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Allosteric inhibition of Arabidopsis DHDPS
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Abstract

Lysine biosynthesis in plants occurs via the diaminopimelate pathway. The first committed and
rate limiting step,of this pathway is catalysed by dihydrodipicolinate synthase (DHDPS), which
is allosterically regulated by the end-product, L-lysine (lysine). Given that lysine is a common
nutritionally limiting amino acid in cereal crops, there has been much interest in probing the
regulation of DHDPS. Interestingly, knockouts in Arabidopsis thaliana of each isoform

(AtDHDPSI1 and AtDHDPS?2) result in different phenotypes, despite the enzymes sharing
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>85% protein sequence identity. Accordingly, in this study, we compared the catalytic activity,
lysine-mediated inhibition and structures of both 4. thaliana DHDPS isoforms. We found that
although the recombinantly produced enzymes have similar kinetic properties, AtDHDPSI is
10-fold more sensitive to lysine. We subsequently used X-ray crystallography to probe for
structural'differences between the apo- and lysine-bound isoforms that could account for the
differential @llosteric inhibition. Despite no significant changes in the overall structures of the
active or allosteric sites, we noted differences in the rotamer conformation of a key allosteric
site residue (Trp116) and proposed that this could result in differences in lysine dissociation.
Microscale thermophoresis studies supported our hypothesis, with AtDHDPS1 having a ~6-
fold tighter lysine‘dissociation constant compared to AtDHDPS2, which agrees with the lower
half minimal inhibitory concentration for lysine observed. Thus, we highlight that subtle
differences in protein structures, which could not have been predicted from the primary
sequences, can have profound effects on the allostery of a key enzyme involved in lysine
biosynthesis in plants.

Introduction

The current global'human population of ~7.7 billion is projected to reach ~9.7 billion by 2050
[1]. In orderto'feed our growing population, we will be required to increase our annual cereal
production by ~70% [2,3]. Given that lysine is one of the most nutritionally limiting amino
acids in plantsg“improving lysine content in agriculturally important crops represents an
important avenue to boost nutritional value [4]. Therefore, a thorough understanding of the
structure, function and regulation of the enzymes involved in lysine biosynthesis is crucial.
Indeed, transgenic corn and rice that express deregulated lysine biosynthetic enzymes and/or
have suppressed lysine degradation enzymes have been shown to produce increased levels of

this amino acid [5—7].

Lysine biesyathesis occurs in the chloroplasts of plants via the diaminopimelate (DAP)
pathway (Figure'l) [8]. The DAP pathway commences with a condensation reaction between
(S)-aspartatemswseémialdehyde (ASA) and pyruvate to form 4-hydroxy-2,3,4,5-
tetrahydrodipicolinic acid (HTPA) [9,10]. This first committed and rate-limiting step is
catalysed by the,enzyme 4-hydroxy-tetrahydrodipicolinate synthase, commonly referred to as
dihydrodipicolinate  synthase (DHDPS, EC4.3.3.7) [11]. Subsequently, 2,3.4,5-
tetrahydrodipicolinate (THDP) is produced in an NAD(P)H-dependent reaction catalysed by
4-hydroxy-tetrahydrodipicolinate reductase, commonly known as dihydrodipicolinate

reductase (DHDPR, EC 1.17.1.8) [12,13]. At this point, the pathway diverges depending on
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the organism. All plants utilise the aminotransferase variant sub-pathway, whereby
diaminopimelate aminotransferase (DAPAT, EC 2.6.1.83) catalyses the transamination of
THDP in the presence of L-glutamate to produce L,L-DAP and 2-oxoglutarate [14,15]. The
penultimate step of the DAP pathway involves the formation of meso-DAP, which is catalysed
by diaminopimelate epimerase (DAPEpi, EC 5.1.1.7) [16]. Ultimately, meso-DAP is
decarboxylated by diaminopimelate decarboxylase (DAPDC, EC 4.1.1.20) to form L-lysine
(hereinafter referred to as lysine) [17,18].

Several genes encoding enzymes in the DAP pathway, including DHDPS, have undergone
duplication events in both monocots and dicots, which has been proposed to increase the flux
of metabolités [14;19]. Studies in the model plant Arabidopsis thaliana using B-glucuronidase
reporter genes fused to DHDPS promoters have found that both isoforms are expressed to
similar levels in vegetative and reproductive organs [20,21]. Specifically, the DHDPS enzymes
are found in the meristems of roots and, most abundantly, in the meristem and vasculature of
the stem and leaves and in the anther and pollen grains [20,21]. These findings are also
supported bysansanalysis of RNA sequencing data, which highlights their broad and similar
expression [22]. Interestingly, despite the two A. thaliana (At) DHDPS enzymes sharing 87%
and 93% sequence identity and similarity, respectively (Figure 2), knockouts of each gene
(dapA) resultsqn different phenotypes [23]. For example, accumulation of the amino acid
threonine 1s observed when the gene encoding AtDHDPS2 (dapA2, At2G45440) is knocked
out, but not,when the AtDHDPS1-encoding gene (dapA1, At3G60880) is disrupted [21,23].
Moreover, AtDHDPS2 has been shown to account for ~70% of the total DHDPS activity in
young leaves [23]: This indicates that these proteins may differ in catalytic activity and/or

allosteric regulation.

