes that lacked DHDPS activity [24]. Another recent study showed that
fungi do not contain an active DHDPS gene despite being annotated in various sequence and
structure databases [25]. Indeed, this study postulated a 7-residue motif (TTX(s7.61)Y Y X(22-
26)Y X3-5RX(1822K, where X represents the length, shown by the numbers in brackets, of the
undefined amino acid sequences separating the signature residues) to identify functional
DHDPS sequences [25]. Without accurate and reliable similarity-based assignments, the
amount of "mis=annotation errors in genomes could account for up to 30% of annotated
protein funetions [26]. There is also conjecture about using descriptions of genes as
“putative’’.er“like”, as currently there are no defined parameters for this classification [27].

The use of theseiterms further enhances the potential for mis-annotations [27].

In this study, we have identified that A. baumannii and K. pneumoniae have been suggested
to contain multiple dapA genes. We then set out to characterise the gene products from these

priority Gram-negative pathogens using a combination of sequence analysis, circular
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dichroism spectroscopy, enzyme kinetics and X-ray crystallography. Importantly, this work
supports recent studies that have used a combination of sequence and structure/function
workflows to reliably identify the annotated dapA genes that encode functional DHDPS
enzymes [24,25]. Such strategies are critical to ensure correct gene annotations are based on

key signatare'motifs that are validated experimentally.

RESULTS

Annotated dapA genes

The annotated dapA genes in K. pneumoniae (Kp) were identified using the NCBI database.
The searchiyielded four putative genes, with KpdapA! (GENBANK ID: CCN30951.1),
KpdapA2 (GENBANK ID: WP_107318840.1) and Kpdap44 (GENBANK ID:
CCN29687.1) found in the genome of the reference strain Ecl8 (GENBANK ID:
GCA _000315385.1), whilst KpdapA3 (GENBANK ID: KGJ39907.1) was identified in the
CDH3823 genome (GENBANK ID: JQDX00000000). To further investigate the putative
function of'these genes, we performed an alignment with their translated protein sequences
compared tomfimcoli (Ec) DHDPS (Fig. 2). KpDapAl was shown to possess the highest
sequence identity (87.6%) to ECDHDPS. The sequence alignment also shows low similarity
between'the KpDapA proteins, with KpDapA1l and KpDapA4 displaying the highest identity
to one another(29.5%). Interestingly, KpDapA3 has a high degree of similarity to the mis-
annotated P. aeruginosa (Pa) DapA3 protein (UNIPROT ID: Q91490) (data not shown),
which encodes a 1-pyrroline-4-hydrozy-2-carboxylate (Pyr4dH2C) deaminase enzyme [23].
Nevertheless, based on our previous findings [23-25], sequence similarity alone is an
unreliable determinant of DHDPS function. Therefore, we examined whether these sequences
contained a 7-residue signature sequence motif that has been proposed to be essential in bona
fide DHDPS enzymes [25]. KpDapA1l was found to be the only protein with all 7 active site
residues that.are critical for DHDPS catalysis, while both KpDapA2 and KpDapA4 have 4 of
the 7 residuestand' KpDapA3 contains only 2 of the 7 (Fig. 2).

Similar to Kipneumoniae, our investigation revealed that Acinetobacter baumannii (Ab) had
four annotatedy,dapA genes; AbdapAl (GENBANK ID: KMV04290.1), AbdapA2
(GENBANK ID: KRJ74652.1), AbdapA3 (GENBANK ID: KMV01952.1) and AbdapA4
(GENBANK 1ID: AZK38617.1). The crystal structure of AbDapAl has been deposited
(PDB ID: 3TAK), although there is no accompanying functional data. Comparison of all
four gene products revealed that the sequence with the highest similarity to ECDHDPS was
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that of the gene product of AbdapA1, displaying ~50% identity. Furthermore, we confirmed
that only this protein contains the 7-residue DHDPS functional signature motif (Fig. 2). We
therefore hypothesise that KpdapA1 and AbdapAl encode functional DHDPS enzymes. We

set out to confirm this by characterising the corresponding recombinant proteins.

