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Abstract

Background: In all living organisms, DNA replication is exquisitely regulated in a wide range of growth conditions to
achieve timely and accurate genome duplication prior to cell division. Failures in this regulation cause DNA damage
with potentially disastrous consequences for cell viability and human health, including cancer. To cope with these
threats, cells tightly control replication initiation using well-known mechanisms. They also couple DNA synthesis to
nutrient richness and growth rate through a poorly understood process thought to involve central carbon metabo-
lism. One such process may involve the cross-species conserved pyruvate kinase (PykA) which catalyzes the last
reaction of glycolysis. Here we have investigated the role of PykA in regulating DNA replication in the model system
Bacillus subtilis.

Results: On analysing mutants of the catalytic (Cat) and C-terminal (PEPut) domains of B. subtilis PykA we found rep-
lication phenotypes in conditions where PykA is dispensable for growth. These phenotypes are independent from
the effect of mutations on PykA catalytic activity and are not associated with significant changes in the metabolome.
PEPut operates as a nutrient-dependent inhibitor of initiation while Cat acts as a stimulator of replication fork speed.
Disruption of either PEPut or Cat replication function dramatically impacted the cell cycle and replication timing even
in cells fully proficient in known replication control functions. In vitro, PykA modulates activities of enzymes essen-
tial for replication initiation and elongation via functional interactions. Additional experiments showed that PEPut
regulates PykA activity and that Cat and PEPut determinants important for PykA catalytic activity regulation are also
important for PykA-driven replication functions.

Conclusions: We infer from our findings that PykA typifies a new family of cross-species replication control regulators
that drive the metabolic control of replication through a mechanism involving regulatory determinants of PykA cata-
lytic activity. As disruption of PykA replication functions causes dramatic replication defects, we suggest that dysfunc-
tions in this new family of universal replication regulators may pave the path to genetic instability and carcinogenesis.

Keywords: Replication timing, Central carbon metabolism, Glycolytic enzymes, Replication enzymes, Cell cycle,
Allosteric regulation, Protein phosphorylation, PEPut domain, Signaling
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with nutrient richness and growth rate, replication
must also be under a metabolic control. This additional
level of control operates by modulating the initiation
and elongation phases of replication. In bacteria, the
net result is a precise and reproducible timing of DNA
synthesis in the cell cycle across a wide range of nutri-
tional conditions and growth rates [3-6]. In eukary-
otes, the metabolic control is thought to confine DNA
synthesis to the reduction phase of a redox metabolic
cycle, reiterated several times per cell cycle [7-13].
The mechanism of the metabolic control of replication
remains largely unknown as well as its interface with
“classical” replication control functions and importance
for cell survival.

In bacteria, long-standing hypotheses postulating
that the metabolic control of replication operates by
modulating the concentration of replication precursors
or the concentration of the active form of the replica-
tion initiator DnaA (DnaA-ATP), have been challenged
[14-18]. It is also unlikely that this control operates by
modulating the activity of DnaA and oriC regulators, as
replication still responds to metabolism in cells lack-
ing such regulators [15, 19, 20]. Hence, several groups
have argued that the metabolic control of replication
is a multifactorial process which senses nutrient rich-
ness and communicates this information to the replica-
tion machinery (see for instance [7, 9, 13, 21-24]. The
guanosine tetra- and penta-phosphate that signals the
cellular metabolic state and impacts replication initia-
tion and elongation at basal concentrations may be one
of these regulators [25-27] (see however [15, 28]).

Nutrient richness is exquisitely sensed by a metabolic
area termed central carbon metabolism (CCM) [29, 30].
This metabolic area encompasses about 30 highly con-
served enzymes and reactions that extract from nutrients
the precursors and energy needed for macromolecular
synthesis and biomass production. By directly sensing the
supply and the demand in biosynthetic reactions, CCM
may be at a strategic position for orchestrating the meta-
bolic control of replication. This hypothesis is supported
by an ever-increasing core of data uncovering CCM-rep-
lication links from bacteria to higher eukaryotes.

In Escherichia coli, several CCM-replication links con-
nect the replication initiator DnaA to CCM metabolites.
They may thus couple initiation to CCM activity. First,
cyclic AMP, a metabolite that regulates CCM, interacts
with DnaA to stimulate its binding to the replication ori-
gin and facilitate DnaA rejuvenation from the inactive
DnaA-ADP to the active DnaA-ATP form [31]. Second,
changes in the pyruvate-acetate node suppress initia-
tion defects of a DnaA mutant (dnaA46) [32—34]. Third,
two metabolites of the pyruvate-acetate node (acetyl-
CoA and acetyl-phosphate) drive DnaA acetylation to
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prevent DnaA from binding ATP and oriC [35]. Other E.
coli studies uncovered links that may couple elongation
to metabolism [32, 33, 36]. In another proteobacteria
(Caulobacter crescentus), the citrate synthase CitA which
ensures the first reaction of the Krebs (tricarboxylic acid)
cycle promotes initiation by negatively regulating the
master driver of the cell cycle, CtrA [37].

CCM-replication links have also been discovered in
the model Gram-positive bacterium Bacillus subtilis.
First, subunits of the pyruvate dehydrogenase (PdhC)
and related enzymes bind the origin region, the replica-
tion enzymes DnaC (helicase) and DnaG (primase) and/
or inhibit replication initiation [38-41]. Second, CCM
mutations suppress initiation and/or elongation defects
in mutants of DnaC, DnaG, and the lagging-strand pol-
ymerase DnaE. They also disturb replication initiation
and elongation in a medium-dependent manner [42—44].
Third, the metabolic control of replication is disturbed in
cells mutated for PdhB, the glyceraldehyde 3-phosphate
dehydrogenase (GapA), or the pyruvate kinase (PykA)
[15]. Collectively, these results suggest that replication
coupling to CCM activity in B. subtilis may depend on
metabolic signals originating from the CCM area con-
verting glyceraldehyde 3-phosphate to acetate (thick bars
Fig. 1A) and on CCM-driven modulation of activities of
replication enzymes involved in initiation and elonga-
tion (DnaC, DnaG, and DnakE) [43, 45-49]. Although the
underlying mechanism remains elusive, it was proposed
that in the rich LB medium, CCM modulates initiation by
altering the functional recruitment of DnaC, DnaG, and
DnaE to oriC and affects elongation by altering the activ-
ity of the lagging-strand polymerase DnaE in replication
forks [44].

CCM-replication links were also found in eukaryotes (
[50-54] and see below). At first, these findings are sur-
prising as metabolism and replication occur in different
cellular compartments (cytoplasm and nucleus, respec-
tively). However, data accumulating since the late 1950s
show that this dogma has exceptions, with numerous
CCM enzymes shown to be present in the nucleus for
ensuring non-metabolic (moonlighting) functions (see
for instance [55-62]. Hence, CCM-replication links in
eukaryotes may involve nuclear CCM determinants. Sev-
eral data support this notion. For instance, the timing of
origin firing in eukaryotic cells depends on an increase
in acetyl-CoA that promotes histone acetylation in the
nucleus. This increase is geared by a metabolic cycle in
yeast and by nuclear forms of the ATP-citrate lyase and
Pdh complexes in mammalian cells [63-65]. In addition,
the nuclear form of GAPDH and the lactate dehydro-
genase are an integral part of a cofactor which, in asso-
ciation with the transcription factor Oct-1, stimulates
S phase progression by inducing expression of histone
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Fig. 1 Replication analysis in wild-type (WT) and pykA null cells growing exponentially in MC medium. A Schematic representation of CCM. Glyco:
Glycolysis; Gluco: gluconeogenesis; PPP: pentose phosphate pathway; TCA: tricarboxylic acid cycle; O: overflow pathway; G3P: glyceraldehyde
3-phosphate; PEP: phosphoenolpyruvate; Gray arrows: carbon flux; Thick bars: CCM area genetically linked to replication genes [42, 44]. B Growth
rate and pyruvate kinase activity. Cells were grown exponentially for more than 20 generations using successive dilutions. Growth was assessed

by spectrophotometry (ODgs,m @ typical experiment is shown) and pyruvate kinase activity was determined in crude extracts (mean from six
independent experiments). C Ori/ter ratio: Ori/ter ratios were determined by gPCR using as template total DNA extracted from growing cells.
Numbers in brackets stand for the number of independent measurements. The Mann-Whitney U test showed that the ratios in wild-type and ApykA
cells are significantly different at p < .05 (Table S1). D DNA elongation: Parameters of DNA elongation were determined using a marker frequency
analysis by gPCR. The nearly monotonous decrease of marker frequencies from the origin to the terminus showed that there is no pause site along
the chromosome (a typical experiment is shown). Numbers in brackets refer to C period (mean and SD from at least 3 experiments) and mean

fork speed. E Number of origins per cell: To determine the number of origins/cell, chloramphenicol was added to exponentially growing cells. The
drug inhibits replication initiation and cell division but allows completion of ongoing rounds of replication. After 4 h of drug treatment (runout
experiment), cells were analyzed by flow cytometry after DNA staining. Panels: typical runout DNA histograms with the % of cells containing 4 and 8
chromosomes. Numbers in brackets stand for the number of independent reiterations of the experiment. The number of origins/cell (mean and SD)
is given below the strain name. See “Methods" for details

H2B [66, 67]. In contrast, repression of histone genes organisms [73]. It highlights the conservation of their
by exogenous pyruvate delays S phase entry [68]. It was  global architecture and of their active site and enabled
also found that a nuclear form of the phosphoglycerate the identification of residues important for substrates
kinase (PGK) interacts with the protein kinase CDC7 to  (PEP and ADP) binding and for phosphoryl transfer in
positively regulate replication initiation by keeping the  B. subtilis PykA (Fig. S1A). Almost all pyruvate kinases
stimulatory effect of CDC7 on the MCM helicase [69].  are homotropically activated by the substrate PEP. They
Finally, some nuclear CCM enzymes (PGK, GAPDH and  are also allosterically regulated by heterotropic effec-
lactate dehydrogenase) modulate the activity of eukary-  tors. Crystal structures of the four PykA states (apo,
otic replicative polymerases (Pola, Pole, and Pold) in vitro  substrate-complex, effector-complex, and substrate-
[70-72]. Collectively, these data suggest that CCM may effector-complex) show that the mechanism of PykA
be of prime importance for the metabolic control of rep-  regulation involves conformational changes within each
lication from bacteria to human cells. subunit and between neighboring subunits promoted by

Here, we report on the relationship between PykA and  the binding of effectors. This suggests that cells harbor
DNA replication in B. subtilis. PykA is an ancestral pro-  different conformers at levels depending on effector con-
tein that is highly conserved and abundant throughout centrations and typifying nutritional conditions, with the
the evolution tree. It catalyzes the irreversible transfer active R-state conformer at a concentration sufficient to
of phosphate from phosphoenolpyruvate (PEP) to ADP  fulfill cellular biosynthetic needs. The heterotropic effec-
resulting in the production of pyruvic acid and ATP  tors of B. subtilis PykA are AMP and ribose 5-phosphate
in the last reaction of glycolysis. The 3D structure of [74]. They are predicted to stabilize the active conformer
the functional homotetramer has been solved for many in a process involving an extra C-terminal domain (see
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below) [75]. Interestingly, B. subtilis PykA is constitu-
tively expressed and produced in rather large amounts
across a wide range of nutritional conditions, includ-
ing gluconeogenic media where pykA is dispensable for
growth [76, 77]. This suggests that PykA may have more
than one function.