The DHDPS-catalysed reaction occurs via a ping-pong mechanism, whereby pyruvate binds to
the active site“first and forms a Schiff base, prior to ASA binding. Several residues have been
shown to besessential for catalysis, including the Schiff base-forming Lys222, and Arg199 that
directs ASAwinto the active site (4. thaliana numbering) (Figure 2) [24-26]. Additionally, a
catalytic triad'¢omposed of Thr107, an interdigitating Tyr170, and Tyr194 act to shuttle protons
and Thr108 and Tyr169 stabilise the transition state of the reaction (4. thaliana numbering)
(Figure 2) [24,25]. Allosteric regulation of the DAP pathway occurs via the binding of lysine
to DHDPS. Unlike bacteria, plants have been shown to be highly sensitive to lysine inhibition
with ICs values between 10 and 50 uM [27,28]. Several residues have been implicated to be
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important for allosteric regulation (Figure 2). Specifically, the a-amino group of lysine interacts
with GIn112, Glul47 and Asnl143, the e-amino group coordinates with Glyl11, Trp116 and
His119, and the carboxyl group interacts with Asn143 and Tyr169 (4. thaliana numbering)
(Figure 2) [29]. Lysine has been proposed to regulate DHDPS by reducing conformational
dynamicsywhich'is important for enzymatic activity [30-32]. Upon lysine binding, molecular
dynamics studies of Vitis vinifera DHDPS have noted rotamer conformation changes for
several active and allosteric site residues [27]. Indeed, the catalytic Tyr169 residue has been
shown to m@ve into a position where it can no longer form a hydrophobic stack with Tyr170.
Consequently, Tyr170 rotates, leading to a disruption of the proton relay required for catalysis
[27]. Additionally, flipping of the Trp116 side chain has been noted when lysine is bound. As
such, Trp116 hasbeen proposed to acts as a ‘lid’ by limiting the accessibility of the allosteric
pocket to solvent and thus, affecting the dissociation of lysine [27,29].

In this study, we aimed to compare the catalytic activity, lysine-mediated inhibition and
structures of the two chloroplast-targeted DHDPS enzymes from A. thaliana. To achieve this,
we expressedsgpurified and characterised recombinant AtDHDPS]1 for the first time using a
combinationef enzyme kinetics, inhibition assays and X-ray crystallography, and compared it
to the previously characterised AtDHDPS2 isoform. We determined that although the enzymes
have similar catalytic properties, they are differentially inhibited by lysine. Subsequently, we
conducted co-crystallisation and binding studies to assess differences in structural
conformations and lysine dissociation between the isoforms that could account for the

differential allosteric regulation.

Results
Production of recombinant proteins
The AtDHDRSI-éncoding gene dapAl (At3G60880) was identified using The Arabidopsis

Information"Resource (TAIR, https://www.arabidopsis.org/) and the resulting protein sequence

uploaded torthesChloroP server for identification of the chloroplast transit peptide (¢TP) [33].
ChloroP predicted a cTP length of 37 amino acids, with an additional 11 amino acids identified
based on the sequence of the previously characterised AtDHDPS2 (Figure 2) [29]. Thus, the
final construct was designed to exclude the first 48 amino acids and incorporate a custom fusion
tag (Met-6xHis-3C protease recognition site) for purification by immobilised metal affinity
chromatography (IMAC) and tag removal (Figure 3A). The secondary and quaternary

structures were assessed in solution by circular dichroism (CD) spectroscopy (Figure 3B) and
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analytical ultracentrifugation (AUC) (Figure 3C), respectively, which indicate that
recombinant AtDHDPS1 adopts an o/ barrel folded tetrameric structure as observed for

AtDHDPS2 and other plant DHDPS orthologues [29].

Catalyticractivity

Having demonstrated that the purified proteins were correctly folded, their kinetic parameters
were compared by employing the DHDPS-DHDPR coupled assay [34,35]. Specifically, initial
velocity rates were monitored by varying the concentrations of the substrates, pyruvate and
ASA. The resulting Michaelis-Menten curves were fitted globally to a bi-substrate ping-pong
model without substrate inhibition (Figure 4A). The fit for AtDHDPS] resulted in Ky"YR of
3.4+ 0.1 mM, K254 0f 0.20 = 0.02 mM and catalytic turnover rate (k) of 180 = 24 s°! (Table
1). The resulting catalytic efficiency (k../Ky) values were calculated to be 55 s'-M-! for
pyruvate and 900 §''-M-! for ASA, which are similar to those published for AtDHDPS?2 (Table

1) [29], indicating that these enzymes have similar kinetic properties.

