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A promiscuous Bcd amino acid
dehydrogenase promotes biofilm
development in Bacillus subtilis
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Glutamate dehydrogenase (GDH) resides at the crossroads of nitrogen and carbon metabolism,
catalyzing the reversible conversion of L-glutamate to a-ketoglutarate and ammonium. GDH paralogs
are ubiquitous across most species, presumably enabling functional specialization and genetic
compensation in response to diverse conditions. Staphylococcus aureus harbors a single
housekeeping GDH (GudB), whereas Bacillus subtilis encodes both a major and a minor GDH, GudB
and RocG, respectively. In an unsuccessful attempt to identify an alternative GDH in S. aureus, we
serendipitously discovered previously unrecognized GDH activity in two metabolic enzymes of B.
subtilis. The hexameric Val/Leu/lle dehydrogenase Bcd (formerly YqiT) catabolizes branched-chain
amino acids and to a lesser extent glutamate using NAD" as a cofactor. Removal of gudB and rocG
unmasks the dual NAD(P)"-dependent GDH activity of RocA, which otherwise functions as a 3-
hydroxy-1-pyrroline-5-carboxylate dehydrogenase. Bcd homologs are prevalent in free-living and
obligate bacteria but are absent in most, if not all, staphylococci. Despite low sequence homology,
Bcd structurally resembles the GudB/RocG family and can functionally compensate for the loss of
GudBin S. aureus. Bcd is essential for the full maturation of biofilms. B. subtilis lacking GDHs exhibits
severe impairments in rugose architecture and colony expansion of biofilms. This study underscores
the importance of metabolic redundancy and highlights the critical role of substrate promiscuity in
GDHs during biofilm development.

Glutamate dehydrogenases (GDHs) are housekeeping enzymes that con-
nect nitrogen- and carbon-assimilation pathways by reversibly catalyzing
the oxidative deamination of glutamate to produce a-ketoglutarate (a-KG)
and ammonia using NAD", NADP* or dual NAD*-NADP" as a cofactor.
GDHs are widely distributed across eukaryotes and bacteria. They are
classified by cofactor specificity” and further sub-grouped by protein
molecular weights™. NAD*-dependent GDHs, such as GudB enzymes from
Staphylococcus aureus and Bacillus subtilis, are geared toward the catabolism
of glutamate due to high Michaelis constant (K,,,) for ammonia (Fig. 1a)’. By
contrast, NADP*-dependent GDHs predominantly proceed toward the

reductive amination of ammonia. Small GDHs (S-GDHs, subfamily) in
bacteria and eukaryotes generally adopt a homo-hexameric structure con-
sisting of 45-50 kDa subunits, whereas large tetrameric GDHs (L-GDH; ;5
and L-GDH g, subfamilies) in some bacteria and lower eukaryotes comprise
115-180 kDa protomers™.

GDHs have significant physiological importance and biotechnological
applications. Like other amino acid dehydrogenases, GDHs are catalysts for
high-value amino acids used in the pharmaceutical and food and feed
additives industries’. The GDH enzyme immunoassay (EIA) is a first-line
diagnostic test for Clostridioides difficile infections due to the high
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Fig. 1| Bcd exhibits NAD *-dependent GDH activity in wild-type (WT) B. subtilis,
while RocA shows NAD(P)*-dependent GDH activity only in the absence of
GudB and RocG. a Simplified diagram of nitrogen and carbon metabolism in S. aureus
and B. subtilis. The glutamate synthases GItA-GltB convert a-ketoglutarate («KG) and
glutamine into two molecules of glutamate. The glutamine synthetase GInA catalyzes
the ATP-dependent synthesis of glutamine from glutamate and ammonia. GudB and
RocG deaminate glutamate to produce aKG, which feeds into the tricarboxylic acid
cycle (TCA), generating acetyl coenzyme A (acetyl-CoA) through pyruvate oxidation.
B. subtilis carries both GudB and RocG, while S. aureus harbors only GudB. Additional
glutamate degrading enzymes (indicated by question marks) remain unidentified. b B.
subtilis produces two additional GDHs of unknown identity, as revealed by in-gel

activity staining. Independent double knockouts (AgudBArocG and ArocGAgudB)
show identical results. ¢ Denaturing PAGE-immunoblot using the B. subtilis GudB
antibody confirms proper gudB expression in the GudB-proficient strains. d Genetic
knockouts confirm Bed and RocA contributions to GDH activity. Both enzymes use
NAD" as the coenzyme (left) but only RocA utilizes NADP" as the electron acceptor
(right). e Zymogram analysis of a single bed mutant and bed-complemented strain rules
out secondary mutations, substantiating Bed as an alternative GDH. Zymography
using NAD* and glutamate substrate is shown. GDH activity of GudB and RocG was
not detected in this assay, possibly due to the sequestration of GudB by GItAB and low
transcription of rocG in LB and MSgg media.

abundance of GDH in stool samples’. In bacteria, removing GDH leads to
growth defects* ", aberrant biofilm development'", attenuated virulence
and host colonization'”", and sensitivity to antibiotic and environmental
stress' .