The PykA proteins of B. subtilis and related species
have an extra C-terminal sequence (residues 477-585)
[78, 79]. It interacts with the catalytic domain (termed
thereafter Cat) through a hydrogen bond between E209
and L536 of neighboring subunits [74]. Interestingly, the
sequence and 3D structure of the extra C-terminus are
homologous to one of the PEP utilizer (PEPut) domains
found in the EI component of the phosphoenolpyruvate
:carbohydrate phosphotransferase system, the pyruvate
phosphate dikinase (PPDK), and the PEP synthase (PEPS)
(Fig. S1B) [74, 78]. Interestingly, a TSH motif mapping
immediately downstream of the Cat-PEPut interacting
L536 residue is conserved in PEPuts (Fig. S1B) [78]. In EI,
the histidine residue of the motif is phosphorylated at the
expense of PEP and the phosphoryl group is transferred
to a protein (Hpr) during the process of sugar transport
[80, 81]. In PPDK and PEPS, this H residue is a key part
of the catalytic site: it is essential for the reversible con-
version of pyruvate into PEP and the reaction depends
on the transfer of a phosphoryl group from ATP or PEP
to pyruvate or AMP through transient phosphorylation
of the conserved histidine [82, 83]. The T residue of the
TSH motif is phosphorylated for inhibiting the catalytic
activity of H in PEPS and PPDK and its phosphoryla-
tion/dephosphorylation is catalyzed by a serine/threo-
nine kinases of the DUF299 family using ADP as donor
[84—87]. The function of the S residue of the TSH motif is
unknown [84]. This residue is however phosphorylated in
B. subtilis and Arabidopsis thaliana [88-90]. As the Cat-
PEPut interaction stabilized by a hydrogen bond between
E209 and L536 is predicted to assist heterotrophic effec-
tors in regulating PykA activity [75] and as L536 is in
immediate proximity with the TSH motif, posttrans-
lational modifications of the motif may contribute to
PykA regulation by modulating the Cat-PEPut interac-
tion. This hypothesis is consistent with studies showing
that posttranslational modifications, which are prevalent
from bacteria to eukaryotes, affect CCM enzyme activi-
ties through different mechanisms and help the cell to
respond to nutrient availability and fluctuations [91, 92].

Here, we demonstrate that PykA is a medium-depend-
ent effector of replication with PEPut operating as an
inhibitor of initiation and Cat, as a stimulator of elonga-
tion. These functions depend neither on PykA catalytic
activity nor on changes in the metabolome measurable
by LC/MS. In contrast, they may depend on functional
interactions of PykA with the helicase DnaC, primase

Page 4 of 25

DnaG, and lagging-strand polymerase DnaE. Surpris-
ingly, the PEPut and Cat replication functions are of
prime importance for replication timing even in the pres-
ence of “classical” replication control functions. Finally,
we found that PEPut regulates PykA catalytic activity
and that PykA allosteric regulation and PykA replication
functions share requirements in substrate binding to Cat,
the Cat-PEPut interaction, and the TSH motif and its
phosphorylation status. We propose from these findings
that cells use the metabolic sensor capacity of PykA for
integrating metabolism with DNA replication and that
PykA typifies a new family of regulators gearing the met-
abolic control of replication. An intertwining regulatory
model is discussed.

Results

Replication defects in pykA null cells occur in a medium
where PykA is dispensable for growth

Replication phenotypes in ApykA cells were found in gly-
colytic regimens where PykA depletion causes a dramatic
reduction in cellular metabolism and growth rate [15, 42,
44]. Here, we showed that a mere decrease in metabo-
lism and/or growth rate is not mandatory for replication
phenotypes to occur as replication defects in ApykA cells
still happen in a gluconeogenic medium where PykA is
dispensable for growth (MC medium, Fig. 1B). In this
medium, runout flow cytometry studies showed a lower
number of origin sequences per cell in the mutant in
comparison to the wild-type strain, while qPCR studies
showed that the mutant has a higher ori/ter ratio (the
relative copy number of origin sequences versus terminus
sequences), an extended C period (the time required for
replicating the entire chromosome), and a lower speed of
replication forks (Fig. 1C—E and Table S1). It is inferred
from this that a moderate metabolic change ensu-
ing depletion of PykA catalytic activity (this activity is
reduced 30-fold in the mutant compared to the wild-type
strain (Fig. 1B)) and/or the absence of the PykA protein,
suffices for replication defects to occur in ApykA cells.

Cat and PEPut affect replication independently of their
metabolic functions

Ori/ter ratio analysis in Cat mutants

To further investigate the relationship between PykA and
replication, DNA synthesis was analyzed in PykA cata-
lytic mutants grown in MC. The mutants used were either
deleted for the catalytic domain (pykA,.,,) or contained
point mutations impeding either PEP binding, ADP bind-
ing (pykApsoar PYKAR734 PYKAGpogs.eans and pykArazs),
or the phosphoryl transfer during catalysis (pykAgs504)
(Fig. S1A) [73, 93]. We also used a strain containing
a 27-amino-acid deletion (residues 208-234; pykA;p)
encompassing residues involved in the stabilization of
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the Cat-PEPut interaction (E209) and in the phosphoryl
transfer (K220). This deletion is a spontaneous suppres-
sor of thermosensitive DnaE mutations [42]. Replication
was assessed using the ori/ter ratio, a parameter sensitive
to initiation and elongation defects and convenient for
screening a rather large number of strains.

Four classes of mutants characterized by a low, wild-
type, high and notably high ratio were identified using
the Mann-Whitney statistical U test run at a significance
p < 0.01 (Fig. 2A, Table S1). Control experiments showed
that the tested mutations dramatically inhibit (or abol-
ish) PykA metabolic activity (Fig. 2A) and do not affect
growth in MC (Fig. S2, left panel). Hence, replication
defects in Cat mutants occur in the absence of a mere
decrease in growth. Residues important for a proper ori/
ter ratio are R32, R73, T278, GD245/6, and those deleted
in PykAJP (208-234). Since mutants display different ori/
ter ratios and similar residual pyruvate kinase activities,
no obvious relationship links PykA catalytic activity to
replication.

Ori/ter ratio analysis in PEPut mutants

Next, we analyzed the ori/ter ratio in a collection of
PEPut mutants comprising a strain encoding a PykA pro-
tein deleted for PEPut (pykA ,prp,) and mutants of the
TSH motif in which individual amino acids, or the whole
motif, were replaced by A or D, the latter residue mim-
icking phosphorylation. We also tested mutants of the
Cat-PEPut interaction (pykAgyp04 and pykA; ss¢4).

Three classes of PEPut mutants characterized by a
very low, low, and wild-type ratio were identified by
the Mann-Whitney U test run at a significance p < 0.01
(Fig. 2B, Table S1). Residues important for a proper ratio
are the S residue of the TSH motif and the amino acids
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stabilizing the Cat-PEPut interaction (E209 and L536),
as corresponding A mutants have a low ratio. The T and
H residues of the TSH motif may also be important for
replication in conditions favoring their phosphorylation,
as the corresponding D mutants are associated with a
very low and low ratio, respectively (Fig. 2B). Interest-
ingly, PEPut mutations notably affect (positively and
negatively) PykA catalytic activity (Fig. 2B) and do not
alter growth in MC (Fig. S2, right panel). Moreover, PykA
activity and ori/ter ratio do not covary (Fig. 2B).

We inferred from these findings that Cat and PEPut are
endowed with non-metabolic functions allowing PykA
to modulate DNA replication independently of its cata-
lytic activity, and that the engagement of PEPut in repli-
cation may depend on posttranslational modifications of
the TSH motif. Our results also show that PEPut is a new,
potent regulator of PykA catalytic activity.

Cat and PEPut mutations do not affect the metabolome

in MC

To better characterize the effect of PykA mutations on
cellular metabolism in MC, the metabolome of cells host-
ing a PykA catalytic activity ranging from 3 to 160% (the
wild-type strain and mutants pykAcpsussan PYKA 127845
PYKA o, PYKA[ss64, and pykAp., which have a PykA
activity 3, 4, 10, 53, and 160% of wild-type cells, respec-
tively) was analyzed. For each strain, metabolomes were
prepared from 4 independent cultures and analyzed by
LC/MS. Untargeted analysis was carried out using XCMS
and yielded 1960 and 14335 features in the positive and
negative ionization modes, respectively, with automatic
compound annotation (Kegg database; Table S2). Prin-
cipal components analysis (PCA) was conducted on the
full data matrix. The PCA score plots (Fig. 3A, B) showed
that Dimension 1 capture most of the variance in both
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modes. In the positive mode, this axis clearly separates
the wild-type and pykA ., samples while the remaining
data are mixed into each other. In the negative mode,
PYKAGpoasseans PYKATazgas PYKA 5360, and pykAr,, are
better segregated along Dimension 2, while wild-type
and pykA . remain well separated in Dimension 1, with
pykA,., samples clearly away from the others. A closer
inspection of PCA loadings plots identified 14 variables
having the largest effect on each component. Of these, six
have a biased signal due to poor correction of retention
times and three are not significantly affected (fold change
<3) (Stuani et al. 2014) as compared to the wild-type
strain. Remaining variables pointed to molecules that
do not correspond to any compound of the Kegg data-
base or to molecules that are not expected to participate
in B. subtilis metabolism. Altogether, this analysis did
not detect significant changes in metabolite (including

detectable nucleotides) concentrations and uncovered no
relationship between score plots and PykA activity.

To further characterized the effect of PykA muta-
tion on the metabolome, a study based on a procedure
allowing detection of metabolites with short lifetime
was carried out on the wild-type and pykA,.p strains
(see Experimental Procedures) [94]. This analysis con-
firmed the inference of Fig. 3A,B and the lack of signifi-
cant changes in NTP pools (Fig. S3). A targeted analysis
on PykA substrates and products revealed no significant
change in ATDP, pyruvate, and ADP concentrations and a
4.9 lower PEP content in the mutant (Fig. 3C). The data
also uncovered an ion that accumulated in the pykA . |,
mutant, annotated as pseudaminic acid (Pse) in the Kegg
database (Fig. 3D). Consistently, another accumulating
ion annotated as a derivative of Pse (CMP-Pse) was found
in the mutant. Putative Pse was observed mainly in the
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negative mode at m/z 333.1296 but was also detected in
the positive mode at m/z 335.1443 (Fig. S4A, B). These
two m/z values were anticipated to be the deprotonated
[M—H]™ and protonated [M+H]" forms of the molecule,
respectively. Fragmentation pattern and hydrogen/deute-
rium exchanges (HDX) were also fully consistent with the
Pse structure. Pse harbors 6 mobile protons. We deter-
mined the mobile proton number of m/z 333 in positive
and negative ionization modes using in-solution HDX
approach. Mobile protons (7 and 5) were observed in the
positive and negative mode, respectively; i.e.,, 6 mobile
protons for the neutral form (Fig. S4C-F). However, data
were also in agreement with a previous study which deci-
phered the biosynthetic pathway of a Pse isomer: legion-
aminic acid (Leg) [95]. As this isomer should display the
same fragmentation patterns under collision-induced
dissociation (CID) as Pse, we considered m/z 333 in
mutants as Leg. The signal was indeed absent in cells
deleted for the Leg synthase (4AspsE), confirming m/z 333
as Leg. Moreover, Leg accumulated in cells inactivated
for the enzyme converting Leg into CMP-Leg (CMP-Leg
synthase; AspsF) and the CMP-Leg signal was detected in
wild-type and pykA ., cells but not in mutants of the Leg
pathway (Fig. S4G, H). Finally, PEP depletion in pykA . |,
likely result from Leg production as PEP is a precursor
of Leg [95] and as metabolome data suggested that PEP
concentration inversely correlates with Leg concentra-
tion (Fig. 3C, D).