Lysine inhibition

Next, the allesteric inhibition of the A. thaliana DHDPS enzymes was assessed by titrating
increasing concentrations of lysine in the DHDPS-DHDPR assay with the substrates fixed at
Ky concentrations. The resulting ICs, values for AtDHDPS1 and AtDHDPS2 were 2.3 £+ 0.05
uM and 22 +£0.32 uM, respectively (Figure 4B). The ICs, reported for AtDHDPS?2 is similar
to that observed for other plant DHDPS enzymes (10-50 uM) [28,29], whilst AtDHDPS1
displays a much tighter affinity for the allosteric regulator. These data confirm previous

speculation that these two isoforms differ in allosteric regulation [21,36].

Structural comparisons between isoforms

In order to,probe,the differences in allosteric inhibition, the crystal structures of AtDHDPSI1 in
apo- and lysine=bound forms were determined (Figure 5, Table 2). AtDHDPSI exists as a
‘back-to-back’dimer of dimers arrangement to form the tetramer (Figure SA). This architecture
is canonicalsto AtDHDPS2 and other plant DHDPS enzymes [29,37,38]. The active site is
located at the"C-terminal end of the o/f TIM-barrel, with Tyr170 interdigitating into the
adjacent monomer, which along with Thr107 and Tyr194, completes the catalytic triad. As
observed for other plant DHDPS crystal structures, lysine in AtDHDPSI1 is bound in the

allosteric pocket at the dimer interface (Figure SB-C) [29]. The g-amino group is coordinated
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by Trp116, His119 and the main chain carbonyl oxygen of Gly111, while the carboxyl and a-
amino groups of lysine make contact with Tyr189 and the main chain carbonyl oxygen of
GIn112, in addition to Asn143 and Glu147 from the opposing dimer partner chain (Figure 5B-
C). Comparison between the AtDHDPS1 and AtDHDPS2 structures in both apo- and lysine-
bound forms reveal that the active and allosteric site residues are 100% conserved and that
there are no/significant conformational differences (Figure 5B-C). Indeed, superposition of the
Ca atoms in the apo-AtDHDPS1 and AtDHDPS2 (PDB ID: 4DPP) structures indicates no
significant differences in the backbone (r.m.s.d. in the range of 0.25 — 0.38 A, Table 3A).
Furthermoreganseverlay of the lysine-bound states of AtDHDPS1 and AtDHDPS2 (PDB ID:
4DPQ) yields.a.similar result (r.m.s.d. in the range of 0.25 — 0.41 A, Table 3B). A notable
exception was the presence of a disulfide bond between two Cys201 in the adjacent monomers
of AtDHDPST (Figure 6A) that is absent in AtDHDPS2, which possesses a glycine at the
equivalent position (Figure 2). To investigate whether the disulfide bond could explain the
difference in allosteric regulation, Cys201 was mutated to a glycine in AtDHDPSI1 (Figure 6B)
and the mutant protein was subsequently expressed and purified (Figure 6C). AtDHDPSI1-
C201G yieldedran' ICs, for lysine of 1.8 £ 0.06 uM (Figure 6D), which is comparable to the
value observed for the wild-type protein (ICso = 2.3 = 0.05 uM). Thus, the presence of this

disulfide ‘bond does not account for the difference in allosteric regulation observed.

Given that the residues that differ between the two isoforms are mostly located at the surface
of the proteins and distal from the active and allosteric sites, we set out to examine the
conformations of the residues that have been proposed to be important in allosteric regulation.
This includes Tyr 169, which upon movement, allows the rotation of Tyr170 as well as Trp116,
which has been.implicated as a gatekeeper of the allosteric site (Figure 7A-D) [27,29,37,38].
There is only. minor movement of Tyr169 to accommodate lysine, and similar to AtDHDPS2,
Tyr170 exhibitsmo rotation [29]. Interestingly, the conformation of Trp116 is different between
apo-AtDHDPSTand apo-AtDHDPS2. While Trp116 in both chains of apo-AtDHDPS2 takes
on the same™open’ conformation, Trp116 in apo-AtDHDPS]1 exhibits multiple conformations
(Figure 7E-F). Specifically, Trp116 in chains A (Figure 7A) and C (Figure 7C) of apo-
AtDHDPS1 adopts an ‘open’ conformation, which is stabilised by hydrogen bonding with
GIn154 from the same chain. In chain A, this ‘open’ conformation is further stabilised by
hydrogen bonding with Aspl117 from chain C, indicating cooperativity at the dimer-dimer

interface. Interestingly, while the ‘open’ conformation in chain C is the same as that observed
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in apo-AtDHDPS2 (Figure 7C), the ‘open’ conformation in chain A (Figure 7A) is unique to
apo-AtDHDPSI1 and has not been observed in other plant DHDPS enzymes. Trp116 in chains
B and D (Figure 7B) adopts the ‘closed’” conformation similarly to when lysine is bound (Figure
7D). Moreover, upon comparison of apo-AtDHDPSI to other plant apo-DHDPS structures,
namely V@imifera and Nicotiana sylvestris, AtDHDPSI is the only enzyme that adopts this
‘closed’ side chain position. Final density maps surrounding Trpl116 in apo-AtDHDPSI
demonstrate the best-fit conformation for each chain (Figure 8A-D). It is noteworthy that the
relatively higher B factors of Trp116 (68.3, 58.4, 62.8 and 49.6 A2 in chains A, B, C and D,
respectively)qin ,comparison to the global average of 43.9 A2 and some positive residual
densities, inychain C particularly, indicate the flexible nature of Trpl16. The multiple
conformatiofts Of Trp116 are accompanied by subtle changes of the side chain conformation of
neighbouring residues including Ile120 and His150, which are conserved in the two isoforms.
The adoption of multiple conformations by this key allosteric site residue in AtDHDPS1 could
account for the differences in lysine inhibition observed as it may hamper the dissociation of

lysine from the allosteric cleft.