Enzyme promiscuity is central to metabolic diversity”'. Duplication of
GDH genes is well known in humans, yeast and bacteria. Human hGLUD1
and hGLUD?2 differ significantly in tissue distribution and allosteric
regulation. In Firmicutes (synonym Bacillota), undomesticated B. subtilis
strains, including NCIB3610, encode two functional GDH paralogs, GudB
and RocG>**, which are differentially regulated'“**. However, laboratory
strains of B. subtilis, such as strain 168, synthesize a non-functional GudB
due to the insertion of an 18-bp long direct repeat in gudB, leading to the
duplication of 3 amino acids in the active center of the GDH>”. By contrast,
GudB is the only GDH documented in the opportunistic pathogen S. aureus
(Fig. 1a).

We previously reported that deletion of gudB in S. aureus does not
completely abolish cellular GDH activity, suggesting the existence of a
second GDH. We found that a 20 kDa protein of unknown function, YwIG,
compensates for the loss of gudB, possibly by activating a hitherto unknown
GDH (Fig. S1a)*’. YWIG lacks the N-terminal and C-terminal substrate-
binding domains and does not appear to possess intrinsic GDH activity,
despite folding into a hexamer and structurally resembling the B. subtilis
GudB**”. Moreover, YwlG-dependent stimulation of cellular GDH is
physically inhibited by a ribosome hibernation factor (Hpf). YwlG-Hpf
sequestration reciprocally prevents the formation of ribonuclease-resistant,
hibernating 100S ribosomes (Fig. S1a)**. We hypothesize that YwIG pro-
motes cellular GDH activity by interacting with an unidentified protein in
the absence of Hpf. In the process of identifying this unknown protein in S.
aureus, we fortuitously discovered that an annotated Val/Leu/Ile dehy-
drogenase, Bed in B. subtilis NCIB3610 displays a previously unrecognized
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NAD"-specific GDH activity. Even more surprisingly, deletion of both gudB
and rocG unmasks the NAD(P)"-dependent GDH activity of RocA, a 3-
hydroxy-1-pyrroline-5-carboxylate dehydrogenase. Despite Bcd’s absence
in S. aureus, B. subtilis Bed is functionally interchangeable with S. aureus
GudB. In B. subtilis, deletion of bed in combination with either gudB or rocG
deletion impairs biofilm maturation. This study reveals the substrate pro-
miscuity of amino acid dehydrogenases and suggests that many more
redundant GDH enzymes remain to be discovered in all organisms.

Results

Discovery of two new glutamate dehydrogenases (Bcd and
RocA) in B. subtilis NCIB3610

We employed an established native gel activity staining-based zymography
approach™” to identify the second GDH in total cell lysates of wild-type
(WT) S. aureus and its Ahpf null mutant. GDH activity was visualized by
purple-stained protein bands, resulting from the dehydrogenase-mediated
reduction of tetrazolium salts in the presence of glutamate substrate, a co-
factor, and an electron carrier. In-gel zymography provides semi-
quantitative and qualitative information about the native molecular
weight of different GDH variants. Despite extensive experimental optimi-
zation and testing across multiple genetic backgrounds, we did not detect
any GDH activity in S. aureus beyond the known GudB (Fig. S1b). Intri-
guingly, S. aureus GudB complexes migrate as a trimer (~ 135kDa) on
native PAGE, contrasting with the hexameric forms reported for other
GudB homologs'. The identity of the trimeric GudB was confirmed by
Western blots using a AgudB mutant as a control and a hexameric YwIG
(~120kDa) as the size marker (Fig. S1b). To rule out technical issues, we
analyzed cell lysates from B. subtilis NCIB3610 LB or MSgg cultures as a
control. On the zymogram, a GDH protein band corresponding to a hex-
americ GudB or RocG ( ~ 240 kDa) was detected in the zymogram. How-
ever, this multimer persisted upon gudB and rocG single deletion (Fig. 1b)
and did not cross-react with the anti-GudB antibody, which recognizes both
native and denatured GudB (Figs. S1c, and 1¢). The absence of GudB activity
in the WT B. subtilis is probably due to sequestration by GltA-GltB".
Further analysis of two independently constructed AgudBArocG double
knockouts revealed that the 240-kDa species was still present, along with an
unexpected appearance of a lower molecular weight GDH band. These
observations raised questions about the identities of the two protein species
detected (Fig. 1b).