Validation of DHDPS activity

To experimentally validate the 7-residue motif, recombinant KpDapAl-4 proteins were
overexpressed in E. coli and purified to >90% homogeneity (Fig. 3A). Circular dichroism
(CD) spectroscopy showed a single maximum at ~195 nm and a broad minimum spanning
~205-225 nm._This confirms that the recombinant proteins were folded to form a mixed o/
secondary structure (Fig. 3B), which is known for aldolase or TIM-barrel enzymes, such as
DHDPS [28,29]. Next, the qualitative o-aminobenzaldehyde (0-ABA) assay was used to
assess DHDPS enzymatic activity in vitro. Activity is indicated by the production of a purple
chromophore, with no discernible colour change indicative of no DHDPS activity [30,31]. A
purple colour change was only observed for KpDapA1l, which was similar to the positive
control (Figa3€)! This confirms our hypothesis that KpdapA1 encodes the only functional
DHDPS from K. pneumoniae. This protein will be referred to from herein as KpDHDPS.

Given that the/7=residue signature prediction was validated experimentally in K. pneumoniae,
the predicted functional DHDPS enzyme from A. baumannii, AbDapAl, was subsequently
overexpressed in E. coli and purified to >90% homogeneity (Fig. 4A). CD spectroscopy
again confirmed a mixed o/f secondary structure (Fig. 4B), consistent with the previously
solved structure (PDB ID: 3TAK); whilst the o-ABA assay was used to qualitatively
ascertain the production of DHDPS enzymatic activity (Fig. 4C). This confirms that
AbdapAl codes for a functional DHDPS enzyme, hereafter referred to as AbDHDPS.

DHDPS funetional characterisation

To further characterise the confirmed DHDPS enzymes, their kinetic parameters were
quantified using the DHDPS-DHDPR coupled assay [12,32]. Initial rate was monitored by
varying the concentrations of both substrates, pyruvate and ASA, and data were globally
fitted to a bi-substrate ping-pong model without substrate inhibition (Fig. 5) [33]. For
KpDHDPS, the resulting Ky values for pyruvate and ASA were calculated to be 1.2 mM and
0.34 mM, respectively, with a turnover number (ke) of 290 s'!. These yielded catalytic
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efficiency (kea/Kn) values of 2.4 x 105 s™M and 1.9 x 106 ss'M-! for pyruvate and ASA,
respectively, which are consistent with previously characterised bacterial DHDPS enzymes
[24,34]. Kinetic characterisation of AbDHDPS yielded a K\, value for pyruvate of 0.25 mM,
and 0.036 mM for ASA, resulting in a k., of 48 s! (Fig. 5). Calculated catalytic efficiency
values of1.9"%10°> s'M-! and 1.3 x 10° s'M-! for pyruvate and ASA, respectively, were
determined; which are consistent with what we observe for KpDHDPS and previously
reported values for other bacterial DHDPS orthologues [23,35]. To determine the allosteric
inhibition of these enzymes, increasing concentrations of lysine were titrated in the DHDPS-
DHDPR coupled.assay. The resulting ICs, value for both KpDHDPS and AbDHDPS was 160
uM (Tablel). This is consistent with previously reported bacterial DHDPS enzymes,
including EEDHDPS and PaDHDPS2 (Table 1) [23,35].

Implications for inhibitor design

Although some DHDPS enzymes are not inhibited by lysine, the high degree of conservation
at the active_site across bacterial species allows for the potential identification of broad-
spectrum inhibitetrs [36]. To illustrate this, KpDHDPS was crystallised in the presence of the
substrate pysuvate, and the structure was solved using molecular replacement and refined to
1.89 A lresolution (Tables 2 and 3). The overall quaternary structure of KpDHDPS is
consistent withepreviously characterised bacterial DHDPS enzymes, including orthologues
from E. coli (PDB ID: 3DUO, root-mean-square-deviation (r.m.s.d.) of 0.50 A for 584 Ca
atoms) anded. baumannii (PDB ID: 3TAK, rm.s.d. of 1.19 A for 582 Co atoms), with a
head-to-head dimer-of-dimers arrangement to form the tetramer (Fig. 6A). The active site is
located at the C-terminal end of the o/ TIM-barrel, with tyrosine 107 (E. coli numbering)
interdigitatingebetween the two monomers across the dimerisation interface, forming the
complete.catalytic triad required for enzymatic activity [37]. The pyruvate molecule was
found to form=a=Schiff base with lysine 161 (E. coli numbering) in the active site, which is

consistent with other pyruvate-bound DHDPS enzymes [37].

