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Introduction

Metabolic pathways are formed of multiple reactions
catalysed by enzymes that produce or breakdown bio-
molecules. Several modes of regulation take place to
maintain ad hoc concentrations of metabolites in cells.
In 1985, P.A. Srere proposed the word metabolon to
describe a «supramolecular complex of sequential met-
abolic enzymes and cellular structural elements» [1].
Physical proximity of the enzymes involved in a given
metabolic pathway may favour substrate channelling
and therefore optimize metabolic flux [2]. Since then,
the concept of metabolon has been extended to other
metabolic pathways in bacteria and plants [3,4]. Above
all, glycolysis [5-8], cyanogenic glucoside synthesis [9],
folate metabolism [10], branched-chain amino acids
synthesis [11], ubiquinone synthesis [12] and de novo
purine nucleotide biosynthesis [13-16] were proposed
to be regulated via metabolon formation.

De novo purine nucleotide biosynthesis is one of two
possible routes to produce adenine and guanine nucle-
otides, the other being the salvage pathway. The sal-
vage pathway is sufficient to maintain the purine
nucleotide pool in standard physiological conditions,
whereas the de novo pathway is upregulated in highly
demanding conditions, such as DNA replication and
cell division. The chemical steps of the de novo path-
way (Fig. 1) are evolutionarily conserved in all living
organisms [17]. Phosphoribosylpyrophosphate (PRPP)
is first converted via 10 steps into the intermediate
nucleotide inosine 5-monophosphate (IMP). At this
branching point, IMP is subsequently converted into
AMP or GMP via two separate routes, each formed of
two distinct steps. In mammalian cells, nine enzymes
are implicated in de novo synthesis [18], with several
multifunctional, including one trifunctional enzyme
(TrifGART) and three bifunctional enzymes (PAICS,
ATIC, ADSL). Conversely, 14 enzymes have been
identified in prokaryotes [19] with only two bifunc-
tional enzymes, PurB and PurH (ADSL and ATIC
homologues respectively). Additionally, two possible
routes catalyse the third step in bacteria, one sup-
ported by the folate-dependent PurN (the equivalent
of the GAR Tfase domain of mammalian TrifGART),
and the other by the formate-dependent prokaryote-
specific PurT. Another difference encountered in
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prokaryotes concerns the sixth step: it is split into two
sequential reactions, the first one catalysed by PurK,
an enzyme that has no eukaryotic homologue, and the
second one catalysed by PurE, the equivalent of the
CAIR synthetase domain of PAICS.

In human cells, the de novo purine nucleotide bio-
synthetic pathway has long been proposed to form a
metabolon. Benkovic’s team first reported in 2008 a
co-localization of all the enzymes involved in the first
10 reactions of the pathway and proposed that these
enzymes could assemble into a supramolecular com-
plex, called purinosome, in purine-depleted conditions
[15]. In 2015, two other enzymes from the pathway
(IMPDH and ADSS, see Fig. 1) were also grouped
into the megacomplex [20]. Purinosome formation was
shown to be regulated by various environmental fac-
tors and signalling pathways (e.g. purine-depletion,
hypoxic growth conditions) with a dynamic assembly
and disassembly pattern [21-24]. Recently, a link
between purinosome formation and an increase in
purine nucleotide synthesis has been shown by meta-
bolomics and mass spectrometry imaging [25].

Whether a de novo purine nucleotide biosynthetic
metabolon also exists in prokaryotes has long been
speculative [26]. Former studies on two E. coli enzymes
of this pathway have revealed transient interaction
channelling via kinetic analysis [27]. Here, we have
considered all enzymes belonging to the de novo purine
nucleotide biosynthesis, including those after the IMP
branching point (Fig. 1). By using a bacterial adeny-
late cyclase two-hybrid (BACTH) approach, we char-
acterized the protein—protein interaction network
among all these enzymes and provided experimental
evidence suggesting the existence of a multi-molecular
complex in E. coli. Interestingly, we identified the
bacterial-specific enzyme, namely PurK, as one of the
central connectors. We further showed that PurK
modifications that disrupt its association with several
de novo purine nucleotide biosynthesis enzymes,
directly affected the adenine and guanine nucleotide
pools and impacted the bacterial fitness. Hence, these
data strongly support the hypothesis that proper asso-
ciations between the de novo purine nucleotide biosyn-
thesis enzymes provide a growth advantage to E. coli
when this pathway is essential for survival.
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Fig. 1. de novo biosynthetic pathway of purine nucleotides. (A) Schematic representation of the step-by-step conversion of PRPP to AMP
and GMP. The chemical steps have been sequentially numbered and given a specific colour. (B) The enzymes implicated in each step are
listed for two bacteria (E. coli and P. aeruginosa) and for mammals (human). In mammals, six enzymes are involved in the conversion of
PRPP to IMP: PRPP amidotransferase (PPAT), TrifGART [trifunctional: GAR synthetase domain (GARS), GAR formyltransferase domain (GAR
Tfase), AIR synthetase domain (AIRS)], FGAM synthase (FGAMS), PAICS I[bifunctional: AICAR formyltransferase domain (AICAR Tfase),
CAIR synthetase domain (CAIRS)], adenylosuccinate (ADSL), ATIC [bifunctional: AICAR formyltransferase domain (AICAR Tfase), IMP cyclo-
hydrolase domain (IMPC)]. IMP is then processed into GMP by two reactions catalysed by inosine 5-monophophate dehydrogenase
(IMPDH) and GMP synthase (GMPS), or into AMP by two other reactions catalysed by adenylosuccinate synthase (ADSS) and ADSL into
AMP. In prokaryotes, the chemical steps are catalysed by 14 enzymes, annotated as PurF, PurD, PurN, PurT, Purl, PurM, PurK, Purk, PurC,
PurB, PurH, IMPDH, GuaA and PurA. The sequence identities between the E. coli and human enzymes, or between the E. coli and
P. aeruginosa enzymes, are also given, as well as the oligomeric states of each enzyme when it has been reported in the literature.

The FEBS Journal (2023) © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3
Federation of European Biochemical Societies.