In-gel mass spectrometry analysis identified the lower band as either
RocA or PutC, while the upper band corresponded to Bed (Fig. S2). None of
these proteins are previously known to exhibit GDH activity. RocA is a 56-
kDa 3-hydroxy-1-pyrroline-5-carboxylate dehydrogenase, and PutC is a
56-kDa 1-pyrroline-5-carboxylate dehydrogenase. Both proteins can
functionally replace each other in the utilization of proline and arginine®.
Bcd, on the other hand, is a 40-kDa Val/Leu/Ile dehydrogenase’, and its
deletion triggers premature germination due to accumulation of valine™.
Deletion of bed, rocA and putC in the AgudBArocG double mutant con-
firmed Bed as the ~240-kDa complex and RocA as the smaller oligomer.
Both proteins were able to use NAD" as the electron acceptor to degrade
glutamate (Fig. 1d). RocA, but not Bed, could also utilize NADP" as a
cofactor; however, its GDH activity was only apparent in the absence of both
GudB and RocG (Fig. 1d). A Abcd deletion mutant and its chromosomally
encoded Becd complement driven by its native promoter further validated
the identity of the native Bcd complex (Fig. le). In summary, Bed is an
alternative NAD"-dependent GDH enzyme in B. subtilis, and NAD(P)*-
dependent GDH activity of RocA is manifested in the absence of both GudB
and RocG through an as-yet-unknown mechanism.

Recombinant Becd forms a hexamer and exhibits Glu/Val/Leu/lle
dehydrogenase activities

B. subtilis Bcd migrates as a hexamer on native PAGE (Fig. 1) whereas
Lysinibacillus sphaericus Bcd assembles as an octamer™. To confirm the
oligomeric state and active form of Bcd, we recombinantly purified the
N-terminally His-tagged WT Bcd protein and its catalytically compromised

mutants (K68A, K80A, D115A) from E. coli. Only the WT and K80A
variants were amenable to native purification (Fig. 2a, b). Both proteins
eluted as hexamers on a size-exclusion chromatography (Fig. 2¢, Data S1).
Bcd is annotated as a branched-chain amino acid dehydrogenase. Using
zymography and various L-amino acids as substrates, we confirmed that the
recombinant WT Bcd exhibits NAD"-dependent Val/Leu/Ile dehy-
drogenase activities and GDH activity in vitro. The K80A mutant showed a
complete loss of dehydrogenase activity (Fig. 2d). Furthermore, in the
presence of NAD™ and L-glutamate, measurable catabolic GDH activity was
detected in the hexameric WT Bcd fractions collected from the size-
exclusion chromatography, relative to a NAD(P)"-dependent bovine liver
GDH control, whereas its Bcd(K80A) mutant had no activity (Fig. 2e).
Similarly, untagged Bcd expressed in an S. aureus AgudB mutant demon-
strated NAD"-specific GDH and valine dehydrogenase activities (Fig. S3).
These results demonstrate that the active form of B. subtilis Bed is pre-
dominantly a hexamer capable of catabolizing multiple substrates.

The growth of the B. subtilisAgudBArocG mutant is severely impaired
in CE minimal medium containing glutamate as the sole carbon source™**.
We found that overexpression of Bed, driven by a constitutive rpsD pro-
moter, could partially restore the growth of the AgudBArocG mutant to the
level observed in the AgudB single mutant, although not to the levels of the
WT or ArocG single mutant (Fig. 2f). This partial restoration of growth
supports the involvement of Bed in glutamate catabolism.