Changes in Leg, CMP-Leg and PEP concentration
prompted us to analyze replication in Leg pathway
mutants (AspsE, AspsF, and AspsABCDEF) in wild-type
and pykA,.;, contexts. Results showed that neither the
depletion of Leg, CMP-Leg, and/or PEP nor the accu-
mulation of Leg affect the ori/ter ratio in both contexts
showing that the Leg pathway is not involved in repli-
cation (ratios in single and double mutants vary by less
than 5% compared to the wild-type and pykA ., paren-
tal strains). Collectively, our findings show that PykA
mutations do not notably disturb the cellular metabo-
lome (including nucleotide pools) in MC. Some mutants
may however significantly (>3-fold) impact PEP, Leg,
and CMP-Leg concentration but these changes are not
responsible for the replication phenotypes.

PEPut and Cat affect initiation and elongation, respectively
Changes in ori/ter ratio may result from changes in ini-
tiation and/or elongation. To determine which replica-
tion step is primarily defective in PykA mutants, cells
replicating the chromosome from a plasmid replicon
rather than from the cellular DnaA/oriC initiation com-
plex were used. As argued previously [15, 44], if replica-
tion defects in pykA mutants were to result from changes
in initiation, cells replicating their genome from the
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plasmid replicon would not suffer from metabolic muta-
tion and would thus exhibit the ori/ter ratio of PykA+
oriN-dependent cells. In contrast, if replication defects
were to result from changes in elongation, plasmid rep-
licon-dependent cells would still suffer from the pykA
mutation and would thus have an ori/ter ratio different
from PykA+ oriN-dependent cells. The analysis was car-
ried out in the AoriC context rather than in the AdnaA
context to avoid any interference of DnaA depletion on
genome expression [96].

Results showed a ratio typical to PykA+ oriN-
dependent cells in PEPut and Cat-PEPut interaction
mutants and a clearly reduced (pykA;p, pykAgposssan)
or increased (pykAr ,;,) ratio in Cat mutants (Fig. 4).
Hence, PEPut and the Cat-PEPut interaction mutants
are primarily affected in initiation while Cat mutants are
primarily affected in elongation. This suggests that the
commitment of PykA in replication involves two sepa-
rate non-metabolic functions, one geared by PEPut and
its interaction with Cat which affects initiation, and the
other geared by Cat which affects elongation.

PEPut is an inhibitor of initiation and Cat, a stimulator

of elongation

Microscopy studies showed that nucleoids are efficiently
segregated in pykA mutants grown in MC (Fig. S5, top
raw). Therefore, a cell cycle analysis was carried out in
wild-type cells and pykA mutants using flow cytom-
etry (runout experiments) and qPCR (marker frequency
analysis), as described previously [97]. Representa-
tive results are given Fig. S5 (middle and bottom rows),
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replicon instead of the natural chromosomal replication origin. See
Fig. 1 for details
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and the complete set of data is summarized in Table S3.
Results showed that PykA mutations can affect repli-
cation and cell cycle to remarkably high degrees and
confirmed the prime importance of PEPut and Cat in ini-
tiation and elongation, respectively. More specifically and
by comparison to the wild-type strain, cells lacking Cat
(pykA 4c,,) and most (5/7) of the remaining Cat mutants
replicate DNA remarkably slowly (600-740 bp/s instead
of 830 bp/s in the wild-type strain) and have a marginal
initiation defect (Table S3). In contrast, cells lacking
PEPut (pykA pgp,:) and 3 other PEPut mutants (pykA . p,
PYKA 11 pppy and pykA ey, 4a4) suffer from a dramatic
initiation phenotype: they initiate replication in mother
cells (i.e, in cells containing two origins) rather than
in grandmother cells (i.e., in cells containing four ori-
gins) and their cell cycle lasts 2 instead of 3 generations
(Table S3). Additionally, two of these mutants (pykA . p
and pykA sy ppp) replicate DNA extremely fast (about
1000 bp/s). The dramatic effects the pykA ., (initiation)
and pykAcpouseaa (elongation) mutations have on the
cell cycle and replication pattern are highlighted Fig. 5.

Changes in nucleotide pools affect replication. In pykA
mutants, such changes may result from an indirect effect
of PykA mutations on CCM reactions producing nucleo-
tide precursors or from a direct effect on ATP concen-
tration (PykA produces ATP during the PEP to pyruvate
conversion) and/or (d)NTPs production (the PykA cata-
lytic site is promiscuous, using PEP as phosphoryl donor
to phosphorylate (d)NDPs with various efficiencies [98]).
If so, cells with similar defects in PykA activity would
have similar pools and hence, similar replication pheno-
types. Results do not support this assumption. Initiation
is dramatically stimulated in four PEPut mutants hav-
ing a low to moderate PykA activity (10-40%), while it is
nearly unchanged in 13 mutants having a PykA activity
ranging from 3 to 160% (Table S3). Moreover, very low,
wild-type, and very fast fork speeds were found in strains
with similar residual PykA activities (3—10%) (Table S3).
Additionally, the metabolome analysis did not reveal sig-
nificant changes in nucleotide pools (Fig. 3 and Table S2).

Collectively, our findings showed that PykA has two
distinct replication functions with Cat acting as a stim-
ulator of replication fork speed and PEPut, as an inhibi-
tor of initiation. As the inhibitory activity of PEPut is
massively abrogated in pykA gy, aan PYKArsyppp, and
PykA . cells, our results strengthen the notion that the
TSH motif and its phosphorylation at T are of prime
importance for initiation. Finally, given that replication
phenotypes were found in cells fully proficient in “classi-
cal” replication control functions, this work showed that
PyKkA is a new master regulator of replication.
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PEPut affects replication initiation and PykA catalytic
activity in a medium-dependent manner

Results presented above showed that PykA is endowed
with two replication functions in MC, a rich gluconeo-
genic medium. To investigate whether these functions
are expressed in other nutritional conditions, replica-
tion parameters (ori/ter ratio, C period and number of
ori/cell) of wild-type, pykAr, ,, and pykA . cells were
assessed in another gluconeogenic broth (minimal
medium supplemented with malate, M) and in two gly-
colytic media (minimal medium supplemented with
glucose (G) or glucose + casa (GC)). Results showed
wild-type parameters under the three tested conditions
except in pykA. p, cells grown in M (Fig. 6A, B). In this
condition, a low ori/ter ratio, a low number of ori/cell,
and an enlarged C period were found. However, while
the three strains have similar growth rates in GC and
G, the pykA ., strain grows poorly in M compared to
wild-type and pykA ., 4 cells (generation times 140 versus
70 min) (Fig. 6B and S5, left panel). This phenotype is a
direct consequence of the pykA ., mutation, as catalytic
mutants (PYkApoys/sas a0d pykAgsyso,) and pykA knock-
out cells grow as fast as the wild-type and pykA . 4 strains
in M (Fig. S6, left panel). In order to further characterize
the effect of the pykA ., mutation on replication in M,
replication parameters of wild-type cells growing in pro-
line at the similar rate as pykA ., in M were determined.
Results (Fig. S6, right panel) showed that the mutant has
a lower ori/ter ratio (1.3 versus 1.5), an enlarged C period
(77 versus 58 min) and a lower number of ori/cell (com-
pare runout DNA histograms) than wild-type cells in
proline. In addition, they showed that the mutant likely
suffers from an early initiation phenotype, as runout
DNA histograms uncovered a significant proportion of
non-initiated cells with 1 chromosome in pykA ., , grown
in M while the vast majority of non-initiated cells in pro-
line cultures of the wild-type strain has 2 chromosomes.
We concluded from these findings that PEPut inhibits
initiation in gluconeogenic media (MC and M) through
a mechanism abrogated by the pykA; , mutation. The
lack of phenotype in pykA ., cells grown in GC and G
either suggests that PykA does not impact initiation in
glycolytic conditions or does so through a mechanism
insensitive to the pykA ., mutation. Hence, the replica-
tion function of PEPut is medium dependent.

Next, we analyzed the role of PEPut in PykA catalytic
activity in the strains and growth conditions used above.
Results showed that PykA activity is increased in pykA . 4
and reduced in pykA ., contexts by comparison to wild-
type cells in M, GC, and G (Fig. 6C) as it is in MC (Fig. 2)
suggesting that T phosphorylation negatively regulates
PykA catalytic activity in a large range of nutritional con-
ditions. Interestingly, the level of T phosphorylation may
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be higher in glycolytic than in gluconeogenic media as
the activity produced by wild-type cells is closer to that
of pykA . cells in glycolytic media and closer to that of
PYkA . 4 cells in gluconeogenic growth conditions (com-
pare the ratios pykA ., versus wild-type and wild-type
versus pykA ., Fig. 6C). It is inferred from this that the
PEPut-driven regulation of PykA catalytic activity is sen-
sitive to the polarity of the carbon flux travelling CCM.

Overall, our findings suggested that the level of T
phosphorylation in the TSH motif varies with growth
conditions and has two distinct functions: it negatively
regulates PykA catalytic activity and alleviates the inhibi-
tory activity of PEPut on replication initiation. However,
while the former activity occurs at mid-levels of T phos-
phorylation, the latter activity may operate at high T
phosphorylation levels.

The purified PykA protein modulates replication activities
of DnaE and DnaC

The effect of PykA on replication may involve the recruit-
ment of the glycolytic enzyme to the initiation and/or
elongation replication machineries. It was previously
shown that PykA is produced at a rather high concen-
tration [77] and is diffused throughout the cytoplasm
[99]. Hence, for localizing PykA, we constructed strains
encoding PykA-mCherrygg; or mCherrypg,-PEPut
fusions (wild-type or mutated) from an inducible pro-
moter (Py,,,) at hundreds to thousands proteins per
cell [46]. The constructions were inserted at an ectopic

position (the amyE locus) in a context lacking or contain-
ing the natural pykA gene. Microscopy studies of living
cells showed a diffused mCherrygg; signal at all inducer
concentrations (Fig. S7, top panels). However, upon cell
fixation and at low inducer concentration (0-5 puM),
irregular spotty signals were observed (Fig. S7, bottom
panels). Unfortunately, we were unable to improve the
fixative procedure and the quality of the images, prevent-
ing further analyses on PykA localization.