We firstasuperposed the active site of KpDHDPS with the structures of the now validated
AbDHDPS (PDB, ID: 3TAK) and EcDHDPS (PDB ID: 3DUO0) in pyruvate-bound forms,
and the apo PaDHDPS2 structure (PDB: 3NOE). As shown in Figure 6B, the active site
residues in these high priority Gram-negative pathogens are 100% conserved, representing a

possible ‘druggable’ site for novel broad-spectrum antibiotic development. Subsequently, we
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superposed the structure of EcDHDPS (PDB ID: 3DUO0) with that of the mis-annotated
PaDapA4 enzyme (PDB ID: 3NAS8), which has previously been shown not to possess
DHDPS activity and only contains 4 of the 7 key DHDPS residues [23]. Not surprisingly, we
observe a low level of conservation in the active site with differences at positions 45, 106 and
138 (E. colimumbering) (Fig. 6C). Most notably, tyrosine 106 is replaced by a serine, which
in turn changes the position of the interdigitating tyrosine 107 from the adjacent monomer (£.
coli numbering) (Fig. 6C). These differences significantly alter the conformation of the active
site, highlighting the need for correct annotations and validation of the activity of promising

drug targets.

DISCUSSION

The development of whole genome sequencing in the late 1990s led to a boom in gene
annotations based often on limited homology [38]. Sequencing is now relatively routine and
typically involves automatic computerised annotations. However, this method relies on the
assumption that sequence similarity equates to a similar function [39]. This has resulted in an
astounding aumbér of gene mis-annotations across multiple species. One striking example is
the annotatien of Haemophilus influenzae, which had over 148 amendments within just 4
weeks of publication [40]. More recently, a study highlighted that one out of eight genes in
the human genome are annotated differently among different database sets [41]. Statistical
analysis of genome annotations have estimated the error rate to even be as high as 49% [42].
This is exemplified with the investigation of carbohydrate-active enzyme genes in
Fibrobacter succinogenes, in which out of the 20 novel genes discovered, 12 were annotated
to functions unrelated to the observed enzymatic activity [43]. These mis-annotations can
lead to what _is_described as “the snowball effect” [44]. Simply, when a single gene is mis-
annotated, amultitude of similar genes are then subsequently mis-annotated based on the first

[44].

Here, we deseribe the repeated mis-annotation of the DHDPS-encoding dapA gene in two
clinically .amportant Gram-negative pathogens, A. baumannii and K. pneumoniae.
Specifically, weyused a recently reported 7-residue signature motif [25] to predict DHDPS
activity for the dapA-gene encoding products in A. baumannii and K. pneumoniae, followed
by experimental validations in vitro. In summary, despite sequence databases suggesting A.
baumannii and K. pneumoniae contain 4 dapA genes, we show that these pathogens only

possess a single gene encoding a functional DHDPS enzyme. Importantly, we determined the
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crystal structure of the bona fide DHDPS enzyme from K. pneumoniae DHDPS, which
formed a tetrameric structure consistent with other bacterial DHDPS enzymes. Indeed,
comparison to the structures of the validated DHDPS enzymes from A. baumannii, P.
aeruginosa and E. coli reveal a high degree of conservation, especially within the active site.
We then fartheér"eompared the active site of the E. coli DHDPS enzyme to the mis-annotated
P. aerugingsa DapA4, illustrating a lesser degree of conservation as expected given the lack
of DHDPS activity observed with this enzyme. Thus, this study highlights the need to
validate the enzymatic activity of annotated drug targets, like DHDPS, and provides an
important platferm for the rational design of broad-spectrum DHDPS inhibitors as an
emerging class_of antibiotics for the treatment of infections caused by these high priority

Gram-negative pathogens.

METHODS

Sequence Analysis

Three putative dapA genes were identified in the K. pneumoniae genome Ecl8, with a further
dapA genefound in the CDH3823 genome [45]. All four putative dapA genes for A.
baumannii ‘wereddentified in the AB030 genome [46]. Sequence alignments with E. coli
DHDPSE(UNIPROT ID: POA6L2) were performed using the ClustalW algorithm [47]
incorporated insBIOEDIT (v.7.2.0) [48]. All alignments used E. coli residue numbering.