Bcd homologs are widespread across bacteria but absent in S.
aureus

We next investigated the phylogeny and conservation of Bcd. Using
OrthoFinder 2.5.5, we analyzed 136 bacterial genomes spanning a broad
range of the bacterial clade within the tree of life. OrthoFinder identified
hierarchical orthologous groups (HOGs), enabling the examination of
orthology at various levels of the bacterial species tree. For example,a HOG
at the root of the bacterial tree encompasses all genes descended from a
single ancestral gene in the Last Bacterial Common Ancestor (LBCA).
Conversely, a HOG at the Bacillus genus level includes all genes derived
from the last common ancestor of all Bacillus species. At the root of the
bacterial tree, RocG, GudB, and Bcd were grouped into a single HOG,
suggesting they likely originated from a single ancestral gene near the LBCA.
At the phylum level, Bcd was assigned to a distinct HOG (HOG_bcd)
separate from GudB and RocG (HOG_gudB/rocG). GudB and RocG
remained within the same HOG up to the species level, indicating a rela-
tively recent divergence. Proteins from both HOG_bcd and HOG_gudB/
rocG were identified in diverse bacterial phyla, with a notable absence of Bed
in most staphylococcal species, including S. aureus. The co-existence of
gudB/rocG and bcd was common in Bacillus sp, Bdellovibrio sp., Halalk-
alibacterium sp., and Deinococcus sp. Additionally, bed was prevalent in
pseudomonads and obligate pathogens (Fig. 3a, Data S2).

To further explore Bed orthology. We expanded our analysis to
26,373 genomes from the ProGenomes database®, which provides a
non-redundant collection of high-quality genomes, each representing
a single Specl species cluster. A reciprocal BLAST approach was
employed using Bcd from B. subtilis as the query in a forward BLASTp
against all proteomes. The top hit from each target proteome was
subsequently blasted back against the B. subtilis genome. If the Bed
query protein emerged as the best hit in the reciprocal BLAST, the
corresponding target proteome hit was designated as a putative Bed
ortholog. Consistent with the initial analyses, Bcd homologs were
predominantly found in the phyla Bacillota, Gemmatimondota, Bac-
terioidota, Pseudomonadota, Bdellovibrionota, Deinococcota, Myx-
ococcota, and Chlamydiota, particularly in bacteria with free-living
and obligate lifestyles (Fig. 3b).

B. subtilis Bcd rescues the growth defects of an S. aureus
AgudB mutant

Bcd shares only 27-28% overall protein sequence identity with GudB
and RocG, which is significantly lower than the identity between GudB
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Fig. 2 | In vitro characterization of Bed. a Recombinant WT Bed and its catalyti-
cally impaired mutants were purified by cobalt TALON affinity chromatography.
b Structural prediction of Bcd monomer by Alphafold shows the catalytic sites. ¢ WT
Bcd and its K8OA mutant form a hexameric assembly, as observed in size-exclusion
chromatography. d Zymography shows that WT Bcd exhibits Glu/Val/Leu/Ile
dehydrogenase activity, while the K80OA mutant is catalytically inactive despite
forming a hexamer. Zymograms followed by Coomassie Blue staining show equal
loading and differing GDH activity. e In vitro GDH activity of purified Bcd hexamers
collected from (c). WT Bcd exhibits measurable GDH activity, though significantly

lower than that of the commercially available NAD(P)"-dependent bovine liver
GDH control (CTRL). f Growth kinetics of B. subtilis mutants in CE minimal
medium containing glucose and glutamate or glutamate alone as the carbon and
nitrogen source. The AgudBArocG double and AgudBArocGAbcd triple mutants
grew poorly due to their inability to utilize glutamate. Overexpression of bed partially
rescues this growth defects. Color-coded traces represent the mean ODgpg and
shaded areas indicate the standard deviation from three independent biological
replicates.

and RocG (74-75%). At the structural levels, Alphafold modeling™
showed that B. subtilis Bcd is nearly identical to S. aureus GudB, with a
root mean square deviation (r.m.s.d) of 1.49 A (Fig. 3c). Plasmid-borne
expression of Bcd restored the cellular GDH activity in the S. aureus
AgudB mutant, although not to the levels achieved by expressing the
cognate GudB (Fig. 3d). The S. aureus AgudB exhibits growth defects
under various laboratory conditions, including lysogeny broth (LB)
medium®. GudB is essential for growth following glucose

consumption. A AgudB mutant prematurely enters stationary phase
upon glucose depletion due to its inability to utilize glutamate as an
alternative carbon source’. Indeed, we observed that deletion of gudB
significantly hindered S. aureus growth in LB. These growth defects
were fully complemented by plasmid-based expression of either the
cognate GudB or heterologous B. subtilis Bcd (Fig. 3e). The modest
difference observed between the GudB-complemented (blue trace) and
Bcd-complemented (orange trace) strains during stationary phase may
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be partially due to the lower GDH activity of Bcd compared to GudB
(Fig. 3d) to efficiently use glutamate as an alternative carbon source,
leading to carbon limitation. In contrast, a catalytically inactive
Bcd(K80A) failed to restore growth to the WT level (Fig. 3e, f). These
findings confirm that B. subtilis Bcd can functionally replace S. aureus
GudB in glutamate degradation.