85UB017 SUOLULLIOD 3AIIID 3|cedl|dde 8Uy Ag pausenob a1 Sajolfe YO ‘BSN 0 S3|nJ 104 ARIq1T BUIUO /8|1 UO (SUORIPUOD-PLR-SLLLBYW0D" AB|IMARIq 1 RU1IUO//SARY) SUORIPUOD PUe SWIB | 8U} 885 *[£202/50/60] UO AR1q1T 8UIUO AB|IM ‘Ineised Iiisu| AQ 99T 'SGRY/TTTT'OT/I0P/WO0D A8 | 1M AReiq | puljuo'SGRy//:SdRY Woiy papeojumoq ‘0 ‘859vey.LT



De novo purine nucleotide biosynthesis interactome

Results

To reveal interactions between the enzymes selected in
this study, we employed a genetic approach using the
BACTH system [28]. This technique relies on the
interaction-mediated reconstitution of a functional
adenylate cyclase from two complementary fragments
(noted T25 and T18) of this enzyme (Fig. 2A). In this

A. Gedeon et al.

system, the proteins of interest are fused to the T25
and T18 moieties and co-expressed in an E. coli cyaAd
strain (herein BTHI101, see Table 1). Interactions
between hybrid proteins are monitored by measuring
the activity of f-galactosidase that is positively con-
trolled by cyclic AMP (cAMP). All E. coli open read-
ing frames (ORFs) encoding the enzymes of the
de novo purine nucleotide biosynthesis pathway were

(D) T18 fusions -
A) = b — COOQWULIX ISZH-Og
-- S555555555555587
anpoacoaonoannoaa=0L
4—'—; PurA * * *
X X PurB kR ek .
PurC .
= o PurD NN
E ® ] S| Purg s = .
NG =
® @ purF
0| PurH . e
no B-galactosidase M B-galactosidase S PurK ® e N
expression expression PurL
PurM e
(B) PurN
PurT * KEE KK Kk i
2000
Oligomerization 3 IMPDH :
15001 M Average g-gal.

activity (AU) 9 152 295 438 582 725 868 1012 1155 1298 1442

(E)

B-galactosidase
activity (AU)

°

p-galactosidase
activity (AU)

Fig. 2. Interaction network among the E. coli de novo purine nucleotide biosynthesis enzymes. (A) Principle of protein—protein interaction
identification with the BACTH system. Each of the T25 and T18 fragments is fused with a protein of interest (noted X and Y) that are co-
expressed in E. coli cyaA strain lacking adenylate cyclase. Interaction between proteins X and Y brings in close vicinity the complementary
T25 and T18 fragments, reconstituting an adenylate cyclase activity. Thus, ATP is converted to cAMP, that activates the expression of the
lacZ gene encoding p-galactosidase. f-galactosidase activity was measured on permeabilized bacteria as described in Materials and
methods. (B) BACTH analysis of the oligomerization state using co-expression of T25 and T18 fusions of the same enzyme (same colour
code as in Fig. 1). p-galactosidase activity values measured as described in Materials and methods are presented in arbitrary units (A.U.). All
mean and standard deviation data (n = 8) are available in Table 2. f-galactosidase activity values for the positive and negative controls (T25-
Zip/T18-Zip and T25-Empty/T18-Empty combinations respectively) are 1723 AU + 90 and 23 UA + 4 respectively. The dotted line corre-
sponds to fourfold the value of negative controls. (C) BACTH analysis (the same as in B) of interactions between PurF and all the other
enzymes of the de novo purine nucleotide biosynthesis. Each enzyme (name given under the histogram, bars coloured with the same code
as in Fig. 1) has been used as a prey either as a T2b-fused (left) or T18-fused (right) protein and PurF as a bait (T18- or T25-fusion respec-
tively). FtsA and Icd have been used in the same conditions as negative controls. (D) Two-dimensional adjusted P-value matrix representing
significance of interactions measured by BACTH between the T25 (in column) and T18 (in line) versions of all the enzymes of interest. The
intensity of the blue colour and the size of the circles are proportional to f-galactosidase activity values. An adaptive Benjamini-Hochberg
procedure has been applied to get an adjusted P-value (a.P-value) in view to control the false discovery rate level. *, 1% < a.P-value < 5%;
*¥* 0.1% < a.P-value < 1%; ***, a.Pvalue < 0.1%. E- Interaction network where each arrow represents an interaction between enzymes
identified by BACTH represented with Cytoscape 3.7 [50]. Each arrow represents a node between a T18 and a T25 version. The arrow's
widths are proportional to the corresponding a.P-values. Protein oligomerizations (i.e. intra protein interactions) were not represented on the
scheme. For mean, standard deviation values, and a.P-values, refer to Table 2. All data represent means + SD of the results from eight dis-
tinct measurements (n = 8).
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Table 1. £. coli strains used in this study. BW25113, the parent strain from the Keio collection [30] has the following genotype: lac/? rrnBrq4

AlacZny16 hsdR514 AarraBADapas ArhaBAD p7s.

Strain Genotype Source or reference

XL1-Blue P ::Tn10 proAB* lacl? A(lacZ)M15 endAT1 ginV44(AS) gyrA96 hsdR17 recAl thi-1 lac Agilent technologies-stratagene

DHb5« F~ (argF-lac)U169 080A (lacZ)M 15 deoR endAT1 ginV44(AS) gyrA96 hsdR17 recA1 relA1 thi- Laboratory collection
1

DHT1 F- ginV44(AS) recA1 endA1 gyrA96 (nal’) thi-1 hsdR17 spoT1 rfbD1 cya-854ilv-691::Tn10 [56]

BTH101 F~, cya-99, araD139, galE15, galK16, rpsL1, hsdR2, mcrA1, merB1 [57]

BTH101ApurK BTH101 ApurK::kan This work

JW4135 BW25113 ApurA::kan [30]

JW2461 BW25113 ApurC::kan [30]

JW3969 BW25113 ApurD::kan [30]

JW0512 BW25113 ApurE::kan [30]

JW2309 BW25113 ApurF::kan [30]

JW3970 BW25113 ApurH.::kan [30]

JWO0511 BW25113 ApurK::kan [30]

JW2541 BW25113 Apurl::kan [30]

JW2484 BW25113 ApurM::kan [30]

JW2485 BW25113 ApurN::kan [30]

JW1838 BW25113 ApurT::kan [30]

JW2491 BW25113 AguaA::kan [30]

JW5401 BW25113 AguaB::kan [30]

Ec-purKec JWO0511ApurK kan::purKec (of E. coli) This work

Ec-purKpa JWO0511ApurK kan::purKpa (of P. aeruginosa) This work

cloned in-frame with the T25 or T18 fragment using a
Gateway®-adapted BACTH system [29]. The expres-
sion and functionality of the fusion proteins were
tested by complementation of E. coli mutant cells,
deleted of the genes of interest (Keio collection [30]
strains listed in Table 1), and therefore unable to grow
on synthetic minimal medium (except the purN and
purT mutants, as these enzymes are redundant). In all
cases but GuaA (which was therefore excluded from
the study), the expression of the T25- or T18-fused
proteins could restore the growth of the E. coli
mutants on minimal M63B1 medium indicating that
their enzymatic activities were intact (Fig. 3).

For BACTH interaction assays, the T25 and TI18
hybrids of each protein were co-expressed in BTH101 cells
and their associations were monitored by measuring f-
galactosidase activity in liquid cultures. As negative con-
trols, in addition to the empty T25 and T18 fragments
alone (noted empty in Fig. 2B), we used two cytosolic
proteins unrelated to purine nucleotide metabolism: FtsA,
a cell division protein, and isocitrate dehydrogenase (Icd),
an enzyme involved in the TCA cycle. We also used the
standard positive control of the BACTH system, T25-Zip
and T18-Zip fusion proteins (Fig. 2B), with Zip being the
leucine zipper of GCN4. Interaction signals were consid-
ered positive when f-galactosidase activity was at least
four times higher than the signal measured with non-
interacting control proteins.