In order to investigate whether PykA affects replica-
tion by directly modulating the activity of replication
enzymes, an in vitro approach was used. The PykA pro-
tein was heterologously expressed and purified, and
control experiments showed that the purified PykA was
metabolically active and formed the expected stable
functional tetramer (Fig. S8). The effect of PykA was then
tested on DnaC, DnaG, and DnaE, as these replication
enzymes are genetically linked to PykA [42]. The DnaC
helicase melts the duplex DNA at oriC during initia-
tion and separates the DNA strands in replication forks
during elongation. The DnaG primase synthesizes RNA
primers at the origin and in replication forks. These prim-
ers are extended by DnaE to start leading-strand synthe-
sis (which is mainly carried out by PolC) and to ensure
partial or complete synthesis of the lagging strand. Previ-
ous studies showed that DnaC, DnaG, and DnaE form a
ternary complex ensuring important roles during replica-
tion initiation and elongation [43, 45, 47, 49]. The three
replication enzymes were purified and their activities
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were tested using previously described assays [43, 49] in
the presence or absence of PykA. It is of interest to note
here that these assays do not allow PykA activity (they
lack the PykA substrates PEP and ADP) and probe key
features of DNA elongation: chain polymerization and
double-strand separation at forks. In contrast, they do
not probe initiation as they give no information on origin
melting and protein recruitment at melted origins.
Replication assays with DnaE were carried out at a
polymerase concentration (10 nM) that produces a low
amount of replication products in order to facilitate the
detection of stimulatory effects. In reaction mixtures
containing M13 ssDNA annealed to a 20-mer DNA oli-
gonucleotide and DnaE in combination or not with
equimolar concentrations of PykA, a substantial stimula-
tion of DnaE polymerase activity by PykA was found in
terms of both sizes and amounts of nascent DNA syn-
thesized (Fig. 7A, left panel). A similar stimulation was
observed with a 60-mer oligonucleotide annealed onto
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M13 ssDNA and a 15-mer oligonucleotide annealed
onto a 110-mer oligonucleotide (Fig. S9A and data not
shown). The stimulation was specific to PykA as it was
not observed with equimolar amounts of BSA and M13
ssDNA primed with a 20-mer (Fig. 7A, right panel) or a
60-mer (Fig. S9B). The lack of DnaE stimulation by BSA
was further confirmed at a 50-fold excess concentra-
tion over DnaE with the 20-mer primed M13 ssDNA
(Fig. S9C) (note that the marginal stimulation observed
at very high (500-fold) BSA excess is artifactual, acting
likely as a blocking agent preventing adhesion of DnaE to
the plastic reaction tubes). Titration experiments and gel
shift assays showed that the stimulation of DNA synthe-
sis by PykA was not due to a stimulation of DnaE binding
to a primed template (Fig. S10).

Within the replisome, the polymerase activity of DnaE
is stimulated by several proteins [43, 46, 49, 100], with
DnaN being a potent stimulator. This ring-shaped protein
is loaded at the 3’ end of primed sites by the clamp loader,
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encircles the DNA, and binds DnaE to form a stable
complex that slides along the DNA template. In order to
determine whether the polymerase activity of the DnaE-
DnaN complex can be further stimulated by PykA, we
carried out primer extension assays with DnaE, DnaN,
proteins of the clamp loader (HolB, YqeN and DnaX), and
PykA (Fig. 7B). As previously observed [43], we found
that the polymerase activity of DnaE (10 nM) is strongly
stimulated by DnaN and the clamp loader (compare the
left panels of Fig. 7A, B). In this condition of high activ-
ity, the effect of PykA is unclear (Fig. 7B). However, this
glycolytic enzyme may confer an additional stimulation
to the DnaE activity as its presence leads at the last time-
points to a greater accumulation of large fragments and
a clear reduction in labelled primer (Fig. 7B, compare
with and without PykA). To confirm this, we carried out
similar primer extension assays in the presence of lower,
suboptimal concentrations of DnaE (2 nM), DnaN, clamp
loader proteins, and PykA (in both sets of assay condi-
tions, the molar ratios of proteins were kept identical).
At this suboptimal DnaE concentration, no nascent DNA
was detectable in the absence of PykA and significant
amounts of nascent DNA fragments were synthesized
by DnaE in the presence of PykA (Fig. 7C). This suggests
that PykA stimulates the activity of DnaE even in condi-
tions where its activity is strongly stimulated by DnaN.
We concluded from these data that PykA stimulates the
DnaE polymerase activity when the polymerase is slow
(i.e., alone) and fast (i.e., in a complex with DnaN) prob-
ably via a direct interaction between PykA and DnaE.
Since the purified PEPut domain does not affect DnaE
activity (Fig. S11-12), the stimulation probably depends
on a direct interaction between DnaE and the Cat domain
or the interaction interface involves structural features of
the PykA tetramer that are not preserved in the purified
PEPut. The stimulation occurs with short (20-mer) and
long (60-mer) primers suggesting that PykA may stimu-
late DnaE polymerase activity during extension of RNA
primers generated by DnaG and during lagging-strand
synthesis.

The helicase activity of DnaC was assayed by moni-
toring the displacement of a labelled 104-mer oligo-
nucleotide annealed onto M13 ssDNA and forming a
double-fork substrate with poly(dT) tails as previously
[49]. To assemble a functional DnaC hexamer onto the
DNA substrate, the helicase loader Dnal was added to
reaction mixtures at equimolar concentrations. Results
showed that DnaC is marginally inhibited in the presence
of PykA (Fig. 8A). As we previously showed that DnaC
activity is stimulated by DnaG [49], DnaG was added
to the abovementioned reaction mixtures at equimo-
lar concentrations. This analysis confirmed the stimula-
tion of helicase activity by DnaG and showed that this
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stimulation is cancelled by PykA (Fig. 8B). Thus, in some
contexts, PykA can significantly inhibit the helicase activ-
ity of DnaC. Collectively, these in vitro results suggest
that PykA can modulate replication initiation and elonga-
tion through direct functional interactions with replica-
tion enzymes.

Discussion

PykA is one of the most conserved and abundant pro-
teins of the evolution tree and its ability to convert PEP
and ADP into pyruvate and ATP during glycolysis is
known in exquisite detail [73, 75]. Its activity is allosteri-
cally regulated through conformational changes within
each subunit and between neighboring subunits pro-
moted by the binding of effectors. Interestingly, an ever-
increasing core of data showed that pyruvate kinases
from bacteria to higher eukaryotes, akin other CCM
enzymes, often ensure non-metabolic (moonlighting)
functions in processes as diverse as transcription, viral
replication, angiogenesis, pathogenicity, and tumorigen-
esis [60—62, 101, 102]. Here, we provide new insights on
how the catalytic activity of B. subtilis PykA is regulated
and demonstrate that this enzyme ensures non-metabolic
functions important for replication initiation, elongation,
and timing.

Regulation of PykA catalytic activity

The B. subtilis PykA protein comprises the canoni-
cal catalytic domain (Cat) and an extra C-terminal
peptide 110-amino-acid-long. This peptide, termed
PEPut, is homologous to domains embedded in other
metabolic enzymes and known to ensure catalytic and
regulatory functions depending on phosphorylation
of a conserved TSH motif (see the "Background" sec-
tion). Crystallographic studies suggested that Cat and
PEPut interact through a hydrogen bond between E209
and L536 [74], and this interaction was proposed to
assist heterotrophic effectors in stabilizing the active
R-state conformation [75]. Here, we demonstrate that
PEPut negatively regulates PykA catalytic activity up to
16-fold and that this process depends on the Cat-PEPut
interaction, the TSH motif and its phosphorylation sta-
tus (Fig. 2). A key determinant of this regulation may
be the phosphorylation level of T in the TSH motif
since the most dramatic changes in PykA activity occur
in conditions mimicking the absence (T>A context,
no inhibition) or massive (T>D context, strong inhibi-
tion) T phosphorylation (Fig. 2). Interestingly, T phos-
phorylation may vary with the polarity of the carbon
flux travelling CCM, being higher in glycolytic than in
gluconeogenic growth conditions (Fig. 6C). Our find-
ings thus enforce the stabilization model of the active
R-state conformation by Cat-PEPut interaction and
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further suggest that this stabilization is negatively regu-
lated by T phosphorylation in the TSH motif. Hence,
and assuming that knowledge in TSH motif phospho-
rylation prevails in B. subtilis PykA (see above), PykA
regulation may depend on the concentration of phos-
phoryl donors (potentially PEP and ADP) and the activ-
ity of kinases/phosphatases for TSH phosphorylation,
in addition to the concentration of PykA effectors
(PEP, AMP, and ribose 5-phosphate). PykA can thus
be viewed as a metabolic sensor mediating multiple
interactions with allosteric regulators and exhibiting
different TSH phosphorylation profiles depending on

signaling metabolite concentration and CCM activity.
This suggests that the thousands of PykA protein pre-
sent in the B. subtilis cytoplasm exist in multiple forms
and proportions that may vary with cellular metabolism
for providing the active R-state PykA conformer at con-
centrations fulfilling biosynthetic needs and for con-
veying information on the nutritional environment as
illustrated Fig. 9A. Additional posttranslational modifi-
cations (acetylation, succinylation...) prevalent in pyru-
vate kinases from bacteria to eukaryotes [91, 92] may
further increase the diversity of PykA forms within cells
enabling a higher level of PykA regulation and a more
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comprehensive information on the nutritional environ-
ment. This sophisticated regulation of PykA catalytic
activity may provide an elegant solution to the problem
posed by the constitutive and abundant production of
PykA in a wide range of nutritional conditions [76, 77].

PykA encodes initiation and elongation replication
functions geared by PEPut and Cat, respectively
Replication phenotypes in B. subtilis cells lacking PykA
were initially discovered in nutritional conditions where
this glycolytic enzyme is important for growth and
metabolism. Under these conditions, groups reported
that pykA deletion allows (i) suppression of initiation and
elongation defects due to thermosensitive mutations in
the replication enzymes DnaC, DnaG, and DnaE (but not
Dnal, DnaD, PolC, DnaX, and DnaN) [42, 43], (ii) stimu-
lation of initiation [44], and (iii) alteration of the meta-
bolic control of replication [15]. Here we show that pykA
knockout cells cultivated in a medium (MC) where PykA
is dispensable for metabolism and growth, also suffer
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from replication initiation and elongation defects (Fig. 1
and Table S3).

To gain insights into the PykA replication relation-
ship, cell cycle parameters of Cat and PEPut mutants
were monitored in MC. Results uncovered significant to
strong replication phenotypes in most of the 18 tested
mutants (Fig. 2 and Table S3). These phenotypes do not
result from changes in PykA catalytic activity as this
activity and replication parameters do not covary (Fig. 2).
Additionally, they are not due to mere changes in cellu-
lar metabolism as the metabolome of B. subtilis in MC
is resilient to changes in PykA catalytic activity (Fig. 3
and Table S2). In contrast, these phenotypes result from
inactivation of either of two non-metabolic functions
encoded by PykA: the one carried by PEPut which inhib-
its initiation, and the one carried by Cat which stimulates
elongation. Interestingly, these moonlighting functions
may operate in a medium-dependent manner (Fig. 6A,B).
In vitro studies further showed that PykA function-
ally interacts with three enzymes essential for replica-
tion initiation and elongation. Indeed, the purified PykA
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metabolic signal to the replication machinery and regulate DNA synthesis in a large range of nutritional conditions. Top panel: metabolic control of
initiation. (i) In response to the concentration of a phosphoryl donor and the activity of a kinase/phosphatase system, the phosphorylation level of
the T residue in the TSH motif of PEPut varies. Initiation is inhibited at low- and activated at high phosphorylation levels. High phosphorylation level
may be powered by a metabolic cycle causing periodic accumulation of the phosphoryl donor at the age of initiation. Bottom panel: metabolic
control of elongation. The balance between the multiple forms of PykA is sensed by replication enzymes for modulating elongation. Previous data
suggest that receptors of metabolic signals conveyed by PykA are the helicase DnaC, the primase DnaG, and the lagging strand polymerase DnaE
which are essential for both replication initiation and elongation (see the “Background” section). The metabolic control of initiation and elongation
help cells to properly time replication in the cell cycle in a large range of nutritional conditions
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protein stimulates the activity of the lagging-strand poly-
merase DnaE in conditions mimicking primer extension
and lagging-strand synthesis, likely via physical contacts
between Cat and DnaE (Fig. 7, S8-9 and S11). Moreover,
the purified metabolic enzyme inhibits the helicase activ-
ity of DnaC and the stimulatory effect of DnaG on DnaC
(Fig. 8).