genomes Bed
present

10,000

500 absent

K% %

254

N
ob QP

\)&\Q
WP

s\ X @\
O <

b‘}’\) ogb\
©

L RN
WO A & \3&0&\&)\)

-
. X, -
-—
— <
-’-
.

e - ——-—
s i S

anti-GudB Ponceau stain

Bcd is required for biofilm maturation in B. subtilis

The homeostasis of glutamate, glutamine and ammonium is known to
regulate biofilm development'"'>”~*, Gradients of glutamate and ammo-
nium influence the oscillatory dynamics of biofilm expansion through
GDH-dependent ammonium synthesis within the interior of the colony,
utilizing glutamate diffused from the periphery (Fig. 4a, left panel)”**. To
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Fig. 3 | B. subtilis Bcd functionally substitutes for the loss of GudB in S. aureus,
which lacks a Bcd homolog. a Phylogenetic tree shows that Bcd and GudB/RocG
form two monophyletic clades. Multiple Bcd and GudB/RocG paralogs can be found
in a single species, e.g., H. halodurans, which are color-coded accordingly.

b Taxonomic distribution of Bcd homologs. The pie-chart size and black section
represent the number of bacterial genomes and the frequency of Bed presence,
respectively. Terrabacteria mostly include Gram-positive bacteria such as Bacillota
(Firmicutes); FCB phylum consists of Fibrobacteriota, Chloraobiota, and Bacter-
iodota. Less well-defined superphyla are loosely categorized by color. ¢ Structural
superposition of B. subtilis GudB1 structure (PDB 3k8z) with predicted structures of

B. subtilis Bcd and S. aureus GudB reveals high resemblance among these GDHs.
d Plasmid borne-Bcd partially restores GDH activity in a S. aureus AgudB mutant.
EV, empty vector. Statistical significance was determined using Student’s t-test.

*P < 0.05, ***P < 0.001, ns = not significant. e Growth defects of the S. aureus AgudB
mutant are fully complemented by WT Bcd and its cognate GudB but not by the
Bcd(K80A) mutant. Student’s t-test (n = 4), ***P < 0.001. f Western blot analysis
shows endogenous GudB and plasmid-borne GudB expression in S. aureus. Anti-
GudB does not cross-react with Bed despite structural similarity. An asterisk indi-
cates non-specific band.

Fig. 4 | Glutamate homeostasis is essential for
biofilm development in B. subtilis. a Inactivation of
the major GDH (GudB) and Bcd abolishes the
wrinkled morphology of biofilm colonies. Removing
gudB, rocG and bed together results in aberrant
biofilm expansion. (Left) A schematic of glutamate
metabolism shows that biomass production requires
external glutamate and ammonium generated
internally via GDH-mediated glutamate degrada-
tion. b Pellicle biofilms at the air-liquid interface lose
their rugose structures in the absence of GudB and
Bed. These defects are exacerbated in the Agud-
BArocGAbcd triple mutant. Chromosomal expres-
sion of bed from the sacA locus under its native

a

promoter provides varying degrees of com-
plementation in different mutants.
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investigate the role of Bed in biofilm formation, we examined the mor-
phological and structural changes of colony biofilm on solid agar and
floating pellicle biofilm at the air-liquid interface. Under biofilm-inducing
conditions”, B. subtilis NCIB3610 forms rugose colony biofilms on LBGM
agar, characterized by concentric rings of cell differentiation. Wrinkles form
as a consequence of localized cell death, coupled with the stiffness and
hydrophobicity provided by the exopolysaccharides- and proteins-
containing extracellular matrix*'. All mutant strains, with the exception of
the ArocGAbcd mutant, displayed comparable growth in LBGM medium
relative to the WT (Fig. $4). GudB and RocG are considered major and
minor GDH in strain NCIB3610, respectively. While the single Abcd mutant
did not exhibit measurable defects in macrocolony formation, combining
the Abced deletion with AgudB deletion completely abolished the rugose
architecture of the colonies. Additionally, combining Abcd deletion with
ArocG deletion modestly altered the corrugated surface of the colonies. A