Homo-oligomerization of each enzyme has been first
tested: as shown in Fig. 2B, all the tested enzymes
except PurD, PurL and PurN were able to dimerize
including the control protein Icd known to be a homo-
dimeric protein [31,32]. These observations were con-
cordant with previously published data in E. coli
showing the ability to oligomerize for each enzyme
according to biochemical and biophysical characteriza-
tions (summarized in Fig. 1B). Then, we conducted a
pairwise analysis of all possible interactions between
the T25 and TI18 hybrids. An example of BACTH
assays conducted with PurF, the first enzyme of the
pathway, is presented in Fig. 2C. The overall results of
the tested interactions (see Table 2 for all the data)
were further analysed by a two-dimensional statistical
test, which results are shown as a two-dimensional
matrix (Fig. 2D) and a network map (Fig. 2E). Note-
worthy, T18-FtsA and T18-Icd have been used as neg-
ative prey controls and the measured p-galactosidase
activity values were in the same range as those
obtained with T25 and TI8 fragments alone. We
found that most of the enzymes are connected by mul-
tiple interactions, strongly suggesting that they could
assemble in vivo into a multimolecular complex. Most
interestingly, the bacterial-specific PurK enzyme
appeared to interact with many of the de novo purine
nucleotide biosynthesis enzymes, thus acting as a
potential hub in this network, as well as PurE and
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(A)
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Fig. 3. Functional analysis of T25- and T18-fused proteins. Mutant strains deleted of the genes coding for the de novo purine nucleotide bio-
synthesis enzymes were obtained from the Keio collection [30]. Each mutant (Table 1) was transformed by either the pST25 or the pUT18C
plasmid derivatives containing the corresponding deleted gene (Table 7) and the resulting transformants were plated on LB agar plates (as a
growth control, panel A) or on M63B1 agar plates (panel B). Each deletion mutant was also transformed by pST25-icd or pUT18C-icd as neg-
ative controls to demonstrate the complementation selectivity. Thanks to the salvage pathway, the mutants are able to grow on LB medium
(see panel A, growth in each sector) except for the ApurB mutant that is also not able to grow on rich media (and was therefore not avail-
able). Yet, these mutants are unable to grow on minimum media (see panel B, no growth for each negative control strain transformed with
icd gene) apart the ApurN and ApurT strains (not shown) as these two genes are redundant in E. coli. (C) The JWO0511 strain was trans-
formed with either the pST25 or the pUT18C plasmid derivatives containing the P. aeruginosa purK and plated on M63B1 agar plates. Same

negative controls as in B.

PurC, the next two enzymes in the pathway. In total,
our data suggest that E. coli de novo purine nucleotide
biosynthetic enzymes can assemble into a multimolecu-
lar complex.

To explore whether the assembly of de novo purine
nucleotide biosynthesis enzymes in a multicomplex
could provide any physiological advantage to the cell,
we attempted to specifically disrupt some key interac-
tions by introducing appropriate mutations in one pur
gene and characterize the biological consequences on
the mutant. For that, we selected the purK gene, as its
corresponding protein appears to interact with multi-
ple enzymes of de novo purine nucleotide biosynthesis.
In principle, one would use a PurK variant retaining
full catalytic activity but impaired in its interaction
with various de novo purine nucleotide biosynthesis
enzymes. Instead of random mutagenesis, we have
chosen the homologous PurK enzyme from Pseudomo-
nas aeruginosa (noted PurKpa). Although PurKpa
exhibits full enzymatic activity (as it is able to

complement the E. coli purK mutant in a minimal
medium, Fig. 3C), it displays a low percentage of iden-
tity (Figs 1B and 4) with E. coli PurK (noted PurKec
below), in particular at the protein surface (Fig. 4B),
potentially involved in interaction with putative pro-
tein partners. To test our hypothesis, we performed
the PurKpa interactome analysis and compared it with
the PurKec one (Fig. 4C). For these BACTH assays,
we constructed a BTHI10l derivative strain
(BTH101ApurK), in which the endogenous E. coli
purK gene was deleted in order to avoid competition
between native PurKec and the T18-fused PurKec or
the T18-fused PurKpa. As shown in Fig. 4C, PurKpa
could not associate with PurC, PurF and PurM from
E. coli, unlike PurKec. Thus, as hypothesized, PurKpa
has an impaired interactome profile compared to that
of PurKec.

To analyse the potential effect of disruption of the
interaction network among the de novo purine nucleo-
tide biosynthesis enzymes, we constructed an E. coli
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Fig. 4. Comparison of the E. coli PurK and P. aeruginosa PurK structures and interacting network profiles. (A) Sequence alignment of E. coli
PurK (PurKec; UniProtKB entry P09029) and P. aeruginosa PurK (PurKpa; UniProtkKB entry P72158). Secondary structure elements extracted
from the PurKec crystal structure (PDB 1B6S) are indicated above the amino acid sequence and red stars indicate residues located within
4 A of the ADP binding site. Alignment done with cLustaL w 2.0 [568] and espripT 3.0 [59]. (B) Amino acid conservations on 3D structure of
PurKec (PDB 1B6S). Conserved residues are in red, and non-conserved residues are in blue. Representation done with pymoL. (C) BACTH
analysis of the interactions between T18-PurKec (in green) or T18-PurKpa (in purple) and the corresponding T25-versions of the de novo
purine nucleotide biosynthesis enzymes. The fusions were co-expressed in BTH101 ApurK strain. Data represent means + SD of the results
from 16 distinct measurements (n = 16).
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Fig. 5. Relative quantification by mass spectrometry of PurKec and
PurKpa proteins from strains Ec-PurKec and Ec-PurKpa. Overnight
culture of each strain was diluted into fresh LB or M63B1 medium.
Aliquots at ODggg = 0.3 were used to perform the mass spectrom-
etry experiments as described in the Materials and methods sec-
tion. iIBAQ values are defined as the sum of the intensities of all
peptides detected after digestion by trypsin divided by the number
of theoretical peptides for PurKec or PurKpa. Data represent
means + SD of the results of three independent experiments
(n=3).
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De novo purine nucleotide biosynthesis interactome

strain, Ec-purKpa, in which the native purK was
replaced by the P. aeruginosa purK (by allelic exchange
using the A Red recombination system, see Materials
and methods). As a control strain (noted Ec-purKec
strain), the wild-type E. coli purK was similarly rein-
troduced in the same genetic background. First, by
mass spectrometry, we checked the relative levels of
PurKec or PurKpa proteins in the two strains Ec-
purKec and Ec-purKpa under the same growth condi-
tions. We found that these levels are equivalent
between the two strains in the LB medium and in the
minimal M63B1 medium, although the latter upregu-
lates PurK expression as expected (Fig. 5). Then, we
compared the specific activity of PurKec and PurKpa.
For this purpose, both proteins were produced in
E. coli as His-tagged proteins and purified as described
in Materials and methods (Fig. 6A). Dynamic light
scattering experiments were performed to optimize the
buffer composition in order to increase the homogene-
ity of the protein samples: a common buffer was found
suitable for both proteins. The catalytic activity was
then measured using the coupled assay and reaction
mixture described by Meyer et al. [33], using an 5-
aminoimidazole ribonucleotide (AIR) substrate synthe-
sized according to the synthesis scheme depicted in
Fig. 6B. At fixed concentrations of both substrates
(0.5 mm AIR and 1 mm ATP), PurKec and PurKpa