Dissociation,analyses

To determine the' binding affinity of AtDHDPS1 or AtDHDPS2 for lysine, microscale
thermophoresiss®(MST) experiments were performed. Thermophoresis was monitored over
increasing lysine concentrations, and data were fitted to a Hill coefficient model to yield K4
values of 5.7+ 0.6 uM and 36 + 1.2 uM for AtDHDPS1 and AtDHDPS2, respectively (Figure
9). These data are in agreement with the differences in lysine-mediated inhibition observed
between the A. thaliana DHDPS isoforms. We propose that the greater affinity for lysine
observed in AtDHDPSI is likely due to the multiple adopted conformations of Trpl116 that

limit the release of lysine from the allosteric pocket.

Discussion

Most plants pessess two or more DHDPS-encoding genes due to duplication and divergence
of an ancestral gene [10,19]. It has previously been shown that A. thaliana is no exception and
has two DHDPS-encoding genes located on chromosomes three and two, encoding AtDHDPS1
(dapAl) and AtDHDPS2 (dapA2), respectively [23]. Indeed, both of these genes encode
functional DHDPS enzymes that are regulated by lysine [21,36]. A dapA1 knockout has been

shown to have less of a drastic effect on the phenotype of 4. thaliana compared to dapA2,
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which is likely the result of threonine accumulation [23]. In addition, a significant difference
in the contribution of each isoform to total DHDPS activity in cell extracts has been observed,

with AtDHDPSI only contributing ~30% and AtDHDPS2 contributing ~70% [23].

Given thevdifferences in the knockout phenotypes, it was postulated that AtDHDPS1 and
AtDHDPS2 may display different kinetic and/or lysine inhibition properties despite having a
high degree of conservation at the primary structure level. Whilst AtDHDPS2 has previously
been examined in vitro [29], the structure and function of AtDHDPS1 had yet to be elucidated.
Like other proteins in the aspartate-derived amino acid biosynthesis pathways, AtDHDPS
enzymes are targeted to the chloroplast by means of an N-terminal cTP consisting of primarily
hydroxylated amino acids [39]. The cTP sequence was removed in the construct presented in
this study to enSure correct folding and solubility in vitro. Enzyme assays indicated that
although the two proteins display similar catalytic efficiencies, they respond differently to the
allosteric inhibitor, lysine. Specifically, the lysine ICs, value for AtDHDPS1 was determined
to be ~10-fold lower compared to AtDHDPS2.

To determine if the difference in inhibition was due to structural variations, the crystal
structures of AtDHDPSI in both apo- and lysine-bound forms were determined. The
AtDHDPSI1 structures are highly similar to the equivalent AtDHDPS2 structures, with the
exception of a few residues primarily on the surface of the proteins. One notable difference
was the presence of a disulfide bond between two cysteines (Cys201) found in each
AtDHDPS1 dimer, which is absent in AtDHDPS2 (Gly201). The presence of this covalent
bond could contribute to the stability of the protein, but also decrease the overall dynamics of
the enzyme, which has previously been shown to be a key factor in lysine-mediated inhibition
of DHDPS [31]. However, this difference was shown to have no effect on the inhibition of

AtDHDPS1 as,assessed by site-directed mutagenesis.

Upon closeminspection of the crystal structures, differences were observed in the conformations
of Trp116 insthe apo-AtDHDPSI structure. This residue has been proposed to be a gatekeeper
or ‘lid’ to lysine,binding, as it flips and ‘closes’ the allosteric site once the inhibitor is bound
and limits solvent accessibility [27]. Specifically, in apo-AtDHDPS], this key allosteric residue
takes on the same conformation as apo-AtDHDPS2 only in chain C. In chains B and D of apo-
AtDHDPSI1, Trpl116 adopts the same conformation as when lysine is bound, i.e., a ‘closed’

conformation. Indeed, this positioning of the Trpl16 side chain is different to not only
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AtDHDPS2, but also V. vinifera and N. sylvestris apo-DHDPS enzymes [27,29,38]. This
suggests that the lowest energy state, and therefore preferred Trpl16 rotamer conformation,
may be a position that ‘closes’ the allosteric pocket. This formed the basis for our hypothesis
that if the ‘lid’ to the allosteric site of AtDHDPS1 favours a closed state, then AtDHDPS1
would have asslower lysine dissociation rate. MST binding assays demonstrated a ~6-fold
difference ift the dissociation rate for lysine between the two isoforms, indicating that lysine
dissociation 1s indeed slower in AtDHDPSI1. Thus, it is likely that the multiple Trp116
conformations play a role in the dissociation of lysine. However, the molecular determinant

underpinning;the,dynamic nature of Trp116 remains unclear.