triple mutant (AgudBArocGAbcd) not only abolished the wrinkly mor-
phology but also exhibited dysregulated colony expansion. In general,
biofilm phenotypes were more pronounced when both gudB and bcd
knockouts were combined. The chromosomally encoded bed from the sacA
locus fully restored the rugose texture and corrected colony expansion of the
triple mutant, but only partially restored radial patterns to WT levels (Fig.
4a). Frilled colony and appendage-like cell growth were observed at the
edges of colonies in the AgudBArocG and ArocGAbcd double mutants,
suggesting the emergence of suppressors, which are commonly found in
gudB and rocG mutants™***. In line with the colony biofilm phenotype, the
AgudBAbcd and AgudBArocGAbcd mutants were impaired in forming the
corrugated architecture in the pellicle, instead producing a powdery texture
that could be complemented by chromosomally encoded bed (Fig. 4b). Bed
likely plays a secondary role in glutamate degradation (Fig. 2d-2f) and Val/
Leu/Ile dehydrogenase activity of Bcd may partially contribute to the
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observed phenotypes. Nevertheless, the biofilm phenotypes confirm the
functional redundancy of Bed, GudB and RocG in glutamate degradation,
highlighting the importance of GDH activity in biofilm development.

Discussion

Here we report a novel dehydrogenase activity for NAD*-specific Val/Leu/
Ile dehydrogenase (Bcd/YqiT) in deaminating glutamate. We also identify a
previously unrecognized NAD(P)"-dependent GDH activity of RocA,
which is revealed when both gudB and rocG are deleted. The B. licheniformis
RocA homolog (PDB 3RJL), a 3-hydroxy-1-pyrroline-5-carboxylate dehy-
drogenase, is structurally distinct from Bcd, GudB, and RocG. The addi-
tional GDH activity of RocA represents a new example of compensatory
redundancy. Genetic compensation can also occur by establishing a new
pathway to restore glutamate degradation through the overexpression of
aspartase AnsB, allowing the AgudBArocG double mutant to feed glutamate
into the TCA cycle™*. Furthermore, a loss-of-function mutation in the
glutamate synthase gltB of the AgudBArocG double mutant also prevents
glutamate accumulation”.

Glutamate is one of the most abundant cytoplasmic anions and the
major nitrogen reservoir in bacteria, with cellular concentrations reaching
up to 150 mM*. Glutamate stabilizes interactions among biomolecules, acts
as a counterion to potassium, buffers intracellular pH, maintains osmolarity,
and serves as an amino group donor for at least 37 transamination
reactions"***’. Glutamate overload is toxic for B. subtilis under conditions
of GDH deficiency and excessive glutamate uptake and synthesis>*>*. GudB
and RocG, and to a lesser extent, Bcd and RocA are metabolically redundant
in degrading glutamate, ensuring robustness against fluctuations in gluta-
mate and gdh mutations. B. subtilis gudB is constitutively expressed, while
rocG expression is repressed by glucose and activated by arginine'. gudB,
rocG, bced, and rocA are differentially expressed under various
conditions'**"***’, allowing fine-tuned glutamate catabolism based on cel-
lular needs.

GudB, RocG, Bed and RocA are multi-tasking enzymes, performing
regulatory role in addition to degrading multiple substrates. GudB and
RocG act as trigger enzymes that not only carry GDH activity but also
directly interact with the GItC transcription factor to regulate
glutamate™***** synthesis. RocA recognizes both L-glutamate 5-semi-
aldehyde and L-glutamate substrates and uses NAD* and NADP" as
electron acceptors. Bed degrades branched-chain amino acids as well as
glutamate (Fig. 2), with Bcd-mediated valine catabolism regulating the
timing of germination in B. subtilis”. Our phylogenetic analysis suggests
that the gudB/rocG and bcd clades may have diverged evolutionarily to
expand their substrate repertoire (Fig. 3). Notably, combinations of point
mutations in the substrate-binding pocket of leucine dehydrogenase and
GDH can switch amino acids specificity in vitro™ . The prevalence of Bcd
in intracellular pathogens and bacteria inhabiting diverse aquatic and ter-
restrial environments suggests a selective growth advantage due to substrate
ambiguity in these niches.