(©)

501 Bl PurKec
40- Il PurKpa

30

20

v, (U/mg)

10+

0.4mMAIR 0.5 mMAIR

</:l ¢) POCl5 (:l
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OH OH
\O,ﬁ\o/
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Fig. 6. Characterization of PurKec and PurKpa. (A) Recombinant His-tagged PurKec and PurKpa. Soluble extracts (SE) and 1 pg of the puri-
fied fractions (P) after passage on a cobalt affinity resin and dialysis were loaded onto a 4-12% polyacrylamide-SDS gel and the proteins
were visualized by Coomassie blue staining. (B) AIR synthesis scheme. Reaction conditions: (a) commercially available AICAR, NaOH 6 N (6
equiv.), refluxing for 4 h; (b) NaOAc/AcOH buffer, pH = 4.8, 30 °C, 20 h; (c) POCI3 (10 equiv.), (MeO)3PO, 0 °C, 3 h; 2. H,0, NaOH. (C) Spe-
cific activity of PurKec and PurKpa at 1 mm ATP and two different concentrations of AIR (0.4 or 0.5 mwm). The catalytic activity was measured
at 37 °C using a coupled spectrophotometric assay as described in Meyer et al. [33]. Data represent means + SD of the results from three

distinct measurements (n = 3).
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De novo purine nucleotide biosynthesis interactome

exhibited similar specific activities (Fig. 6C; 32.5 &+ 1.0
and 31 &+ 1 U-mg™' respectively). Finally, we analysed
the growth profile of the two strains Ec-purKec and
Ec-purKpa in minimal medium, that is, in conditions
where the de novo purine nucleotide biosynthesis is
mandatory for bacterial growth. Two minimal media
were used: the standard M63B1 and a derivative
(noted M63B1*) with a lower concentration of MgCl,
(see Materials and methods for exact composition).
Magnesium (Mg**) is the most common divalent cat-

A. Gedeon et al.

components, in particular nucleotides and ATP, and in
bacteria Mg>* limitation impacts on ATP levels [34].
As shown in Fig. 7A (left part), the growth curves of
both strains in M63B1 showed little difference when
inoculated from stationary phase precultures (i.e. over-
night cultures). Nucleotide quantifications, as well as
adenylate and guanylate energy charges (Fig. 7B.C
respectively), were also similar for both strains in this
growth condition. On the other hand, when the cul-
tures were inoculated from early log phase precultures,

ion involved in the chelation of many cellular distinct growth curves were observed between the two
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Fig. 7. The recombinant strains Ec-purKec and Ec-purKpa show differential bacterial fitness. (A) Representative growth curves of Ec-purKec
(dark/light blue) and Ec-purKpa (red/pink) strains grown in M63B1 (left panel) or M63B1* (right panel). Each culture was inoculated from sta-
tionary phase precultures (i.e. overnight cultures) into 1 mL of M63B1 or M63B1* medium at an initial ODggg of 0.1. Optical density mea-
surement was done every 15 min. Aliquots at two time points (as indicated in the left panel) have been taken to quantify the intracellular
concentrations of adenylate and guanylate nucleotides and used to calculate the adenylate and guanylate energetic charges. (B) Quantifica-
tion of intracellular adenylate and guanylate nucleotides for the cultures of Ec-purKec (dark blue) and Ec-purKpa (red) strains in stationary
phase grown in M63B1 medium. Reported values correspond to calculated concentrations normalized to the ODggg of each bacterial sample.
Changes were noted as significant according to a two-way ANOVA test: 0.12 (ns), 0.033 (¥*), 0.002 (**), < 0.001 (***). (C) Energetic charges
of adenylate and guanylate calculated from nucleotide pool quantifications from B (the same colour code for the strains). Energy charges
values were calculated as follows: (NTP + 0.5 NDP)/(NTP + NDP + NMP) with N = A or G . Changes were noted as significant according to
a Mann-Whitney test: 0.12 (ns), 0.033 (*), 0.002 (**), < 0.001 (***). (D) Same as in A, but with cultures inoculated from early log phase
precultures. (E) same as in B, but with culture in early log phase, as indicated in panel A. (F) Same as in C, but with data from E. (G) Compe-
tition assay of Ec-purKec and Ec-purKpa strains grown in M63B1 or M63B1*. Overnight precultures in stationary phase were used to inocu-
late the co-culture (1 : 1 ratio). All reported data of this figure represent means + SD of the results from three independent experiments
(n=23).
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strains (Fig. 7D, left part). The growth rate of the Ec-
purKpa strain slows down few hours earlier than that
of the Ec-purKec strain, and the final ODygg of the for-
mer strain is lower than that of the latter. Addition-
ally, when samples were taken from early log phase
culture (see Fig. 7A), nucleotide quantifications
(Fig. 7E) revealed modifications in adenylate and gua-
nylate energy charges (Fig. 7F): 2.1- and 1.8-fold
decrease, respectively, in Ec-purKpa as compared to
Ec-purKec. Interestingly, the growth curves in
M63B1*, the minimal medium with Mg2+ limitation,
show the same trend regardless of the growth phase
(stationary or exponential; see the curves on the right
in Fig. 7A.D respectively) used for the inoculum.
Moreover, when grown in co-culture with the FEc-
purKpa strain in M63B1* medium, the Ec-purKec
strain showed a clear growth advantage (Fig. 7QG).
Taken together, these results indicate that the disrup-
tion of few interactions between PurK and the de novo
purine nucleotide biosynthesis enzymes had a signifi-
cant effect on the bacterial growth and fitness and
influenced the purine nucleotide pools. As the decrease
in nucleotide energetic charges is directly linked to a
reduction in anabolic metabolism according to the
Atkinson principle [35,36], our results thus indicate
that alterations of the interaction network in the
assembly of de novo purine nucleotide biosynthesis
enzymes result in dysregulation in purine nucleotide
metabolism.