Collectively, our report shows that PykA is endowed
with a replication initiation and elongation function
geared by PEPut and Cat, respectively, and that these
functions may involve functional interactions with rep-
lication enzymes at oriC and replication forks. Although
the strains used in this study are fully proficient in “clas-
sical” replication functions, most of the mutants lack-
ing either PykA replication function exhibit remarkable
cell cycle perturbations (Figs. 5 and 6 and Table S3). This
surprising result suggests that the control geared by
“classical” replication functions is far from sufficient to
properly time DNA synthesis in the cell cycle and that an
additional level of regulation by PykA is needed to meet
this goal (at least in the gluconeogenic media used here).
Therefore, we propose that PykA typifies a new family
of replication control factor that operates in a medium-
dependent manner along “classical” replication functions
for gearing a metabolic control of DNA replication and
for properly timing replication in the cell cycle.

Basic principles of the metabolic control of replication

by PykA

A targeted mutagenesis showed that the inhibitory activ-
ity of PEPut on initiation depends on the Cat-PEPut
interaction, the TSH motif, and its phosphorylation
status (Fig. 2 and Table S3). The importance of phos-
phorylation is highlighted by data suggesting that high
T phosphorylation abrogates the initiation inhibitory
activity of PEPut in gluconeogenic (but not glycolytic)
growth conditions. In these conditions, pykA;. . cells
have an early initiation phenotype while initiation is
properly regulated in the wild-type and pykA ;. 4 contexts
(Fig. 6A, B). Assuming that key metabolites transiently
accumulate through cell cycle progression in B. subtilis
as in other systems [103-105], one can propose a model
for initiation regulation by PEPut. In this model, initia-
tion is inhibited for most of the cell cycle by a weakly T
phosphorylated form of PEPut (equivalent to the wild-
type and pykA ;. 4 contexts). However, late in the pre-ini-
tiation period, the initiation inhibitory activity of PEPut
is alleviated by a massive and transient T phosphoryla-
tion (equivalent to pykAr., context). We propose that
this transient phosphorylation occurs in response to the
combined action of a cell cycle-dependent accumula-
tion of a phosphoryl donor and of a strong kinase activ-
ity of a protein of the DUF299 family [85, 86] (a sequence
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analysis suggested that the poorly characterized protein
YqfL is the B. subtilis DUF299 like protein. Its involve-
ment in replication is under investigation). Intriguingly,
the involvement of PEPut in initiation and PykA catalytic
activity have similar requirements: they both depend on
the Cat-PEPut interaction, the TSH motif, and its phos-
phorylation status. This suggests that the mechanism of
the PEPut-driven metabolic control of initiation involves
determinants of the mechanism of the PEPut-driven reg-
ulation of PykA catalytic activity, as illustrated Fig. 9. In
this line of thinking, we propose that the system used for
massive and transient T phosphorylation late in the pre-
initiation period regulates PykA catalytic activity most of
the cell cycle by ensuring a nutritional-dependent basal
level of T phosphorylation.

The targeted mutagenesis also showed that residues
R32, GD245/6, and amino acids 208-234 are of prime
importance for Cat-driven stimulation of DNA elonga-
tion (Fig. 5 and Table S3). R32 and GD245/6 are involved
in ATP/ADP and PEP binding [73] while the 208-234
region resides at the heart of the catalytic site and is
genetically linked to the lagging-strand polymerase DnaE
[42]. In vitro data further suggested that Cat interacts
with the lagging-strand DnaE polymerase stimulating
its activity (Fig. 7 and S11) and studies on different sys-
tems showed that lagging-strand synthesis gears fork
speed [106—109]. Collectively, these results suggest that
Cat stimulates elongation through a mechanism involv-
ing Cat-metabolites and Cat-DnaE interactions. As Cat-
metabolite interactions induce complex conformational
changes that cells use to allosterically regulate PykA cata-
lytic activity in a wide range of nutritional conditions [73,
75], we propose that the mechanism of the Cat-driven
metabolic control of elongation involves determinants of
the mechanism of the Cat-driven regulation of PykA cat-
alytic activity as illustrated Fig. 9. Again, these functions
can be implemented by PykA posttranslational modi-
fications [91, 92]. We conclude that cells use the ability
of PykA to sense the metabolic status and adopt multiple
forms typifying this status to convey metabolic informa-
tion to the replication machinery and drive a metabolic
control to DNA synthesis. We propose that the numer-
ous CCM-replication links described in the literature
(see the "Background" section) highlight potential deter-
minants of the metabolic control of replication in other
systems.

The findings reported here show that side chain modi-
fications disrupting PykA replication functions can
dramatically disturb replication timing. As replication
timing alterations cause accumulation of chromosomal
lesions (double-strand breaks) with a high mutagenic
potential [110], determinants of the metabolic control
of replication may form a new family of genetic stability
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factors. Two hallmarks of cancer cells are aerobic glyco-
lysis and a high rate of mutagenesis. Nowadays, cancer is
thought to originate from mutations in oncogenes, tumor
suppressors, and/or mutator genes, and other hallmarks,
including their altered metabolism, are thought to be
a result of these mutations rather than their cause [111,
112]. Extrapolating the results presented here from B.
subtilis to humans, we speculate that CCM mutations (or
changes in metabolite pools) that disrupt the metabolic
control of replication may pave the way to genetic insta-
bility and may thus be an additional root cause of cancer
initiation.

Conclusions

Genome duplication is carried out once per cell cycle
by a complex machinery tightly regulated by well-
known, overlapping mechanisms. Failure in this regula-
tion increases the risk of genetic instability and favors
the emergence of diseases such as cancer. Since the 60s,
genome duplication is also known to be under a meta-
bolic control. The importance of this control for cell sur-
vival is unknown as well as its mechanism and interplay
with classical replication control functions. Interestingly,
an increasing core of data suggests that this mechanism
may involve central carbon metabolism from bacteria to
human. Accordingly, links between the enzyme ensur-
ing the last reaction of glycolysis (the pyruvate kinase
PykA) and replication in the bacterium Bacillus subti-
lis were found. Here, we show that the catalytic domain
of B. subtilis PykA (Cat) stimulates DNA elongation
while its C-terminal domain (PEPut) inhibits initiation
and that these activities may involve functional interac-
tions between Cat and enzymes involved in replication
initiation and elongation. Very surprisingly, dramatic
replication timing defects can occur in cells inactivated
for either PykA replication activity and these activities
depend on factors involved in regulation of PykA cata-
lytic activity. We therefore propose that PykA typifies a
novel family of replication regulator that acts in a nutri-
ent-dependent manner to orchestrate the metabolic con-
trol of replication and replication timing. Since PykA’s
replication functions and PykA regulation of catalytic
activity share basic requirements, we propose that the
mechanism allowing PykA to sense the cellular meta-
bolic status and regulate its own activity is used by cells
to control replication. We extrapolate from these results
that the metabolic control of replication involves CCM
enzymes endowed with a metabolic sensor activity from
bacteria to human and that mutations that disrupt this
control may disrupt replication timing and thus pave the
way to genetic instability and diseases such as cancer.

Page 16 of 25

Methods

Strains and plasmids

Strains and plasmids are listed in Supplementary
Table S4. E. coli Stellar™ competent cells (Clon-
tech, Saint-Germain-en-Laye, France) were used as
host for plasmid constructions. Most of the B. subti-
lis strains were constructed by transforming compe-
tent cells with genomic DNA (see Table S4 for details).
Strains constructed using PCR products and plasmid
DNA as transforming material are described below. The
DGRM1173 strain containing the markerless spsABC-
DEF deletion was constructed as previously [95]. Geno-
types of constructed plasmids and strains were checked
by phenotypic analyses, endonuclease restriction, PCR
analysis, and/or Sanger sequencing (Eurofins Genomics,
Germany).

Construction of the pykA-tet strain (DGRM295)

In order to facilitate the construction of pykA mutants,
we first inserted a fet gene immediately downstream
from the transcription terminator of pykA. We first
amplified with the Q5 high-fidelity DNA polymerase
(New England Biolabs, Evry, Fr) the tet gene of plasmid
pTB19 [113] and two chromosomal sequences flanking
the site of insertion and containing the 3’ end of the pykA
gene on the one hand and the ytzA plus the 3’ end of ytvI
on the other hand. Then, we separated the PCR products
from the parental genomic DNA by gel electrophoresis
and purified the PCR fragments using the Monarch DNA
Gel Extraction Kit (New England Biolabs, Evry, Fr). The
purified fragments were then mixed and fused together
using assembly PCR carried out with the Q5 high-fidel-
ity DNA polymerase and the two primers flanking the
fused fragment. This reaction depends on the addition of
20-bp sequences homologous to the 5’ and 3’ tails of the
tet fragment to the internal side of the chromosomal PCR
fragments. Competent cells of a wild-type strain cured
of prophages (TF8A) were then transformed with the
assembly PCR product and double crossover events inte-
grating the fet gene downstream of pykA were selected
on Tet containing plates (before plating, the tet gene was
induced by incubating cells 1 h at 37 °C in the presence
of 1.5 pg/mL Tet). A representative transformant, named
DGRM295, was selected by PCR and DNA sequencing.

Construction of Cat and PEPut mutants

To generate Cat and PEPut mutants, pairs of PCR reac-
tions were carried out using as template the genomic
DNA of DGRM295 (pykA-tet). In each reaction, one
external (i.e., in pykA or ytvl) primer and one mutagenic
primer mapping in Cat or PEPut were used to generate
PCR products with the desired pykA mutation at one end.
PCR fragments were then assembled and the assembly
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products used to transformed TF8A competent cells, as
described above (inactive pyruvate kinase mutants were
selected on LB + Tet + Malate 0,4% w/v). Three repre-
sentative transformants were selected by sequencing for
nearly all constructions.

Construction of pykA mutants replicating the chromosome
from oriN

To construct pykA mutants replicating the chromosome
from oriN, competent cells of a TF8A derivative carrying
oriN and the cat gene at the spolll] locus and deleted for
oriC (DGRM589, [44]) were transformed with genomic
DNA of pykA mutants. Transformants were then selected
on plates supplemented with appropriate antibiotic (and
0.4% w/v malate when the mutation inactivated PykA
activity). Three representative transformants were gener-
ally selected. The presence of the pykA mutation was con-
firmed by sequencing while the presence of the oriN-cat
structure and the oriC deletion were checked by measur-
ing the size and sensitivity to EcoRI restriction of the cor-
responding PCR products.