Protein Expression and Purification

The synthetic genes coding for K. pneumoniae and A. baumannii proteins with a hexa-
histidine tag were codon optimised, synthesised and ligated into a pET28a expression vector
by Bioneer Pacific (Bioneer Pacific, Kew East, Victoria, Australia). Recombinant proteins
were expressed in E. coli BL21 (DE3) cells and purified using immobilised metal affinity
chromatography, (IMAC) as previously described [49]. Briefly, recombinant proteins were
expressed uponraddition of 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) in Luria-
Bertani (LB)sbroth at 16 °C for 18 hr for K. pneumoniae and A. baumannii proteins or 37 °C
for 4 hr fors. coli proteins. Cells were harvested via centrifugation at 5000 x g at 4 °C and
sonicated 1n 20mM Tris, 150 mM NaCl, 20 mM imidazole, pH 8.0 using a Vibra Cell VC40
(Sonics and Material, Newtown, Connecticut, USA). Recombinant His-tagged proteins were
purified using a 5 ml IMAC column (Bio-Rad Laboratories, Gladesville, New South Wales,
Australia) and stored in 20 mM Tris, 150 mM NaCl, pH 8.0.
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Circular Dichroism (CD) Spectroscopy

CD spectroscopy was performed as previously described [12,50] in an Aviv Model 420 CD
spectrometer. Protein samples were prepared at 150-200 pg'ml-! in 20 mM NaH,PO,4, 50 mM
KF, pH 8.0. Spectra were obtained between 190 and 250 nm in 1 nm increments with 5 s
averaging“time™at a temperature of 20 °C using 1 mm quartz cuvettes. Analysis was
performed émploying CDPro, and the data was fitted using the CONTINLL database with the
SP22X reference set [51,52].

o-Aminobenzaldehyde Assay

To qualitatively assess for DHDPS activity, the colorimetric o-aminobenzaldehyde (0-ABA)
assay was employed as previously described [17,30,31]. Assays were performed in a 96-well
plate with reactions initiated with the addition of 5 pl of 0.5 mg ml-! protein sample to 100 pl
of mastermix. Reactions were terminated after 30 min with 10 pl of 10% (v/v) trichloroacetic
acid. Recombinant E. coli DHDPS and E. coli DHDPR were used as a positive and negative
controls, respectively. DHDPS activity was confirmed by the production of a purple

chromophore:

Coupled 4Assay

The DHDPS-DHDPR coupled assay was used to quantify DHDPS activity as previously
described [32,53,54]. Briefly, the substrate turnover was measured via the associated
oxidation of NADPH at Abssso nm (€340 nm = 6220 M- cm™) in a Cary 4000 UV/Vis
spectrophotometer (Varian, Mulgrave, Victoria, Australia). All assays were performed in
triplicate (n = 3) and incubated at 37 °C for 12 min before initiating the reaction by the
addition of ASA. For the determination of the Michaelis-Menten constants (Ky;), pyruvate
and ASA were varied simultaneously ranging from 0.125 — 4 mM and 0.05 — 1 mM,
respectively,. with KpDHDPS kept constant at 5 pg'ml! and AbDHDPS at 3 pg'ml-!. Initial
velocity data"were analysed employing ENZFITTER v.2.0.18 (Biosoft, Cambridge, UK) and

fitted to thesping=pong mechanism using Equation 1.

Equation 1:
V=(Vinax *A*B)/(Ky.a *B + Ky g *A + A*B)
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Where v = initial velocity, V.x = limiting maximal velocity, A = [pyruvate], B = [ASA],
Ky a = limiting Michaelis-Menten constant for A, Ky g = limiting Michaelis-Menten constant

for B.

Lysine inhibition"was measured by titrating concentrations of lysine ranging from 0.078 — 1
mM against KpDHDPS and AbDHDPS. Initial velocity data were analysed using GraphPad
Prism v.8.2 (GraphPad, San Diego, California, USA) and fitted to the log(inhibitor) vs

response (variable slope) using Equation 2.

Equation 2:
Y= Bottom#* (Top-Bottom) / (1+10((LoglCy-X)*HillSlope))
Where X =log of lysine concentration, Y = response, Top and Bottom = plateaus in the same

units as Y, Hill slope = slope factor.