Discussion

Cellular compartmentalization has long been consid-
ered an exclusive eukaryotic feature. However, the
description of several compartments in bacteria has
resulted in the generalization of this notion to all living
organisms [37]. Other compartments, already described
in eukaryotes, have more recently been found in bacte-
ria such as phase separations [38] or metabolons [6].
Here, using a two-hybrid approach, we demonstrate
a dense protein interaction network among all the
enzymes of the E. coli de novo purine nucleotide bio-
synthesis, including enzymes from the committed step
and the branching towards AMP and GMP synthesis.
Prior studies have suggested potential interactions
between certain de novo purine nucleotide biosynthesis
enzymes, although direct biochemical evidence for such
associations has never been provided. Rudolph and
Stubbe [27] proposed from a detailed kinetic analysis
that the E. coli PurF and PurD enzymes may tran-
siently interact to facilitate direct transfer (i.e. channel-
ling) of the PRA intermediate (see Fig. 1) from one

De novo purine nucleotide biosynthesis interactome

enzyme to the other. Subsequently, a docking model
of the two enzymes was proposed to account for the
observed channelling specificity [39]. However, the
same authors [27] were unable to demonstrate a stable
protein—protein association. In our study, we could
detect an interaction between PurF and PurD (in one
configuration, see Fig. 2D and Table 2) and, in addi-
tion, we found that both proteins associate with sev-
eral de novo purine nucleotide biosynthesis enzymes.
These latter thus might stabilize the PurF/PurD associ-
ation to facilitate PRA channelling. It was also specu-
lated that in E. coli PurL might be a scaffold for the
formation of a complex based on structural data of
two PurL variants: a large version found in gram-
negative bacteria [40] and a small PurL (noted
smPurL) in gram-positive bacteria which form a com-
plex with two other proteins, PurQ and PurS [41]. A
complex could be reconstituted from the three isolated
components from B. subtilis (yielding a large version
of PurL, homologous to the gram-negative bacteria
counterparts), while no complex could ever be
obtained with the E. coli PurL and/or any other de
novo purine nucleotide biosynthesis enzymes. On a
larger scale, interatomic studies wusing affinity-
purification of tagged protein in E. coli also failed to
detect stable associations between de novo purine
nucleotide biosynthesis enzymes [42]. This suggests
that the interactions detected here by the BACTH sys-
tem may be transient or of low affinity, and likely not
stable enough to be detected by classical biochemical
assays once the bacterial cells have been broken [43].
As the two-hybrid technique works in native bacteria
where the hybrid proteins are confined inside cells, it
may be more favourable to reveal associations of low
affinity and/or of more dynamical character.

Our results further reveal significant differences in
the topology of the E. coli de novo purine nucleotide
biosynthesis assembly as compared to the early report
on the human one, established by a Tango PPI two-
hybrid assay [44]. First, no interactions between the
three E. coli monofunctional enzymes PurD, PurN and
PurM have been found, while their human homo-
logues are fused in the trifunctional enzyme Trif-
GART. Furthermore, the core of the bacterial
complex seems to be organized by PurE, PurK and
PurC catalysing steps 6, 6’ and 7, respectively, instead
of PPAT, TrifGART and FGAMS in humans catalys-
ing steps 1-5. Intriguingly, a recent report [45] from
the same group showed that PAICS (catalysing steps 6
and 7 catalysed by PurE and PurC in E. coli respec-
tively; see Fig. 1) interacts with eight of the nine
enzymes of the de novo purine nucleotide pathway,
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and therefore seems to have a central position in the
metabolon. These new findings suggest that the molec-
ular architecture of the human purinosome might
share more similarities with the purine biosynthetic
enzyme assembly found here in E. coli, although in the
latter the specific bacterial component PurK, which
does not have a human homologue, plays a central
role.

In human cells, previous studies have shown the
importance of protein—protein interactions in nucleo-
tide biosynthesis. Several point mutations linked to
neuropathology have been described in several alleles
encoding ATIC, ADSL or PAICS [46-48]. In some
cases, enzymatic activities were not altered, but the
purinosome formation was impaired, illustrating the
physiological importance of this complex in eukaryotic
cells. Here, we also show that the proper assembly of
the E. coli complex is crucial for maintaining the
purine nucleotide pools and bacterial fitness. For this,
we characterized an E. coli mutant strain in which the
native PurKec was replaced by the P. aeruginosa coun-
terpart PurKpa that displays loss of interactions with
several E. coli de novo purine nucleotide biosynthesis
partners. The growth curves of the two strains Ec-
purKec and Ec-purKpa exhibit different profiles when
starting from early log phase precultures in the two
minimal media used in our study. Nucleotide quantifi-
cation also revealed a change in the energy load of
adenyl and guanylyl nucleotides during the exponential
phase, due to cytoplasmic accumulation of AMP and
GMP.

In total, our data support the idea that proper asso-
ciations between the de novo purine nucleotide biosyn-
thesis enzymes may provide a significant growth
advantage for E. coli when this pathway is essential
for survival. Further experiments will be necessary to
better define the metabolic conditions where clustering
of these enzymes is essential, and to explore how the
interactions of de novo purine nucleotide biosynthesis
proteins might facilitate the channelling of intermedi-
ates between the enzymes. Interfering with the assem-
bly of this complex by using small molecule inhibitors
of specific protein—protein interactions might open new
perspectives for the development of novel antibiotics.

Table 3. Oligonucleotides used for bacterial strains construction.

A. Gedeon et al.

Materials and methods

Materials and general methods

Chemicals were purchased from Sigma-Aldrich (Saint-
Louis, MO, USA). Phusion™ High-Fidelity DNA Polymer-
ase and PCR reagents were purchased from Thermo Fisher
Scientific  (Waltham, MA, USA). Oligonucleotides
(Tables 3-5) were ordered from Sigma-Aldrich. Restriction
enzymes and Gateway recombination mixtures were pur-
Thermo Fisher Scientific and
Invitrogen (Waltham, MA, USA) respectively. Genomic
DNA from E. coli K12 MG1665 or P. aeruginosa PAOI
was used as PCR templates. PCR clean-up was performed
with  a QIAquick PCR  Purification kit from
Qiagen (Hilden, Germany). Plasmid purification was con-
ducted with a GeneJET Plasmid Miniprep kit from Thermo
Fisher Scientific. All recombinant plasmids were verified by
restriction profiles and DNA sequencing (Eurofins Geno-
mics, Les Ulis, France). For microbiology experiments,
lysogeny broth (LB — 10 g¢.L™' peptone, 5 g-L™' yeast
extract, 10 g-L~" NaCl, pH 7), minimal medium (M63B1-
13.6 g¢.L™' potassium hydrogen phosphate, 0.2% ammo-
nium sulfate, 0.01% magnesium sulfate, 0.025%c iron sul-
fate, 0.002%¢ thiamine hydrochloride, 0.2% glucose, pH 7)
or minimal medium with low concentration of magnesium
(M63B1*, same composition as M63B1 but with 0.025 mm
of magnesium instead of 0.4 mm) were used. For plates,
15 g-L7" of agar was added to the medium with the appro-
priate antibiotics. Bacterial growth was monitored by mea-
surement of optical density at 600 nm with an automated
UVmcl spectrophotometer (SAFAS, Monaco, Monaco).