In summary; although comparative studies between DHDPS isoforms have recently been
performed in bacteria [40], this study is the first to be conducted for a plant species. The
differential lysine-mediated regulation we have observed may provide an explanation as to why
knockout studies result in different phenotypes [23]. Given that AtDHDPS1 is more sensitive
to lysine inhibition, we hypothesise that this enzyme is likely to predominantly exist in an
inhibited formgpwhereas AtDHDPS?2 is able to maintain activity at intracellular concentrations
of the allosteri¢ inhibitor. Lastly, we highlight in this study that protein sequences cannot
necessarily predict the allosteric regulation of enzymes and structural conformations need to
be examined. Such studies are critical for understanding the allosteric regulation of essential
amino acid biosynthesis pathways, which may provide key insights into the development of
more nutritionally rich crops.

Materials and Methods

Expression and purification of AtDHDPS proteins

The dapAl gene was identified using TAIR. The c¢TP (residues 1 — 48) was identified using
ChloroP [33] and removed before a custom protein fusion tag was engineered into the
construct,,which,/consisted of 6xHis-tag followed by a recognition site (GKPALEVLFQ-
GPGS) for HRV=3C protease. The construct was subsequently commercially synthesised by
Bioneer Pacifien(Kew East, VIC, Australia) and ligated into pET11a (Novagen) using BamHI
and EcoRLzestriction sites, before transformation into Escherichia coli BL21 (DE3) cells. The
plasmid pET151/D-Topo harbouring dapA2 was co-transformed with pACYC184, containing
the GroEL/ES chaperones, into E. coli BL21 (DE3) cells [28]. Expression was carried out by
culturing transformed cells in Luria-Bertani media, containing 100 pg/mL of ampicillin, at 25
°C with agitation (160 RPM) to an ODg of 0.5 — 0.6 before inducing expression by addition
of 1 mM IPTG. Incubation was continued at 25 °C for a further 16 hrs, prior to harvesting cells
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via centrifugation at 4,000 x g at 4 °C for 15 mins. Cells were freeze-thawed before being
resuspended in 15 mL of IMAC binding buffer (20 mM Tris-Cl, 500 mM NaCl, 20 mM
imidazole, pH 8.0) and sonicated (60 pm, 10 secs on: 2 mins off, total on time of 120 secs) on
ice using a Vibra Cell VC40 (Sonics and Materials, Newtown, CT, USA). Cellular debris was
pelleted viaicentrifugation at 14,000 % g at 4 °C for 30 mins and the supernatant filtered through
a 5 um por¢ size syringe filter. Recombinant protein was applied to a pre-equilibrated 5 mL
HisTrap™ (GE Healthcare Life Sciences, Silverwater, NSW, Australia) and washed with 100
mL IMAC binding buffer and 100 mL of 10% IMAC elution buffer (20 mM Tris, 500 mM
NacCl, 500 mM imidazole, pH 8.0) before eluting with an increasing gradient of IMAC elution
buffer (10 —80%). Fractions were assessed by SDS-PAGE for purity, following which, pure
protein was pogled before the addition of tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
to 0.5 mM and 3C or tobacco etch virus protease to AtDHDPS1 and AtDHDPS2, respectively.
Tag cleavage was ¢carried out at 4 °C for 16 hrs, while simultaneously dialysing the protein into
storage buffer (20 mM Tris, 150 mM NaCl, 0.5 mM TCEP, pH 8.0). Cleaved fusion tag and
protease wete removed by passing the protein solution back through a pre-equilibrated 5 mL
HisTrap™ celumn. Proteins were snap frozen in liquid nitrogen and stored at -80 °C. The
mutant AtDHDPS1-C201G protein was expressed and purified in the same manner as the wild-
type protein.

Circular dichreism spectroscopy

Secondary structure was determined by CD spectroscopy using 1 mm quartz cuvettes in a
Model 420 €D spectrometer (Aviv Biomedical) as previously described [40]. Protein samples
were prepared in storage buffer at 0.2 — 0.3 mg/mL and wavelength scans were taken from 200
— 260 nm. Resulting data were converted to mean residue ellipticity and analysed using the
CDPro software suite, employing the CONTINLL algorithm with the SP22x reference database
[41].