Niche specialization of GDH could partially explain our inability to
identify a second GDH in S. aureus. The expression and activity of this
alternative GDH in S. aureus may be too low", inhibited by other factors",
or inactivated by post-translational modifications™ under the conditions we
tested. For instance, B. subtilis GudB activity is repressed by the hetero-
dimeric GItAB in non-fractionated samples, and rocG is normally tran-
scriptionally repressed'’, which may account for the absence of GudB- and
RocG-mediated GDH activity on the zymograms (Fig. 1). Zymography has
inherent limitations™, such as resolution and sensitivity issues, and our
current electrophoresis protocols preclude the detection of multimer larger
than 1200 kDa, such as the 1.6 MDa GItAB-GudB complex. Moreover,
GItAB-GudB interaction inhibits GudB activity, potentially explaining a
lack of GudB’s GDH activity on the zymogram from LB and Msgg cultures.

Mutations in gudB impair colony biofilm formation""'*". Consistent
with previous reports, a AgudB mutant exhibits modest but measurable
biofilm developmental defects. We find that inactivating both bcd and gudB
severely diminishes the rugose phenotype, and inactivating all three GDHs

produces rapidly growing smooth colonies (Fig. 4). These additive biofilm
defects confirm the overlapping role of GudB, RocG and Bed. GDH activity
may influence biofilm maturation in multiple ways: (i) Biofilm oscillations
are beneficial for cells to cope with nutrient deprivation and chemical stress.
GDH insufficiency disrupts normal growth oscillations, which involve
gradients of glutamate and ammonium™***. (ii) Acidic and alkaline con-
ditions hinder biofilm formation”. GDH deficiency can lead to high glu-
tamate and low pH. (iii) Unlike strain B1, whose biofilm matrix is primarily
composed of hydrophilic poly-y-glutamate (y-PGA), NCIB3610’s matrix
contains very little p-PGA**”. However, the possibility that GDH deficiency
increases y-PGA levels and alters biofilm architecture cannot be entirely
excluded.

Methods

Bacterial strains, plasmids, primers and chemicals

Strain USA300 JE2 is a community-associated methicillin-resistant Sta-
phylococcus aureus (CA-MRSA, GenBank CP000255). The JE2 mutant
derivatives carry a bursa aurealis transposon insertion were acquired from
ATCC-managed BEI Resources Repository and were backcrossed to iso-
genic JE2 background by @11 phage transduction”. The in-frame
AgudB:Km deletion mutant was created using standard allelic-exchange
recombination®. A 2-kb flanking region of S. aureus gudB (locus
SAUSA300_0861) was PCR amplified with the primer pairs P1747/P1748
and P1749/P1750 via 2-step PCR using JE2 genomic DNA as the template.
The product was digested with Sacl and Sall and cloned into the same sites of
pBT2. The resulting pBT2AgudB was digested with Smal, depho-
sphorylated, and ligated to the blunt-ended 1.6-kb kanamycin (Km) resis-
tance cassette that was released and end-repaired from pBTK by Kpnl and
PstI digestion. The resulting construct pBT2AgudB::Km was propagated in
E. coli DC10B, and the plasmid reisolated, electroporated into JE2 and
selected at 30°C on agar plates supplemented with 10 pg/mL chlor-
amphenicol. The integrant was further selected by a 43 °C temperature
upshift on chloramphenicol-containing agar plates. The homologous
recombinant was resolved by 30 °C passages and cycloserine enrichment
following the published procedures®’. Mutant strains were verified by Sanger
sequencing and Western blots.

Restriction-free cloning was used to construct pEPSA5_GudB, pEP-
SA5_Bcd, and pMCSG?7 derivatives®. To construct N-terminally His-tag-
ged bed for protein purification, primers P2139/P2140 were used to
assemble the DNA fragment onto pMCSG7. Primers used to construct
pEPSA5_GudB and pEPSA5_Bcd were P1753/P1754 and P2130/P2131,
respectively. Site-directed mutagenesis was performed using Quikchange
mutagenesis kit (Agilent Genomics) using P2133/P2134 (K68A), P2135/
P2136 (K80A), and P2137/P2138 (D115A).

B. subtilis NCIB3610 (ATCC 6051 or DSM10, GenBank CP020102) is
an undomesticated biofilm former that is poorly competent™®. Gene
deletions mutants in NCIB3610 were made using phage transduction and a
commercially available gene knockout library in B. subtilis 168°>*°. SPP1
phage transduction was completed by moving gene knockouts from the
donor 168 strain into the receiving NCIB3610 strain as described in detail
previously”’. Double mutants were made by utilizing the Cre recombinase
recognition sites, loxP, built into the commercially available gene knockout
library that allowed for removal or curing of the antibiotic cassette®’. To
remove the antibiotic cassette, the strain was transformed with a tempera-
ture sensitive plasmid that contained a constitutively expressed Cre
recombinase using the previously described transformation method for
NCIB3610 with all incubation steps carried out at 30 °C*. The curing of the
antibiotic cassette was then completed using the described procedure®.
Cured mutants were then used as the recipient strain for sequential phage
transduction. All genotypes were confirmed with specific flanking primers
for all genes and Sanger sequencing.