chased from

Bacterial strains

Bacterial strains used in this study are listed in Table 1. The
E. coli XL-1 Blue, DH5a and DHT]1 strains were used for rou-
tine cloning experiments. BACTH complementation assays
were carried out with the E. coli cyaA strains BTH101, or the
derivative BTH101ApurK. Strain BTH101ApurK in which the
purK ORF was replaced by kanamycin resistance markers
(ApurK::kan) was constructed by P1 transduction technique
using JW0511 strain (refer to Table 1) from the Keio collection
[30]. Transductants were selected on LB agar plates supple-
mented with kanamycin (50 pg-mL™"). The Ec-purKec and Ec-
purKpa strains were used for physiological studies. In these

Strain Sequence (5" — 3)
Ec—purKec Forward GACTGGCGCAAAGCCCAGACCGACGAAGTGCTGGAAAACCCGGACCCGCGAGGTGCGGCATGAAACAGGTTTGCGTCCTCGG
Reverse GGTACCGGATCGGTAGGCCGGATAAGGCGTTTACGCCGCATCCGGCAAGAATAGAGCACCAGTTAACCGAACTTACTCTGCGCCCAAATCACGC
Ec-purKpa Forward GACTGGCGCAAAGCCCAGACCGACGAAGTGCTGGAAARACCCGGACCCGCGAGGTGCGGCATGARAATCGGTGTCATCGGTGG
Reverse GGTACCGGATCGGTAGGCCGGATAAGGCGTTTACGCCGCATCCGGCAAGAATAGAGCACCAGTCACGCCTCGATCAGCGCCTCGACC
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A. Gedeon et al.

Table 4. Oligonucleotides used for pPDONR201 constructions.

De novo purine nucleotide biosynthesis interactome

Construct Sequence (5’ - 3')
pDONR201-purD Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAAGTATTAGTGATTGGTAACGG
Reverse GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAGTTCTGCTCGCGTTCGATAGC
pDONR201-purL Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGATGGAAATTCTGCGTGGTTCG
Reverse GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACCCCAACTGCTTACGCGCATTGC
pDONR201-icd Forward GCCGCACAAGTTTGTACAAAAAAGCAGGCTTTATGGAAAGTAAAGTAGTTGTTCCGGCACAAG
Reverse GCGGACCACTTTGTACAAGAAAGCTGGGTTTTACATGTTTTCGATGATCGCGTCACC
pDONR201-purkKpa Forward GGGGACAACTTTGTACAAAAAAGCAGGCTTAATGAAAATCGGTGTCATCGGTGG
Reverse GGGGACCACTTTGTACAAGAAAGCTGGGTTTCACGCCTCGATCAGCGCC

Table 5. Oligonucleotides used for identification of Ec-purKec and
Ec-purKpa strains for competition assays.

Primer Sequence (5" — 3')

GAAAACCCGGACCCGCGAGG
GCTCGCGGGTTAATGCGG
GCCGGCTGGCGCAGGACC

Forward purK
Reverse purKec
Reverse purKpa

strains, the kanamycin resistance marker of JWO0511 was
replaced with purK gene of P. aeruginosa (purKpa) or purK
gene of E. coli (purKec) by using the Red recombination system
(Gene Bridges, Heidelberg, Germany). For this, purK ORFs
were PCR-amplified from the corresponding genomic DNAs,
adding terminal homology stretches of 50 bp (Table 3 for
sequences). The purified PCR products were then introduced
by electroporation into electro-competent JW0511 cells carry-
ing the plasmid pRedET (Gene Bridges). Recombinant clones
were selected on M63B1 agar plates and after re-isolation, cor-
rect insertions were verified by sequencing.

Table 6. Donor vectors used in this study.

Plasmid construction

Plasmids used in this study are listed in Tables 6-8. The
Gateway cloning method (Thermo Fisher Scientific; Invi-
trogen) was used for the construction of the BACTH
recombinant plasmids. The E. coli purD, purlL and icd
genes, and the P. aeruginosa purK gene were amplified by
PCR using specific oligonucleotides carrying attB sequences
(Table 4) and cloned into pDONR201 (Thermo Fisher Sci-
entific; Invitrogen) with the BP clonase II mix as recom-
mended by the manufacturer (Gateway® BP Clonase™
Enzyme mix, Invitrogen). All other ORFs were purchased
from Twist Bioscience (San Francisco, CA, USA) as syn-
thetic genes (flanked by the appropriate attB sequences)
inserted into the Gateway entry vector pTwist-ENTR
(Table 6). Cloning of each gene from the atzL-flanked
pDONR201 or pTwist-ENTR vectors into the attR-flanked
destination vectors pST25-DEST or pUTI8C-DEST [29]
was done with the LR clonase IT mix (Gateway® LR Clo-
nase™ Enzyme mix, Invitrogen), in which the ORFs were

Plasmid Description Source
pDONR201 Gateway entry vector for inserting an attB-flanked gene Thermofisher Scientific (Laboratory collection)
pTwist-ENTR Gateway entry vector Twist bioscience
pTwist -purA pTwist-ENTR harbouring the ORF of purA of E. coli This work
pTwist -purB pTwist-ENTR harbouring the ORF of purB of E. coli This work
pTwist -purC pTwist-ENTR harbouring the ORF of purC of E. coli This work
pDONR201-purD pDONR201 harbouring the ORF of purD of E. coli This work
pTwist -purk pTwist-ENTR harbouring the ORF of purE of E. coli This work
pTwist -purfF pTwist-ENTR harbouring the ORF of purF of E. coli This work
pTwist -purH pTwist-ENTR harbouring the ORF of purH of E. coli This work
pTwist -purKec pTwist-ENTR harbouring the ORF of purK of E. coli This work

pDONR201-purKpa pDONR201 harbouring the ORF of purK of P. aeruginosa This work
pDONR201 -purL pDONR201 harbouring the ORF of purL of E. coli This work
pTwist -purM pTwist-ENTR harbouring the ORF of purM of E. coli This work
pTwist -purN pTwist-ENTR harbouring the ORF of purN of E. coli This work
pTwist -purT pTwist-ENTR harbouring the ORF of purT of E. coli This work
pTwist -guaA pTwist-ENTR harbouring the ORF of guaA of E. coli This work
pTwist -guaB pTwist-ENTR harbouring the ORF of guaB of E. coli This work
pDONR201-icd pDONR201 harbouring the ORF of icd of E. coli This work
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Table 7. BACTH vectors used in this study.