Crystallisation and X-ray Diffraction Data Collection

KpDHDPS awasy€rystallised using the hanging-drop vapour diffusion method at 20 °C.
Diffraction-quality crystals grew after 2 days in drops consisting of equal volume (2 pl) of
KpDHDPS (10 mg'ml-! in 20 mM Tris, 150 mM NaCl, pH 8.0) and reservoir solution (100
mM Tris pH.7:5, 2 M ammonium sulfate, 5 mM pyruvate) equilibrated against 1 ml of
reservoir solution. X-ray diffraction was performed at the microfocus beamline (MX2) of the
Australian Synchrotron [55]. The crystals were flash-cooled in liquid nitrogen and transferred
to a stream of nitrogen gas at 100 K at the goniometer. 180° of the diffraction data were
collected at a wavelength of 0.9537 A using an EIGER-16M detector with 0.1° oscillation
and 0.1 sec exposure of 0% attenuated beam per frame. The data were indexed and integrated
with XDS [56] and scaled using AIMLESS [57]. The data were processed in space group
P2,2,2, with.unitfcell parameters a = 105.6, b = 114.2, ¢ = 55.3 A. The asymmetric unit is
estimated to"eontain two monomers, with a corresponding crystal volume per protein weight
of 2.67 A3 Dastwand a solvent content of 54.0%. Data collection and processing statistics are

detailed in-Table 2.

Structure Solution and Refinement
Molecular replacement was performed using PHASER [58] within the CCP4 suite [59].
Chain A of the EcDHDPS structure (PDB ID: 1YXC) was used as a search model after

removing all non-protein atoms. CHAINSAW was used to replace all non-identical residues
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with alanine [60]. Two monomers were found in the asymmetric unit with a log-likelihood
gain of 59712 and a Z-score of 72.7. Iterative model building with COOT [61] and
refinement using REFMAC [62] were performed. The quality of the model was validated
using MOLPROBITY [63]. The refinement statistics are included in Table 3. The atomic co-
ordinates"and experimental structure factors were deposited in the Protein Data Bank under

accession code 6UEOQ.
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TABLES

Table 1. Lysine inhibition affinities (ICsg) of DHDPS enzymes from Gram-negative

bacteria.

ICso (nM)
KpDHDPS 160
AbDHDPS 160
EcDHDPS* 180
PaDHDPS2* 130

As determined in*[35] and *[23].

Table 2. Data collection and processing statistics for KpDHDPS.

Diffraction"source MX2, Australian Synchrotron
Wavelength (A) 0.95374

Temperature (K) 100

Detector EIGER-16M
Crystal-to-detector distance (mm) 150

Total rotation'range (°) 180

Space group P2,2,2

a, b, c(A) 105.6, 114.2,55.3

a B, v (°) 90, 90, 90

Mosaicity (°) 0.15

Resolution range (A) 48.99-1.89 (1.93-1.89)
Total no. of reflections 362,343 (20,999)
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No. of unique reflections 54,102 (3,259)
Completeness (%) 99.7 (95.3)
Multiplicity 6.7 (6.4)
(I/o(D)) 11.4(1.9)
CCip 0.998 (0.827)
Rinerge (%0) 8.0 (62.9)

Ryim (%) 5.0 (39.6)

Values in parentheses are for the highest resolution shell.

Table 3. Refinement statistics for KpDHDPS.

Resolution range (A)

49.04-1.89 (1.94-1.89)

Completeness (%)

99.7 (96.3)

R (%) 17.0 (29.7)
Riree (%) 20.0 (31.7)
No. (%) of reflections in test set 3608 (4.7)
No. of protein molecules per asu 2
R.m.s.d. bond Tength (A) 0.01
R.m.s.d.jbond angle (°) 1.40
Average B-factors (A2)« 24.4
Protein molecules 23.7
Water molecules 31.3

Ramachandran plot®
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Residues other Gly and Pro in:
Most favoured regions (%) 98.6
Additionally allowed regions (%) 1.4
PDB code entry 6UEO

Values in parentheses are for the highest resolution shell.
4Calculated by BAVERAGE in CCP4 Suite [59].
bCalculated using MolProbity [63].

FIGURE LEGENDS

Figure 1. Diaminopimelate pathway (DAP) in bacteria. The DAP pathway begins with the
condensationwofpyruvate and (S)-aspartate semialdehyde (ASA) by dihydrodipicolinate
synthase (DHDPS) to produce 4-hydroxy-2,3,4,5-tetrahydro-(2S)-dipicolinic acid (HTPA).
Dihydrodipicolinate  reductase = (DHDPR) then converts HTPA to 2,3.4,5-
tetrahydrodipicolinate (THDP). At this point, the pathway branches into four sub-pathways;
the acetylase (double line), dehydrogenase (dotted line), aminotransferase (dashed line) or
succinyl pathway_(solid line), which is commonly observed in Gram-negative bacteria. The
sub-pathways__all converge at the production of meso-DAP, which is irreversibly

decarboxylated to lysine by diaminopimelate decarboxylase (DAP-DC).