Analytical ultracentrifugation

Quaternary strueture in solution was determined using sedimentation velocity experiments in
a BeckmangsCoulter Model XL-A analytical ultracentrifuge as previously described [42].
AtDHDPS] was, loaded into double sector quartz cells at a concentration of 0.8 mg/mL in
storage buffer. Data were collected in continuous mode as previously described [42].
Subsequently, data were analysed using SEDFIT and fit to a continuous size-distribution model
[43,44]. Solvent density, solvent viscosity and estimates of the partial specific volume were

calculated using SEDNTERP [45].
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Enzyme activity assays

Enzyme kinetics were determined using a Cary 4000 UV/Vis spectrophotometer (Varian)
employing the previously described DHDPS-DHDPR coupled assay [34,35,42]. Briefly,
reactions were'prepared and incubated at 30 °C for 12 mins before ASA was added to initiate
the reactioni DHDPR and NADPH were maintained in excess with substrates (pyruvate and
ASA) varied to determine the kinetic parameters for AtDHDPS1. Resulting substrate affinity
data were fitted to a ping-pong (without substrate inhibition) model (Equation 1) (EnzFitter
v2.0). Dose zespense assays were performed by fixing substrates at Ky concentrations and
titrating lysine into independent reactions. Initial enzyme velocity was measured and analysed
using the log(inhibitor) vs. normalized response — Variable slope equation (Equation 2)

(GraphPad Prism v8.3).

Equation 1:
V=(Vmax>< A x B)/(KM,AX B +KM,B>< A+ A X B)
Where v = initialwelocity, Vi.x = limiting maximal velocity, A = [pyruvate], B =[ASA], Kpa

= limiting Michaelis-Menten constant for A, Ky g = limiting Michaelis-Menten constant for B.

Equation 2:
Y = 100/(1 + 10{ogiC50 - X) x Hillslope))
Where Y isthe normalised rate, logICsy is the logarithmic concentration of ligand resulting in

50% activity, X 1s the concentration of ligand, and Hill Slope is the steepness of the curve.

Crystallisation and X-ray diffraction

Initial crystallisation screening for AtDHDPS1 was conducted at the Collaborative
Crystallisation,Centre (CSIRO, Parkville, Melbourne, Australia) using the sitting drop vapor
diffusion meéthodand conditions were further optimised in-house using the hanging-drop vapor
diffusion method: Reservoir solutions were prepared to contain 0.1 M HEPES (pH 7.5), 0.1 M
NacCl, and_1.4"M (NH,4),SO,. Protein (8.5 mg/mL) was crystallised either in an apo form or in
the presence of lysine (10 mM) at 20 °C. Crystals were transferred to cryo-protectant (0.1 M
HEPES (pH 7.5), 0.1 M NacCl, 1.4 M (NH4),SOy, 22% (v/v) glycerol) before being flash frozen
in liquid nitrogen. X-ray diffraction data were collected on the MX-2 beamline at the Australian
Synchrotron [46] at a wavelength of 0.954 A at 100 K using an EIGER 16M detector with 0%
beam attenuation. The X-ray data were processed with XDS [47], and integrated and scaled
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with AIMLESS [48]. The crystal structures were solved by molecular replacement (MR) using
PHASER [49] through the CCP4i2 (v7.0) software suite, employing the apo-AtDHDPS2
structure (PDB ID: 4DPP) as a search model. A MR solution with two copies of dimer template
(a tetramer) was found in the asymmetric unit. Structural refinement was performed using
REFMACS[507with manual model building accomplished using WinCOOT (v0.8.9.2) [51].
The quality’ of the model was validated using MOLPROBITY [52]. A summary of data

collection, processing and refinement statistics is presented in Table 2.

Mutagenesis

The AtDHDPS1C201G mutant was generated employing a modified QuikChange®
mutagenesis’ pfotocol (Stratagene, La Jolla, CA, USA) using mutagenic primers (F: 5'
CAGGACGTACCGGTCAGGATATC 3'; R: 5" GATATCCTGACCGGTACGTCCTG 3")
designed in PrimerX (http://bioinformatics.org/primerx/). Phusion DNA polymerase (New
England Biolabs, NEB) and primers were used to amplify the dapAl harbouring plasmid
(pET11a) as.per manufacturer’s protocol. Template plasmid was digested using Dpnl (NEB)
at 37 °C forg3whrs before transformation into E. coli XL1-Blue cells and subsequent
amplification,andplasmid DNA extraction using the Wizard® Plus SV miniprep kit (Promega)
as per manufacturer’s protocol. The successful mutation was confirmed by Sanger sequencing

(Australian Genome Research Facility).

Microscale thermophoresis

Lysine binding affinity assays were performed in a Monolith NT.LabelFree instrument
(NanoTemper Technologies) using standard treated capillaries. AtDHDPS proteins and
Tween20 were kept at concentrations of 2.5 uM and 0.005% (v/v), respectively, while lysine
concentrations were varied from 0.122 — 1000 uM. All reactions were incubated at 30 °C for
30 mins priortoMST experiments. Thermophoresis scans were taken at 30 °C using 20% LED
and 40% MSTIR: Data were subsequently analysed using the built-in Hill equation (Equation
3) (NT. Analysisssoftware vi.5.41, NanoTemper Technologies) to determine the dissociation

constants.