A. Gedeon et al.

Source or
Plasmid Description reference
pST25-DEST BACTH destination vector for cloning ORF of interest at the C-terminus of T25; p15 ori, Spc" [29]
pUT18C-DEST BACTH destination vector for cloning ORF of interest at the C-terminus of T18; ColE1 ori, Amp" [29]
pST25-purA pST25-DEST harbouring purA of E. coli This work
pST25-purB pST25-DEST harbouring purB of E. coli This work
pST25-purC pST25-DEST harbouring purC of E. coli This work
pST25-purD pST25-DEST harbouring purD of E. coli This work
pST25-purE pST25-DEST harbouring purE of E. coli This work
pST25-purF pST25-DEST harbouring purF of E. coli This work
pST25-purH pST25-DEST harbouring purH of E. coli This work
pST25-purkKec pST25-DEST harbouring purK of E. coli This work
pST25-purkpa pST25-DEST harbouring purK of P. aeruginosa This work
pST25-purl pST25-DEST harbouring purl of E. coli This work
pST25-purM pST25-DEST harbouring purM of E. coli This work
pST25-purN pST25-DEST harbouring purN of E. coli This work
pST25-purT pST25-DEST harbouring purT of E. coli This work
pST25-guaA pST25-DEST harbouring guaA of E. coli This work
pST25-guaB pST25-DEST harbouring guaB of E. coli This work
pKT25-ftsA pKT25 harbouring ftsA of E. coli [57]
pST25-icd pST25-DEST harbouring icd of E. coli This work
pKT25-zip pKT25 encoding Zip, the leucine zipper region of the yeast protein GCN4 [28]
pUT18C-purA pUT18C-DEST harbouring purA of E. coli This work
pUT18C-purB pUT18C-DEST harbouring purB of E. coli This work
pUT18C-purC pUT18C-DEST harbouring purC of E. coli This work
pUT18C-purD pUT18C-DEST harbouring purD of E. coli This work
pUT18C-purE pUT18C-DEST harbouring purE of E. coli This work
pUT18C-purF pUT18C-DEST harbouring purF of E. coli This work
pUT18C-purH pUT18C-DEST harbouring purH of E. coli This work
pUT18C-purKec pUT18C-DEST harbouring purK of E. coli This work
pUT18C-purkpa pUT18C-DEST harbouring purK of P. aeruginosa This work
pUT18C-purL pUT18C-DEST harbouring purl of E. coli This work
pUT18C-purM pUT18C-DEST harbouring purM of E. coli This work
pUT18C-purN pUT18C-DEST harbouring purN of E. coli This work
pUT18C-purT pUT18C-DEST harbouring purT of E. coli This work
pUT18C-guaA pUT18C-DEST harbouring guaA of E. coli This work
pUT18C-guaB pUT18C-DEST harbouring guaB of E. coli This work
pUT18C-ftsA pUT18C harbouring ftsA of E. coli [57]
pUT18C-icd pUT18C-DEST harbouring icd of E. coli This work
pUT18C-zip pUT18C encoding Zip, the leucine zipper region of the yeast protein GCN4 [28]

recombined in-frame with the T25 or T18 fragments of the
adenylate cyclase of Bordetella pertussis (Table 7).

Similarly, for PurKec and PurKpa overproduction in
E. coli, the expression vectors pl7-purKec and pl7-purKpa
(Table 8) were constructed by recombining ORFs, respec-
tively, from the pTwist-purKec or pDONR201-purKpa
donor vectors into the destination vector pDEST17
(Thermo Fisher Scientific).

BACTH assay

Identification of protein—protein interactions was conducted
with the BACTH complementation assay, where each bio-
synthetic enzyme was fused with the T25 or T18 fragments

of the catalytic domain of B. pertussis adenylate cyclase
and co-expressed in the BTH101 strain. Chemically compe-
tent bacteria were co-transformed with one pST25-DEST
derivative and one pUTI8C-DEST derivative and plated
on LB agar supplemented with appropriate antibiotics,
0.5 mM IPTG and 40 pg-mL~" of X-gal and incubated at
30 °C for 36 to 72 h.

For each pair of hybrid proteins, eight individual clones
were selected and adenylate cyclase reconstitution was fol-
lowed as previously described [49] by fS-galactosidase activ-
ity quantifications for 6 min following ortho-nitrophenol
formation. Measurements were performed on a Sunrise
plate reader (TECAN, Minnedorf, Switzerland) equipped
with two filters (405 and 595 nm).
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Table 8. PurKec and PurKpa expression vectors used in this study.

Plasmid  Description Source or reference

pDEST17 Destination vector for cloning Thermofisher
ORF of interest with a 6His- Scientific (Laboratory
tag at the N-terminus; pBR322  collection)

ori, Amp"
p17- pDETS17 harbouring purK from  This work
purKec E. coli
p17- pDETS17 harbouring purK from  This work

purKpa P. aeruginosa

Data were analysed with GRAPHPAD PRISM 5.0
software (San Diego, CA, USA). The relative activity of -
galactosidase expressed in arbitrary units (AU) was calcu-
lated according to the following formula:

(OD4p50m —ODyosnm Blank)/6
(ODs95nm —ODsgsnm Blank)

x 1000.

A one-tailed t-test was used to evaluate if one average is
superior to the averages of activity of T18 fragments of
other proteins with T25 fragments, and another one-tailed
t-test was used to evaluate if the average is superior to the
averages of T25 fragments of other proteins with T18 frag-
ments. The P-values of both tests were then merged using
the Stouffer’s method to create a combined P-value indicat-
ing if the estimated average is significantly superior to both
the averages of T18 fragments of other proteins with T25
fragments, and the averages of T25 fragments of other pro-
teins with T18 fragments. Merged P-values were further
analysed with a Benjamini—-Hochberg procedure to control
the false discovery rate, resulting in adjusted P-values.
Source data for means, standard deviations values and
adjusted P-values are available in Table 2.

CcYTOSCAPE 3.7 [50] was used to represent the interaction
network (Fig. 2E) between all the enzymes of the de novo
purine nucleotide biosynthesis.

With PurKpa series (Fig. 4C), the BACTH assays were
carried out in a BTH101 derivative (noted BTH101ApurK)
carrying a deletion of the chromosomal purK gene to avoid
potential competition with the endogenous wild-type PurKec.
The functionality of PurKpa T25- and TI18- fusions was
checked by complementation of the E. coli ApurK strain. For
comparison purposes, the same strain was used for the Pur-
Kec series.

Bacterial competition assay

Competition assays were performed by bacterial co-
cultures. Briefly, the Ec-purKec and Ec-purKpa strains were
grown separately overnight in M63B1 or M63B1*. Bacteria
grown from a stationary phase overnight culture were
diluted into fresh medium to an ODggyy of 0.05, mixed in

De novo purine nucleotide biosynthesis interactome

equal volume and incubated until exponential phase
(i.e. ODgg of around 0.5). The cell suspensions were then
spotted on LB-agar plates and incubated at 37 °C. Initial
and final proportions of each strain in the mixture were
determined by PCR analysis of 20 randomly selected
colonies (5 colonies per quadrant) using RedTaq Ready
Mix (Sigma), 10 pmol of each of the 4 primers (listed in
Table 5) and analysis by 1% agarose gel electrophoresis.
Three independent experiments were performed for each
medium.