Construction of strains encoding mCherrygg,, fusions

To generate strains encoding mCherrygg; fusions, plas-
mids were first constructed (their sequence is available
upon request). To construct pLJH225-Cm, a reverse PCR
on pIC610 was carried out with the Q5 high-fidelity DNA
polymerase to produce a linear fragment with the Phys-
pank promoter (oriented outward) at one end and the
PEPut ORF (oriented inward) at the other end. Using the
same DNA polymerase and pBS1C3 as template, we then
produced a PCR product containing the mCherrygg;
OREF fused to a linker (GGTGGAGGTGGATCT 3n) at
the C-terminus. The fragment was engineered to carry
at its extremities 20-bp-long sequences homologous to
the ends of the pIC610 PCR product. The two fragments
were then gel purified, ligated to each other using the
NEBuilder Hifi DNA Assembly Master Mix (NEB, Evry,
France) and the ligation product was used to transform
Stellar™ E. coli competent cells to AmpR. Transfor-
mants encoding the mCherrygg-linker-PEPut fusion
from Physpank were screened by colony PCR. The plas-
mid DNA was extracted from three representative posi-
tive clones and checked by DNA sequencing. A validated
construct was named pLJH225-Cm and used to trans-
form B. subtilis competent cells deleted for the natural
pykA gene (DGRM25). A strain containing the fusion
cassette inserted by a double crossover at the amyE locus
was selected by PCR and named DGRM1110.

The construction of pLJH227 which contains the PykA-
linker-mCherrygg; fusion was carried as follows. First,
we restricted the pDR111 DNA with Nhel and HindIll
and generated with the Q5 enzyme two PCR products,
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one containing the pykA ORF and its RBS region, the
other the mCherrygg; ORF fused in 5 to the linker. The
DNA fragments (containing appropriate 20 bp sequence
homologies at their ends) were then gel purified and
ligated using the NEBuilder Hifi DNA Assembly Master
Mix. Upon transformation of Stellar™ competent cells
with the ligation mixture, selection on Amp contain-
ing plates, colony PCR screening, plasmid extraction,
and DNA sequencing, we obtained pLJH227. To con-
struct pLJH226, a similar strategy was followed using
a PCR fragment containing the pykA,ppp, ORF (and
its RBS region) instead of the entire pykA ORF (and its
RBS region). For generating pLJH226-Cm, the Bg/II frag-
ment of pLJH226 containing the SpR marker and pUC
sequences was replaced by the corresponding restriction
fragment of pIC610 which contains a CmR marker in
place of the SpR marker. The pLJH226-Cm and pLJH227
DNA were then used to transformed DGRM25-Km
(ApykA) competent cells and representative transfor-
mants containing the fusion cassette inserted by a double
crossover at the amyE locus were selected by PCR and
named DGRM1109 (construction encoding the PykA-
linker-mCherrygg; fusion) or DGRM1111 (construction
encoding the PykA ,ppp,-linker-mCherrygg; fusion).

Growth conditions

Routinely, B. subtilis and E. coli cells were grown at 37 °C
in LB with or without antibiotics at the following concen-
trations: spectinomycin (Sp, 60 pg/mL); tetracycline (Tet,
7.5 pg/ml); chloramphenicol (Cm, 5 pg/mL); phleomycin
(Phl, 7.5 pg/mL); kanamycin (Kan, 5 pg/mL); ampicillin
(Amp, 50 pg/mL). Malate (0.4% w/v) was added to LB
for routine cultivation of pykA mutants. Other studies
were carried out with cells grown at 37 °C in a minimal
medium (K,HPO,: 80 mM; KH,PO,: 44 mM; (NH,),SO,;:
15 mM; C¢HsNa;O, 2H,0: 3, 4 mM; CaCl,: 50 mM;
MgSO,: 2 mM; Felll citrate: 11 pg/mL; MnCly: 10 pM;
FeSO, 1 puM; FeCly: 4 pg/mL; tryptophan: 0.01% w/v)
supplemented with various carbon sources as follows
(in w/v): MC medium: malate (0.4%) + enzymatic casein
hydrolysate (casa, 0.02%); GC medium: glucose (0.4%) +
enzymatic casein hydrolysate (casa, 0.02%); M medium:
malate (0.4%); G medium: glucose (0.4%); C medium:
casa (0.02%).

Quantitative PCR

For monitoring ori/ter ratios, 6—14 cultures inoculated
from generally three independent constructs were first
grown overnight at 30 °C in MC supplemented with
antibiotic. Upon saturation, cultures were diluted 1000-
fold in the same medium without antibiotic and growth
at 37 °C was carefully monitored using spectrophotom-
etry. Samples for qPCR analysis were collected at low
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cell concentration (ODgy ,,, = 0.06 to 0.15) to ensure
that cell cycle parameters are determined in steady-state
cells and are not affected by the approach to the station-
ary phase or by changes in medium composition. The
genomic DNA was extracted as described previously
[44] or using the PureLink Genomic DNA mini kit (Inv-
itrogen by Thermo Fisher Scientific, Courtaboeuf, Fr).
Every qPCR reaction was carried out using two techni-
cal repeats of 4 serial dilutions. A non-replicating control
DNA (stage II sporlets, [114]) was analyzed simultane-
ously with the samples in about 1/4 of the qPCR plates.
Reactions and amplifications were carried out as previ-
ously described in 1x SYBR qPCR Premix Ex Taq (Tl
RNaseH Plus) (Ozyme, St Quentin en Yvelines, France)
mix and on a Mastercycler®ep realplex (Eppendorf, Le
Pecq, Fr) [44]. Ratios were normalized using the mean of
about 125 measures of the non-replicating control DNA
(0.5885 =+ 0.006) and compared using the nonparametric
Mann-Whitney U test (https://www.socscistatistics.com/
tests/mannwhitney/default2.aspx) run at a significance
level of p < 0.01 and a two-tailed hypothesis.

C periods were determined from three independent
cultures and using 10 pairs of primers arranged regularly
(from oriC to terC) along the right arm of the chromo-
some, as previously described [44]. Mean fork velocity
was calculated using the C period (min) and the actual
size of the TF8A genome (4,000,631 bp; this genome is
deleted for prophages SPB, PBSX, and skin).

Flow cytometry analysis

Strains were grown as indicated in the previous section,
and at ODgy,,, = 0.1-0.15, chloramphenicol (200 pg/
mL) was added to the cultures to impede replication ini-
tiation and cell division and allow completion of ongoing
rounds of replication [115]. After 4 h of drug treatment,
1.5 mL of cells was fixed in filtered ethanol 70% v/v and
stored at 4 °C. Stored cells were then washed twice in
1 mL of filtered Tris-buffered saline buffer (TBS 150)
(20 mM Tris-HCI pH 7.5, 150 mM NaCl) and stained
with Hoechst 33258 (1.5 pg/mL) for at least 30 min, as
described elsewhere [97]. Flow cytometry analysis was
carried out using a MoFlow Astrios cell sorter (Beckman
Coulter, Life Sciences) equipped with a 355-nm krypton
laser and a 448/59-nm bandpass filter used to collect
Hoechst 33258 fluorescence data. Data were analyzed
with the Kaluza software (Beckman Coulter, Life Sci-
ences). We counted 100,000 events. Cell cycle parameters
were determined as previously described [97].

Pyruvate kinase activity measurement in crude extracts
Cells (25 mL; ODgypnm = 0.3) growing exponentially in
MC were carefully collected by centrifugation (7 min;
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4,922 RFC; room temperature) and resuspended in 75 pL
of lysis buffer (Na,HPO, 2H,0: 60 mM; NaH,PO, 4H,0:
4 mM; KCI: 10 mM; MgSO, 7H20: 1 mM; DTT: 1mM,;
Lyzozyme: 0.1 mg/mL; DNase I: 40 U/mL). They were
then incubated 20 min on ice, 5 min at 37 °C, and 15 min
at room temperature. Crude extracts were then collected
by centrifugation (10 min; 14,000 rpm; 4 °C). The PykA
activity was determined using the colorimetric/fluoro-
metric assay kit K709-100 (CliniScience, Nanterre, Fr)
and fluorescence (Ex/Em = 535/587 nm) was assessed
using a ClarioStar apparatus (BMG Labtech, Champigny-
sur-Marne, Fr). Protein concentration was monitored
using the standard Bradford assay.

Microscopy

Cells were grown in MC medium as for qPCR analysis.
For DNA segregation analysis, 1.5 mL of cells at ODgjqm
= 0.15 were briefly (2 min) incubated in the presence of
1 pg/mL 4;6’-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich, Saint-Quentin-Falavier, France) and/or 2 pg/
mL FM4-94 (Invitrogen, Villebon-sur-Yvette, France) for
nucleoid and membrane staining, respectively. They were
then collected by gentle centrifugation at room tem-
perature (11,000 rpm for 1 min), resuspended in 10 pL
MC medium and immediately mounted on a glass slide
covered with a 1.0% w/v agarose pad in MC. A 0.17-mm
glass coverslip was then placed on top of the agarose
pad. For mCherrygg; fusion localization, cells prepared
as above were collected by gentle centrifugation at room
temperature (11,000 rpm for 1 min) and resuspended in
MC or in a PBS solution containing 1% v/v paraformal-
dehyde (Alfa Aesar by Thermo Fisher Scientific, Kandel,
Germany) (750 pL). Cells treated with paraformalde-
hyde were incubated 10 min at 4 °C. Samples treated or
not with paraformaldehyde were then stained with
DAPI, collected, and resuspended in 10 uL. MC medium
as above. Microscopy was carried out using an epifluo-
rescence microscope (Zeiss, Axio Observer.Z1) with a
x 100 magnification oil-immersion objective (Plan-
APOCHROMAT Ph3) and a CMOS camera (Orca Flash
4.0 LT Hamamatsu). Digital images were acquired and
analyzed using the Zen 2.6 (blue edition) software.

Mass spectrometry

Metabolome preparation

Metabolite extraction was carried out from cells grown at
37 °C and an ODg,, = 0.4 using a protocol adapted from
the Metabolomics Service Protocols from the Univer-
sity of Glasgow (http://www.polyomics.gla.ac.uk/assets/
downloads/MSMetabolomicsPrepCells-Aug2013.pdf)
and modified as previously described [116]. For compara-
tive analysis, pykA . , and wild-type cells were grown on
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solid medium and metabolomes were prepared as previ-
ously [94].

Chromatographic conditions

Analyses were conducted using a Dionex Ultimate 3000
Rapid Separation LC (Thermo Fisher Scientific). The
method for metabolome analysis was previously reported
[94]. For hydrogen/deuterium exchange (HDX) experi-
ments, chromatographic conditions were also described
[116].

HRMS analyses

High-resolution measurements were obtained with a
VelosPro Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific) fitted with a heated electrospray ioni-
zation source operating in positive and negative ioniza-
tion modes. The mass spectrometer settings were as
previously reported [116]. Collision-induced dissocia-
tion spectra (CID) in resonant excitation conditions were
acquired using data-dependent scanning function for
identification purpose. Non-targeted CID experiments
using data-dependent scan were conducted at 27% Nor-
malized Collision Energy (NCE) in positive and negative
modes. CID experiments to confirm the presence of Pse
(Leg) in metabolome were conducted at 22% NCE in pos-
itive and negative modes.

Metabolomic data processing

LC/MS raw data were converted to mzXML using
MSConvert 3.0.20338 [117] and processed with R pack-
age XCMS [118, 119] with an “in-house” modified KEG-
GREST (Tenenbaum and Maintainer, 2021) R function
for automatic compound annotation. Multicore process-
ing was made possible through R package BiocParallel
(Morgan et al., 2021). Multivariate analyses were con-
ducted using muma for data pretreatment (pareto scal-
ing) and FactominR for PCA visualization [120, 121].
Metabolite identification was aided by MS? interpreta-
tion and retention time matching to commercial refer-
ence standards. Metabolomics raw data are available
in MetaboLights (https://www.ebi.ac.uk/metabolights/
MTBLS4415) [122].