Figure 2. Multiple sequence alignment of the putative dapA gene products from Klebsiella
pneumoniaens(EpDapAl UNIPROT ID: A6TCAl1l, KpDapA2 UNIPROT ID:
AO0AOH3GS49, KpDapA3 UNIPROT ID: B5Y2BS8, KpDapA4 UNIPROT ID: W1DHJ6)
and Acinetobacter baumannii (AbDapAl UNIPROT ID: S3TLB4, AbDapA2 UNIPROT
ID: AO0A372I0L7, AbDapA3 UNIPROT ID: S3TI37, AbDapA4 UNIPROT ID:
A0A022J7S0), compared to E. coli DHDPS (UNIPROT ID: POA6L2). Conservation of the
active site residues required for catalysis are highlighted in black, with the DHDPS signature
motif displayed above the alignment. Sequence alignment was performed using the ClustalW

software embedded in BIOEDIT (v.7.2.0).

Figure 3. (A) SDS-PAGE summary showing the recombinant K. pneumoniae dapA1-4 gene
products (lanes 2-5, respectively) compared to the Broad Range Molecular Weight (10-200
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kDa) ladder (Lane 1). (B) Circular dichroism (CD) spectra of recombinant KpDapAl (blue),
KpDapA2 (brown), KpDapA3 (teal) and KpDapA4 (red). The solid line represents the fit
produced using the CONTINLL database and the SP22x reference set. (C)
o-aminobenzaldehyde assay of KpDapA1-4 proteins, with E. coli DHDPS used as a positive

control and E¥éoli DHDPR as a negative control.

Figure 4. (A) SDS-PAGE summary showing purified recombinant AbDapAl compared to
the Broad Range Molecular Weight (10-200 kDa) ladder, indicating a purity of >90%. (B)
Circular dichroism (CD) spectrum of AbDapA1l with the fit produced using the CONTINLL
database and the/SP22x reference set (line). (C) o-aminobenzaldehyde assay of AbDapAl,
with E. colifDHDPS and E. coli DHDPR as positive and negative controls, respectively.

Figure 5. (A-B) Kinetic profile of KpDHDPS plotted as initial velocity (umol'min-'"mg') at
varying concentrations of (A) pyruvate at 4.0 mM (o), 2.0 mM (o), 1.0 mM (A), 0.50 mM (0)
and 0.25 mM.( /) plotted as a function of ASA concentration and (B) ASA at 0.80 mM (e),
0.40 mM (m), 0.20 mM (A), 0.10 mM (4) and 0.05 mM (V) plotted as a function of
pyruvate concentration. (C-D) Kinetic profile of AbDHDPS plotted as initial velocity
(umol'min-*mgst) at varying concentrations of (C) pyruvate at 5.0 mM (o), 2.5 mM (o), 1.3
mM (A),70:63 mM (0), 0.32 (V) and 0.078 mM (0O) plotted as a function of ASA
concentratiofi and (D) ASA at 0.50 mM (e), 0.25 mM (m), 0.13 mM (A), 0.063 mM (@),
0.032 (V) and 0.0078 mM (0O) plotted as a function of pyruvate concentration. All data was
fitted to a _bi-substrate ping-pong model without substrate inhibition using ENZFITTER

software (v4270:18), which resulted in an R? value of 0.98. Data are represented as mean +

standard deviation (n = 3).

Figure 6. (A) Overall structure of KpDHDPS in a head-to-head dimer of dimer arrangement
(PDB ID:"6UEO0). (B) Superposition of the active sites of pyruvate-bound EcDHDPS
(orange) (PDB ID: 3DUO), pyruvate-bound AbDHDPS (pink) (PDB ID: 3TAK), pyruvate-
bound KpDHDEPS (blue) (PDB ID: 6UE0) and apo PaDHDPS2 (green) (PDB ID: 3NOE),
highlighting the key residues involved in catalytic activity. (C) Superposition of ECDHDPS
(orange) (PDB 1ID: 3DU0O) and PaDapA4 (purple) (PDB: 3NAS8) demonstrates the
differences in the active site residues. Images were generated using PYMOL v.1.3

(Schrodinger, New York, NY, USA).
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