Mass spectrometry

Ec-purKec and Ec-purKpa samples, grown in 5 mL of fresh
M63B1 medium supplemented with 0.2% glucose and incu-
bated at 37 °C, were harvested by centrifugation during the
exponential phase (ODgoo ~ 0.3). Bacterial pellets were
resuspended in 100 pL of 8 ™M urea, 50 mm Tris—=HCI
pH7.5. After sonication, soluble fractions were digested
with Sequencing grade Modified Trypsin at 37 °C. After
purification of peptides on Sep-Pak C;3-SPE cartridges
(Waters, Sevenoaks, UK), analysis was conducted in a Q
Exactive Plus mass-spectrometer (Thermo Fisher Scientific)
coupled with and Easy nLC-1200 chromatography system
(Thermo Fisher Scientific).

Nucleotide pool analysis

Overnight cultures of Ec-purKec and Ec-purKpa strains
were diluted 1 : 40 into 250 mL M63B1 supplemented with
0.2% glucose and incubated at 37 °C. Bacteria were har-
vested at 4 °C by centrifugation of 100 mL of medium at
two different time points, the exponential phase (ODgyy ~
0.3) and the stationary phase (ODggy ~ 1.1-1.2). Pellets
were deproteinized with an equal volume of 6% perchloric
acid, vortex-mixed for 20s, ice-bathed for 10 min and
vortex-mixed again for 20 s. Supernatants recovered by
centrifugation were then diluted 1 : 1 in bi-distilled water,
vortex-mixed for 60 s and neutralized by the addition of
2 M Na,CO;. Extract analysis was performed on a
250 x 4.6 mm C18 Supelco 5-pm column (Sigma) in-line
with an HPLC system (Shimadzu HPLC system interfaced
with LABSOLUTION software, Marne-la-Vallée, France). Elu-
tion was conducted with a flow-rate of 1 mL-min™' with
the following program: A-B (60 : 40) at 0 min — (40 : 60)
at 30 min — (40 : 60) at 60 min. Buffer A contained 10 mm
tetrabutylammonium hydroxide, 10 mm KH,PO, and
0.25% MeOH, pH 6.9. Buffer B consisted of 5.6 mm tetra-
butylammonium hydroxide, 50 mm KH,PO, and 30%
MeOH, pH 7.0. Solution detection was done with the diode
array detector. Products were spectrophotometrically moni-
tored at OD,s4. Quantification was performed by integra-
tion of the peak absorbance areas, employing a calibration
curve established with various known nucleotides. Nucleo-
tide concentrations were normalized according to the initial
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ODygqo of each bacterial sample. Nucleotide energy charges
were calculated according to the following formula [35,36]:

[NTP] + 0.5 [NDP]
[NTP] + [NDP] + [NMP]’

Production and purification of PurKec and
PurKpa

PurKec and PurKpa recombinant proteins were expressed,
respectively, from the pl7-purKec and pl7-purKpa
constructs (Table 8) as fusion proteins with a His-tag at the
N-terminus (MSYYHHHHHHLESTSLYKKAG) in E. coli
BL21(DE3)/pDIA17 strain [51]. Bacteria transformed with
each corresponding plasmid were initially grown at 37 °C
in 1L of 2YT medium supplemented with 35 pg-mL™"
kanamycin and 30 pg-mL~" chloramphenicol. In the case of
PurKec, protein production was induced by adding 0.6 mm
IPTG at ODggo ~ 0.5 and bacteria were transferred to a
16 °C shaker and left for growth overnight. In the case of
PurKpa, protein production was induced by adding 1 mm
of IPTG at ODgg ~ 1.3 to the growing culture and leaving
for growth for 4 h at 37 °C. Bacteria were harvested by
centrifugation for 30 min at 15 000 g.

Bacterial pellet was resuspended in buffer A (50 mm
Tris—-HCI pH 8, 100 mm KCl) supplemented with a cOm-
plete™ ULTRA EDTA-free protease inhibitor tablet
(Roche Diagnostics, Bale, Switzerland) and lysed by sonica-
tion with a Bioblock Scientific Vibra Cell. After centrifuga-
tion at 10 000 g for 1 h, the soluble fraction was added to
a TALON metal affinity resin (TaKaRa Bio USA, Inc.,
Saint-Germain-en-Laye, France). The next steps were con-
ducted as recommended by the manufacturer using the
batch/gravity—flow column purification procedure [52] at
room temperature. Proteins were eluted with buffer A sup-
plemented with 150 mMm imidazole. All eluted fractions were
pooled and further dialysed in buffer A supplemented with
I mm DTT and 1 mm EDTA. Protein concentration was
determined using the molar absorption coefficient (60 180
and 21 680 M~'-cm™' for PurKec and PurKpa respectively)
predicted from the amino acid sequence by the PROTPARAM
tool [53]. Dynamic light scattering experiments were per-
formed on a DynaPro plate reader (Wyatt Technology,
Toulouse, France) to verify protein qualities in buffer A.

AIR synthesis and enzymatic assay for PurK
enzymes

The 5-amino-1-B-ribofuranosylimidazole 5-monophosphate
(AIR, 3; see scheme, Fig. 6B) was prepared from commer-
cially available 5-aminoimidazole-4-carboxamide ribonucleo-
tide (AICAR) as previously described. Briefly, AICAR was
saponified in 6 N NaOH according to the method of Srivas-
tava et al. [54] to afford sodium 5-amino-1-(p-ribofuranosyl)
imidazole-4-carboxylate which was then converted to the

A. Gedeon et al.

enamino acid and decarboxylated in a pH 4.8 aqueous
NaOAc/AcOH buffer [55] to afford 2. AIR (3) was then
obtained after phosphorylation of 2 with POCl; as described
in Meyer et al. [33]. Spectral data of compounds 2 and 3
were in accordance with previously published data.

AIR was resuspended in 50 mm HEPES pH 7.8, 20 mm
KCI and the concentration was calculated using an extinc-
tion coefficient of 1570 Mm~' cm ™' at 260 nm [33].

The catalytic activity of PurKec and PurKpa was mea-
sured using an enzyme-coupled spectrophotometric assay as
previously described by Meyer et al. [33]. The reaction
medium (total volume 0.5 mL) contained 50 mm HEPES
pH 7.8, 20 mm KCI, 6 mm MgCl,, 1 mm ATP, 2 mm phos-
phoenolpyruvate, 0.32 mg-mL~' NADH, 10 units of pyru-
vate kinase, 5 units of lactate dehydrogenase, and either 0.4
or 0.5 mm AIR. The reaction was started by the addition
of the enzyme (1.6 pg, diluted in buffer A). Measurements
were conducted at 37 °C on an Eppendorf ECOM 6122
photometer by monitoring the formation of NADH at
340 nm. One unit of enzyme activity is defined as 1 pmole
of the product formed in 1 min.
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