Protein biochemistry

Replication enzymes

Replication enzymes DnaC, DnaG, DnaE, DnaN, HolB,
YqeN, and DnaX were purified and tested as described
previously [43, 49].
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Helicase assays

Briefly, DnaC helicase assays were carried out with 633
nM (referring to monomer) each DnaC and Dnal, in 50
mM NaCl, 50 mM Tris-HCI pH 7.5, 10 mM MgCl,, 1
mM DTT, 2.5 mM ATP, and 2 nM DNA substrate, in the
presence and absence of DnaG (313 nM) and/or PykA
(633 nM monomer). The DNA substrate was constructed
by annealing a 5'-3?P radioactively labelled 100mer oligo-
nucleotide (5-CACACACACACACACACACACACA
CACACACACACACACACACACACACACACACAC
ACCCCTTTAAAAAAAAAAAAAAAAGCCAAAAGC
AGTGCCAAGCTTGCATGCC-3') onto M13 ssDNA.
The helicase activity was assayed by monitoring the dis-
placement of the radioactive oligonucleotide from the
M13 ssDNA through non-denaturing PAGE using 10%
w/v polyacrylamide gels. Data were quantified using
a Personal Molecular Imager with Quantity One 1-D
analysis software (Bio-Rad) and analyzed with GraphPad
Prism 4 software.

Polymerase assays

Time course polymerase assays were carried out by mon-
itoring the DnaFE primer extension activity using a 5/-*P
radioactively labelled 20mer (5-CAGTGCCAAGCT
TGCATGCC-3') or 60mer (5-CAGTGCCAAGCTTGC
ATGCCTGCAGGTCGACTCTAGAGGATCCCCGGG
TACCGAGCTCGA-3') annealed to M13 ssDNA sub-
strates (2 nM), in 50 mM Tris-HCI pH 7.5, 50 mM NacCl,
10 mM MgCl,, 1 mM DTT, 1 mM dNTPs, and 10 nM
DnatE in the presence or absence of 40 nM PykA tetramer
or 40 nM BSA. In some reactions with a lower, subopti-
mal 2 nM DnaE, 8 nM PykA tetramer was used. Nascent
DNA was resolved through alkaline gel electrophoresis,
as described before [43, 49]. Visualization and quantifica-
tion were carried out using a Personal Molecular Imager
with Quantity One 1-D analysis software (Bio-Rad) and
data were analyzed with GraphPad Prism 4 software.

The effect of purified PEPut on the DnaE activity was
investigated using a short DNA substrate comprising a
5/-32P radioactively 15mer oligonucleotide annealed onto
a 110mer oligonucleotide as explained in Fig. S11.

Cloning, expression, and purification of the B. subtilis PykA
Cloning of pykA

A DNA fragment of 1755 bp carrying the B. subtilis pykA
gene was amplified from genomic DNA using the PyKAF
(5'-TACTTCCAATCCAATGCAAGAAAAACTAAA
ATTGTTTGTACCATCG-3') and PykAR (5'-TTATCC
ACTTCCAATGTTATTAAAGAACGCTCGCACG-3)
forward and reverse primers, respectively in colony PCR
reactions using Q5 high-fidelity DNA polymerase. Typi-
cally, a B. subtilis single colony was suspended in 20 mL


https://www.ebi.ac.uk/metabolights/MTBLS4415
https://www.ebi.ac.uk/metabolights/MTBLS4415

Horemans et al. BMC Biology (2022) 20:87

LB and grown at 37 °C until the optical density reached
0.4—-0.8. Thereafter, colony PCR reactions were carried
out with genomic DNA (10 pL) acting as the template at
10-fold dilution. The PCR reactions were carried out in a
volume of 50 uL with 1 unit Q5 high-fidelity DNA poly-
merase, 0.5 uM PykAF and PykAR, and 0.25 mM dNTPs
in 1XQ5 polymerase buffer. PCR products were cleaned
up with the Clean-up kit (Thermo Scientific), resolved by
agarose electrophoresis, gel extracted using the GeneJET
Gel Extraction kit (Thermo Scientific) and cloned into
the p2CT plasmid (gift by James Berger) using ligation
independent cloning to construct the p2CT-BsuPykA
expression vector. This vector codes for an N-terminally
His-tagged/MBP PykA protein with the His-MBP tag
removable by proteolysis using the TEV protease.

Expression of PykA

For heterologous expression of the B. subtilis PykA, the
p2CT-BsuPykA expression vector was transformed into
Rosetta(DE3) E. coli. Single colonies were used to inocu-
late two 600 mL 2xYT cultures, supplemented with 60 pL
carbenicillin (50 mg/mL) in 2-Lt conical flasks. The flasks
were incubated at 37 °C, with shaking (180 rpm) until the
optical density reached 0.6—0.8. Expression of PykA was
induced by the addition of 0.5 mM IPTG and a further
3 h of growth the cells were harvested by centrifugation
at 3000g for 15 min. Cells were suspended in 30 mL of
buffer A (500 mM NaCl, 50 mM Tris-HCI pH 7.5, 20
mM imidazole) supplemented with 1 mM PMSF and 50
uL protease inhibitor cocktail (Fischer), sonicated at 15
amplitude microns for 1 min, 4 times with 1 min intervals
on ice in between. Then, benzonase (20 pL) was added to
the cell lysate which was further clarified at 40,000g for
40 min. The soluble crude extract was clarified and fil-
tered through a 0.22-um filter.

Purification of PykA

The PykA protein was purified from the filtered crude
extract using a combination of IMAC (Immobilized
Metal Affinity Chromatography) and gel filtration. First,
the filtered crude extract was loaded onto a 5-mL His-
Trap HP column (GE Healthcare) equilibrated in buffer
A. The column was washed thoroughly with buffer A and
the PykA protein was eluted using gradient elution with
buffer B (500 mM NaCl, 50 mM Tris-HCl pH 7.5, 1 M
imidazole). The eluted PykA protein was collected and
quantified spectrophotometrically (extinction coefficient
76,780 M~! cm ™). TEV protease was added at 1:20 molar
ratio while dialyzing the protein solution overnight in
dialysis buffer (500 mM NaCl, 50 mM Tris-HCl pH 7.5) at
4 °C in order to remove the His-MBP tag. The untagged
PykA protein was then loaded back onto a 5 mL HisTrap
HP column equilibrated in buffer A and the flow-through
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containing the untagged PykA was collected. Finally, the
PykA protein solution was spun concentrated to 5-7 mL
using a vivaspin 10 kDa cut-off filter. EDTA was added
to 1 mM and the PykA was then loaded onto a HiLoad
26/60 Superdex 200 Prep Grade gel filtration column (GE
Healthcare) equilibrated in buffer C (500 mM NaCl, 50
mM Tris-HCI pH 7.5, and 1 mM EDTA). Fractions con-
taining the PykA protein were pooled and the protein
was quantified spectrophotometrically (extinction coef-
ficient 8940 M~! cm™!), aliquoted and stored in — 80 °C.

PykA activity assay

The activity of purified PykA was assayed coupling
the PykA catalyzed reaction (conversion of phospho-
enolpyruvate to pyruvate) to the conversion of pyruvate
into lactate catalyzed by LDH (Lactate Dehydrogenase)
in the presence of NADH at 25 °C. The oxidation of
NADH to NAD was followed spectrophotometrically
at 340 nm and this is directly proportional to the activ-
ity of PykA. The LDH-catalyzed reaction was first opti-
mized to ensure that it does not become a limiting factor
when measuring the activity of PykA. The PykA cata-
lyzed reactions were carried out in 96-well plates using
the reaction master mix (10 mM Tri-HCI pH 7.5, 10 mM
MgCl,, 50 mM KCI, 0.5 mM NADH, 2 mM ADP, 9.375
x 107* mg/mL LDH, and 5.7 pg/mL PykA) at 25 °C, at
increasing PEP concentrations (0, 0.001, 0.05, 0.1, 0.25,
0.5, 0.75, 1, 2, 4, 8, and 10 mM). Data were analyzed
using GraphPad Prism 4 software to plot a Hill plot and
a Michaelis-Menten plot from where V, ., K,,, and # (the
Hill coefficient) were calculated using GraphPad Prism 4
software.

Characterization of the oligomeric state of B. subtilis PykA
PykA assembles into a functional tetramer. The oligo-
meric state of the B. subtilis PykA was assessed by native
mass spectrometry (MS) and gel filtration. Purified PykA
protein was buffer exchanged into 200 mM ammonium
acetate (pH 6.8) with a 75-uL. Zeba (7k MWCO) desalt-
ing column. Protein (4 uM) was loaded onto a borosili-
cate emitter tip (prepared in-house) and back-fitted with
a platinum wire electrode. Native mass spectra were
acquired by nano-electrospray ionization on a modified
Q-Tof instrument (Micromass) with 4.8 mbar backing
pressure, capillary voltage of 1.3 kV, cone 30 V, source
temperature 50 °C, collision 20 V, mass range 1500—
15000 m/z, and a 32k quad profile for transmitting high
m/z ions. The instrument was externally calibrated with
NaClI (2 ng/uL). Mass spectra were processed with Mass-
Lynx v4.1 with minimal smoothing and background
subtraction. Deconvoluted zero-charge spectra were gen-
erated using UniDec v4.2.2 with settings for low-resolu-
tion Q-ToF spectra.
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The native MS spectrum revealed a very clean and
extremely stable tetramer with miniscule amounts of
dimer and monomer (Fig. S8E-F). Equally, compara-
tive analytical gel filtration was consistent with a PykA
tetramer as it eluted before the y-globulin (158 kDa) and
not as a monomer (62,314 Da) (Fig. S8G-H).

Cloning, expression, and purification of the PEPut domain
of B. subtilis PykA

Cloning of the PEPut domain

The DNA fragment coding for the PEPut domain, with
the preceding 10 amino acids was isolated by PCR using
genomic DNA and the pepF (5'-TACTTCCAATCCAAT
GCAGCACAAAATGCAAAAGAAGCT-3') and pepR
(5'-TTATCCACTTCCAATGTTATTAAAGAACGC
TCGCACG-3') primers and cloned into the p2CT plas-
mid, as described above for PykA. The resulting p2CT-
PEPut expression construct produced an N-terminally
His-MBP tagged PEPut protein. The His-MBP tag was
removable by proteolysis using the TEV protease.