Equation 3:
K4 =unbound + (bound — unbound)/ (1 + (ECsy/ c)?)
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Where unbound and bound represent the minimum and maximal absorbance, respectively,
ECs is the concentration of ligand resulting in 50% absorbance, ¢ is the concentration of
ligand, and n is the slope.
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Tables

Table 1: Summary of AtDHDPS enzyme kinetic parameters. Data represent mean £+ SEM
(N=23).

kcat KMPyr I(MASA kcat/ KMPyr kcat/ KMASA

(s (mM) (mM) (s'-M) (s'-M)
AtDHDPEST {180 + 24 34+0.1 0.20+0.02 55 900
AtDHDPS2 |93 + 5.07 1.0+ 0.17 0.09£0.017 93 1030

tData obtained from [29].
Table 2: Summary of AtDHDPS1 crystallographic data collection, processing and

refinementstatistics.

Data collection AtDHDPS]1 + lysine Apo-AtDPDPSI
Space group P2,2,24 P2,2,2,
Unit cell parameters (A) 95.0,97.9, 176.5 95.5,98.1,176.9
Resolution (A) 4593 -1.79 49.10 - 2.14
(184 _ 1 70) (D720 _ 7 14)

No. of observations 1,039,258 (43,759)

No. of unique reflections 153,659 (6,989)

Completeness (%) 99.6 (92.6)
Redundancy 6.8 (6.3)
Rinerge (%0) 6.7 (52.7)
Rpim (%) 3.0(24.2)
CCin 0.999 (0.857)
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609,925 (25,965)
90,994 (4,163)
99.4 (92.7)
6.7 (6.2)

7.1 (58.5)
3.2 (26.6)
0.999 (0.865)



Average I/o(]) 11.6 (1.9) 11.5(2.0)
Refinement
R (%) 16.6 (24.9) 17.1 (27.1)
Rfiee (%) 19.6 (27.0) 20.9 (29.4)
No. ofreflections in test setd 7,721 (5.0) 4,371 (4.8)
No. of preteinimolecules per asu 4 4
R.m.s.d bonddength (A) 0.01 0.01
R.m.s.d bond angle (°) 1.39 1.40
Average B#factors (A2) b 28.8 43.9
Protein molecules 279 43.9
Lysine molecules 21.9 -
Water molecules 38.1 44.7
Ramachandranplot ¢
Residues.other than Gly and Pro in:
Most favored regions (%) 98.9 98.3
Additionally-allowed regions (%) 1.1 1.7
Disallowed regions (%) 0 0
PDB code 6VVH 6VVI
618 @ Values.ifrparentheses are for the highest-resolution shell.
619 b Caleulated by BAVERAGE in CCP4 suite [53].
620 ¢ Calculated using MolProbity [52].
621 4 Valuesiin'parentheses are the percentage of total unique reflections selected for the
622 test set.

623  Table 3. Comparison of root-mean-square deviations (r.m.s.d.) for common Ca pairs of
624  the two AtDHDPS structures.

625

626  (A) Apo structures

[ _d
Apo-AtDHDPS1 Apo-AtDHDPS2 Number of Ca
rm.s.d. (A)
(4DPP) superposed
Chain A Chain A 307 0.369
Chain B 307 0.296
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Chain B Chain A 306 0.373
Chain B 305 0.246
Chain C Chain A 307 0.353
Chain B 307 0.264
Chain.D Chain A 307 0.382
Chain B 307 0.270

627

628  (B) Lysine-bound structures

AtDHDPg ;sine Apo-AtDHDPS2 Number of Ca

(6@ (4DPQ) superposed rm.sd. (A)

ChainsAc Chain A 307 0.318
Chain B 307 0.348

Chain B Chain A 305 0.262
Chain B 305 0.407

Chain C Chain A 307 0.258
Chain B 307 0.354

Chain'D Chain A 305 0.254
Chain B 305 0.403

629
630  Figure legends

631

632  Figure 1: Diaminopimelate (DAP) pathway in plants. The DAP pathway begins with the
633  condensation of (S)-aspartate semialdehyde (ASA) and pyruvate to produce 4-hydroxy-2,3,4,5-
634  tetrahydrodipicolinic acid (HTPA), catalysed by dihydrodipicolinate synthase (DHDPS).
635 HTPA is subsequently reduced by dihydrodipicolinate reductase (DHDPR) to 2,3.4,5-
636  tetrahydrodipicolinate (THDP), in an NAD(P)H-dependent reaction. Plants follow the

637 aminotransferase sub-pathway, in which diaminopimelate aminotransferase (DAPAT)
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produces L,L-DAP. L,L-DAP is then converted to meso-DAP by diaminopimelate epimerase
(DAPEpi), which is subsequently decarboxylated by diaminopimelate decarboxylase
(DAPDC) to produce L-lysine.

Figure 2:"Comparison of amino acid sequences between Arabidopsis thaliana (At) DHDPS
enzymes. Protein sequence alignment of AtDHDPS1 (TAIR ID: At3G60880) and AtDHDPS2
(TAIR ID: At2G45440). Identical residues are highlighted in black. Chloroplast transit peptide
is outlined in a green box. Key active site residues are marked with 1 and key allosteric site
residues are marked with {. Sequence alignment was performed using the Clusta/W algorithm

in BioEdit (w7.2.5).