Expression and purification of PEPut

Expression and purification of the PEPut were carried out
as described for the full length PykA protein but the last
gel filtration step during purification was omitted. Quan-
tification of the final untagged PEPut (MW 9582.8 Da)
was carried out spectrophotometrically using the extinc-
tion coefficients 69,330 M~! cm™! (for the His-MBP
tagged PEPut) and 1490 M~! cm™! (for the untagged
PEPut after TEV protease treatment). Purified PEPut is
shown in Fig. S11).
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The online version contains supplementary material available at https://doi.
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Additional file 1: Fig. S1. Key amino-acids of the Cat and PEPut domains
of PykA. A. Cat domain analysis. Clustalw and Chimera analysis of the
pyruvate kinase of B. subtilis (PykA), human cells (PKM2) and Mycobacte-
rium tuberculosis (PYK) identified key amino acids of the catalytic site of
the B. subtilis protein. B. PEPut domain analysis. Alignment of the PEPut
domain of PykA to related domains of various metabolic enzymes. The
red arrow highlights the conserved LTSH motif (coordinates 536-539).
Fig. S2. Effect of Cat and PEPut mutations on growth in MC. Wild-type
and pykA mutants were first grown over-night in MC supplemented with
antibiotic when appropriate. Upon saturation, cultures were diluted
1000-fold in the same medium without antibiotic and growth was
monitored spectrophometrically. Left panel: Analysis of catalytic mutants
(PYKApcars PYKAR3 0 PYKAR7340 PYKAK2 2080 PYKAGD245/6080 PYKAT2 7800 PYKA p)-
Right panel: Analysis of PEPut and Cat-PEPut interaction mutants

(PYKA spep, PYKAT 40 DYKASs 4 DYKA 15 0 PYKA St s PYKATS b, PYKASs b PYKA 15
PYKA st oo PYKA 2008 PYKA, 5364). Controls: TF8A (wild-type) and ApykA.
Fig. $3. Analysis of NTP in the metabolome of wild-type and pykA+.
cells. ATP, GTP and CTP were detected in the positive ionization mode.
UTP was detected in the negative ionization mode. Note that TTP signals
were too low for quantifications. Data correspond to 3 independent
extractions (solid cultures).*, p > 0.05 ; **, p < 0.05 (Welch's T-test). Values

Page 21 of 25

in bold indicate the fold change for each metabolite (WT vs pykA;. p, Fig.
S4. LC/MS analysis of legionaminic acid in the metabolome. A. Extracted
ion chromatogram (EIC) corresponds to the deprotonated molecule
[M-H]" at m/z 333.1303 (5 ppm accuracy). B. Zoom on the mass spectrum
of legionaminic acid in the negative mode. C. Collision Induced
dissociation (CID) spectrum of legionaminic acid in the negative mode at
22% Normalized Collision Energy (NCE). D. CID spectrum of legionaminic
acid in the positive mode at 22% NCE. E and F. Zoom on the mass
spectrum of the deuterated forms of legionaminic acid in the negative
and positive ionization mode, respectively. G and H. Comparison of
legionaminic acid (G) and CMP-legionaminic (H) acid contents in
wild-type (WT), AspsE and AspsF cells, respectively. Data correspond to 3
independent extractions (liquid cultures). ***, p < 0.001; **, p < 0.01
(Welch's T-test). Fig. S5. Representative cell cycle results in Cat and PEPut
mutants. Top raw: Microscopy of exponentially growing cells stained with
FM4-64 (membrane staining, red) and DAPI (nucleoid staining, blue).
Middle raw: Representative runout DNA histograms (experiments were
reiterated 3-12 times). Bottom raw: Representative marker frequency
analysis along the right arm of the chromosome (experiments were
reiterated at least three times). Fig. S6. Cell cycle parameters of wild-type
and pykAr.  cells grown in proline and malate, respectively. Left panel:
Growth in malate of wild-type (WT), ApykA (4), pykAr.p (T>D) and other
pykA mutants (pykAr, ,, PYKAGD 45504 and pykAy;,, blue lines). Right
panel: Runout DNA histograms and cell cycle parameters. Fig. S7.
PykA-mCherryg, localization. Strains deleted for the natural pykA gene
and encoding the PykA-mCherrygg, fusion from an inducible promoter
(Physpani) Were grown in MC and microscopy analysis was carried out at
ODgponm = 0.1 t0 0.2. Top raw: analysis of the mCherrygg, signal produced
at different IPTG concentrations. Bottom raw: analysis of cells grown in
the absence of IPTG, fixed in a 1x PBS solution supplemented with 1%
paraformaldehyde and stained with DAPI. Scale bar: 4 um. Similar results
were obtained with fusions mutated in the Cat or PEPut domain of PykA.
Fig. S8. PykA purification and characterization of its function and
oligomeric state. A. SDS-PAGE (15% polyacrylamide gel) showing
over-expression of the 6His-MBP-PykA in Rosetta (DE3) E. coli. The soluble
expressed tagged PykA protein is shown in a red rectangular in lane 4,
whereas lanes M, 1, 2 and 3 show molecular weight standards, the
control uninduced insoluble fraction, the control uninduced soluble
fraction and the IPTG-induced insoluble fraction, respectively. B.1.
SDS-PAGE (15% polyacrylamide gel) showing fractions from the first IMAC
purification step of PykA. From left to right, lanes represent molecular
weight standards (M), the flow-through (1), the eluted tagged PykA (2),
the overnight TEV treated tagged PykA (3), the flow-through fractions
containing untagged PykA from the second IMAC step after TEV
proteolysis (4-10). B.2. SDS-PAGE (15% polyacrylamide gel) showing the
final gel filtration column (HiLoad 26/60 Superdex 200 Prep Grade Gel
Filtration Column). From left to right, lanes represent molecular weight
standards (M) and fractions of the size exclusion chromatography (1-9). C.
The graph shows a Hill plot for the activity of PykA at 25°C. The Rate/
(Vmax-Rate) (Y-axis) was plotted against the PEP substrate concentration
(X-axis) using GraphPad Prism 4 software and the Vmax (19.3 umol/min),
Km (2.7 mM) and the Hill coefficient n (0.8111) values are shown below
the graph. The n value is <1 indicating negative cooperative binding of
PykA to its PEP substrate. D. The graph shows a Michaelis-Menten plot for
the activity of PykA at 25°C. The initial rate of the reaction (Y-axis) was
plotted against the PEP substrate concentration (X-axis) using GraphPad
Prism 4 software and the Vmax (16.3 umol/min) and Km (1.7 mM) values
are shown below the graph. E. A native mass spectrum showing the PykA
tetramer and miniscule amounts of the dimer and monomer. The
theoretical mass of the PykA monomer (62,314.9 Da), dimer (124,629.8
Da) and tetramer (249,259.6 Da). Native mass spectrometry showed that
PykA was found to be predominantly tetrameric (250,092 % 72 Da), with
very low abundance dimer (124,811 & 38 Da) and monomer (62,437 + 8
Da) peaks. F. Collision induced dissociation of the 33+ charge state of the
tetramer shows it to be very stable in the gas-phase, with no apparent
dissociation to lower-order oligomers. G. Comparative analytical gel
filtration of the PykA tetramer against molecular weight standards
(Thyroglobulin 670 kDa, g-globulin 158 kDa, ovalbumin 44 kDa,
myoglobin 17 kDa and vitamin B12 1.3 kDa) through a Superdex 200
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10/300 GL prepacked Tricorn gel filtration column (GE Healthcare). H.
Selectivity trendline constructed from the molecular weight standards
(shown in graph G) for the estimation of the PykA MW. The x axis is in
logarithmic scale. Graphpad was used for plotting the data points. The
theoretical value of our PykA (249,259.6 Da) is close to the estimated
(285,000 Da) which along with the MS data verifies the tetramer in
solution. Ky is the equilibrium distribution coefficient. The numbers (1-5)
on the data points correspond to the proteins shown in graph G. Fig. S9.
Stimulation of DnaE activity by PykA but not by BSA. A. Primer extension
assays monitoring the extension of a 5’-*2P-radioactively labelled 60mer
DNA primer annealed onto M13 ssDNA over time by the B. subtilis DnaE.
The activity of DnaE polymerase (10 nM) was monitored in the presence
and absence of PykA (10 nM, tetramer) through a time course (30-150
sec). Lanes in the gels from left to right indicate: (M): DNA-ladder and
then the time course (0, 30, 60, 90, 120 and 150 sec) depicted by the
rectangular triangle. B. Primer extension assays as above with or without
10 nM (monomer) BSA instead of PykA. C. DnaE (1 nM) polymerase
activity at increasing BSA concentrations (0, 5, 50, 500 nM), as indicated
by the rectangular triangle, monitored by alkaline agarose electrophore-
sis. The DNA substrate is a labelled 20mer (5'-CAGTGCCAAGCTTGCATG
CC-3’) primer annealed onto ssM13 ssDNA (2nM). The primer extension
reaction was carried out for a longer time than above (5 min instead of
30-150 sec) and the film was over-exposed to compensate for the lower
DnaE concentration. The assay was carried out at 37 °Cin 50 mM Tris-HCl
7.5,50 mM NaCl, 10 mM MgCl, mM DTT, T mM dNTPs. No stimulation of
the DnaE polymerase activity was observed in the presence of 5 and 50
nM BSA. The marginal stimulation observed at 500 nM BSA excess is likely
because at this high concentration, BSA acts as a blocking agent
preventing adhesion of DnaE to the plastic reaction tubes. Fig. S10.
Stimulation of Dnak activity by PykA does not result from stimulation of
DnaE binding to primed templates. EMSA investigation of the effect of
PykA on the DNA binding of DnaE polymerase. The DNA substrate was
constructed by annealing a 5'-*?P-radioactively labelled 15mer (5'-AAG
GGGGTGTGTGTG-3’) primer annealed onto a 30mer (5'-ACACACACACAC
ACACACACACACCCCCTT-3’) oligonucleotide. Binding reactions were
carried out with 1 nM DNA substrate, DnaE (500nM) and increasing
concentrations (0, 12.5, 125 and 1,250 nM tetramer) of PykA, as indicated
by the rectangular triangle for 10 min at 37°C in 50 mM NaCl, 10 mM
MgCl,, 50 mM Tris-HCl pH 7.5. Lanes C and PykA represent the radioactive
substrate in the absence of any proteins and in the presence of PykA
(1,250 nM tetramer), respectively, showing that PykA does not bind to the
DNA substrate. No stimulation of DnaE binding to DNA was observed in
the presence of increasing concentrations of PykA indicating that PykA
does not enhance the DNA binding activity of DnaE. Fig. S11. PEPut
purification. A. SDS-PAGE showing overexpression of the His-MBP tagged
PEPut in Rosetta (DE3) E. coli. From left to right, lanes show protein MW
markers (M), the insoluble uninduced (1), soluble uninduced (2), insoluble
induced (3) and soluble induced (4) fractions. The expressed soluble
His-MBP tagged PEPut is shown by a red rectangular. B. SDS-PAGE
showing the final purified untagged PEPut after removal of the His-MBP
tag with TEV proteolysis. Lanes from left to right show protein MW
markers (M) and fractions from the flow through the HisTrap column
containing the pure untagged PEPut (lanes 1,2 and 3). Fig. S12. PEPut
does not stimulate DnakE activity. Primer extension time course (30, 60, 90,
120 and 150 sec) assays using a primed DNA substrate (133 pM)
constructed by annealing a radioactively labelled 5P 15mer primer
(5"-AAGGGGGTGTGTGTG-3') onto a 110mer oligonucleotide (5'-CACACA
CACACACACACACACACACACACACACACACACACACACACACACACACAC
ACCCCTTTAAAAAAAAAAAAAAAAGCCAAAAGCAGTGCCAAGCTTGCATGC
C-3’), at suboptimal 25 pM DnaE concentration (left), in the presence of
25 pM PykA tetramer (middle) and 25 pM PEPut domain monomer
(right). At this suboptimal DnaE concentration, there is no detectable
DnaE primer extension activity in the absence of PykA but clear activity is
visible in the presence of PykA. By comparison, no DnaE activity is
detectable in the presence of the purified PEPut domain. These data
show that full length PykA stimulates the DnaE activity while the PEPut
domain alone does not.

Additional file 2: Tables S1-54.
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