Figure 3: Purification of AtDHDPS enzymes and in-solution structural analysis of
AtDHDPS1. (A) SDS-PAGE summarising the purification of AtDHDPS proteins. L:
molecular weight ladder, CE: crude soluble extract, P: purified, PC: purified and affinity tag
cleaved. (B)_Circular dichroism spectroscopy analysis of the secondary structure of
AtDHDPS1 (®)=€hange in mean residue ellipticity is plotted as a function of wavelength and
fit using the, CONTINLL algorithm and SP22x reference set (solid line). (C) Analytical
ultracentrifugation analysis of AtDHDPS1 at 0.8 mg/mL (solid line). Continuous
sedimentationscoefficient [c(S)] distribution is plotted as a function of sedimentation
coefficient. The r.m.s.d. and Runs test Z values were 0.003 and 0.13, respectively. Top:

Distribution.of residuals resulting from the best fit.

Figure 4: Kinetic analyses of AtDHDPS. (A) Enzyme activity was monitored at varying
concentrations of ASA with pyruvate kept at constant concentrations of 10 (e), 5 (m), 2.5 (A),
1.25 (V), 1.25 (#) and 0.625 (o) mM. Specific activity is plotted as a function of ASA
concentration.and fitted to a no inhibition bi-substrate ping-pong model (R*> = 0.99). Data
represent mean£SD (n = 3). (B) Dose response of lysine against AtDHDPS1 (e, purple) and
AtDHDPS2«(myorange). Normalised data (% activity remaining) is plotted as a function of
logo[lysineJsand fitted to a variable slope model (solid line) (R*> = 0.99). Data represent mean

+ SEM (N =3).

Figure 5: Crystal structure of lysine bound-AtDHDPS. (A) Front view of the structure of
AtDHDPSI1 in the apo form (cartoon presentation), illustrating the back-to-back dimer-of-

dimers arrangement of plant DHDPS enzymes. (B) Front view of the lysine binding pocket in
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AtDHDPSI (purple) compared to AtDHDPS2 (orange). Residues that interact with lysine are
shown as sticks, with lysine shown in green. (C) Lysine binding pocket of AtDHDPSI (purple)
and AtDHDPS2 (orange). Residues that interact with lysine are shown as sticks, with lysine
shown as green sticks with nitrogen (blue) and oxygen (red) colouring. Images were generated

in PyMOINv22ySchrodinger).

Figure 6: Generation, purification and characterisation of AtDHDPS1-C201G mutant
enzyme. (A) Top view of dimeric AtDHDPS1 showing Cys201 and the disulfide bond in
AtDHDPSI1 (pusple) compared to the equivalent Gly201 in AtDHDPS2 (orange). (B) Partial
sequencing tesult for wildtype AtDHDPS1 (top) and AtDHDPS1-C201G mutant (bottom),
highlightingthé single nucleotide mutation of T to G. (C) SDS-PAGE gel summarising the
purification of AtDHDPS-C201G mutant. L: molecular weight ladder, CE: crude soluble
extract, P: purified, PC: purified and affinity-tag cleaved. (D) Lysine dose response against the
AtDHDPS1-C201G mutant enzyme. Normalised data (% activity remaining) (@) is plotted as
a function of log[lysine] and fitted to a variable slope equation (solid line) (R*>= 0.99). Data

represent means==SD (n = 3).

Figure 7: Conformations of Trp116 in AtDHDPS enzymes. View of the allosteric pocket of
(A) apo-AtDHDPSI1 chain A, (B) apo-AtDHDPSI1 chain B (same as in chain D), (C) apo-
AtDHDPST chain C and (D) lysine-bound AtDHDPSI1 chain A (surface presentation) with
Trp116 shown as sticks and lysine shown as green sticks with nitrogen (blue) and oxygen (red)
colouring. (E) Front view of AtDHDPSI1 (purple) and AtDHDPS2 (orange) in the apo form
(cartoon presentation) with Trpl16 shown as sticks. (F) Stick representation of the
conformation of Trp116 in apo-AtDHDPSI1 chain A (green), B (cyan), C (magenta) and D
(yellow) with nitrogen (blue) coloured. Images were generated in PyMOL (v2.2, Schrodinger).
Figure 8: Electron density of Trp116. The electron density maps (2F, — F, map at 1 o; blue
mesh and Fig="F¢map at 3.5 o; green and red mesh) around Trp116 (centred in each image)
from the finalround of refinement are shown in stereo view from (A) chain A, (B) chain B, (C)

chain C and«D) chain D. Images were generated in PyMOL (v2.2, Schrodinger).

Figure 9: Dissociation of lysine. Binding curves of AtDHDPSI (e, purple) and AtDHDPS2
(m, orange) to lysine. Normalised fluorescent signal is plotted as a function of [lysine].
Thermophoresis + T-jump microscale thermophoresis data were fitted to the Hill equation.

Data represent mean = SEM (N = 3).
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