All strains, oligos and plasmids are listed in Tables S1-S2. Unless
otherwise noted, S. aureus cells were grown aerobically at 37 °Cin tryptic soy
broth (TSB, BD Difco #211822), Msgg [5 mM potassium-phosphate buffer
(pH7) 100 mM MOPS, 2 mM MgCl, - 6H,0, 700 uM CaCl,, 50 uM MnCl,,
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100 pM FeCl; - 6H,0, 1 uM ZnCl,, 2 pM thiamine-HCI, 0.5%(v/v) glycerol,
0.5% (w/v) monosodium glutamate]® or Lysogeny Broth (LB, BD Difco
#244610) at a 5:1-10:1 tube- or flask-to-medium ratio with a 1:100 dilution
of an overnight seed culture. B. subtilis and E. coli were grown in LB. When
necessary, erythromycin, chloramphenicol, kanamycin, ampicillin, xylose,
IPTG were used at 5 ug/mL, 10 ug/mL (7.5 ug/mL in B. subtilis), 75 ug/mL
(10 ug/mL in B. subtilis), 100 ug/mL, 10 mM, and 0.5 mM, respectively.
Unless otherwise noted, all chemicals and oligonucleotides were purchased
from Millipore Sigma-Aldrich and IDT DNA, respectively.

Chromosomal bed complementation

The constitutively expressed rpsD promoter-driven Pc-bcd plasmid and
native promoter-driven Pn-bcd plasmid were constructed by amplifying
500-bp of the rpsD or operonic bkdR-ptb-bcd promoters from the
NCIB3610 genome and assembled onto pSac-Cm (or ECE174) using a
restriction-free cloning method™®. Primers used for the assembly were
P2149/P2150 and P2154/P2155 (Table S2). The assembled plasmids were
transformed into and integrated into NCIB3610 sacA locus using a natural
competence protocol previously established®. Transformants were selected
on LB agar containing 7.5 ug/mL chloramphenicol. Low efficiency of
transformation was achievable despite the presence of ComI-containing
plasmid pBS32 in the parental NCIB3610 strain®, which was verified by
whole-genome sequencing. All genotypes were confirmed with specific
flanking primers on sacA and bcd sequences.

His-tag affinity purification of Bcd recombinant proteins and
size-exclusion chromatography

Overnight E. coli seed cultures were diluted 1/100-fold in 200 mL LB sup-
plemented with 100 pg/mL ampicillin and incubated at 37 °C until to an
ODggo = 0.5-0.6. Cells were induced with 0.5 mM IPTG for 3-4 hr. Then
cultures were centrifuged at 3220xg for 15min at 4°C to pellet cells.
Supernatant was discarded, and cells were resuspended in 5 mL of Buffer I
(50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF)) containing 1 mM imidazole and lysed on a FastPrep-24
instrument using Lysing Matrix B beads (MP Biomedicals # 116911500).
Following lysis, samples were centrifuged at 4 °C, 20,817xg for 5 min to
remove cell debris. Approximately 5 mL of cell lysates was incubated with
0.5 ml TALON metal affinity beads (Takara, #635503) on a tube rotator at
4°C for 1 hr. The column was washed extensively with Buffer I supple-
mented with 20 mM imidazole (7 x1 mL), and proteins were eluted with
Buffer I supplemented with 50-300 mM imidazole.

For size-exclusion chromatography, approximately 1.8mg of
Bcd(WT) and 2 mg of Bed (K80A) proteins were loaded on HiPrepTM 16/
60 Sephacryl $-100 HR column (Cytiva) on an AKTA Go chromatography
system (Cytiva) and equilibrated with Buffer II [50 mM Tris-Cl (pH 7.5),
150 mM NaCl]”. To estimate the size of Bcd peaks a Gel Filtration Standard
(BioRad #151-1901) was used.

Zymography and in-gel mass spectrometry

Zymography was performed following the published protocol”. Fifty
microliters of overnight cultures were diluted in 25 ml of LB or Msgg (B.
subtilis) and TSB (S. aureus). The cultures were grown for 24 h at 37 °C and
10 mL of culture were centrifuged at 3220xg for 15 min at 4 °C. Cell pellets
were resuspended in 1ml of sterile water and lysed on a FastPrep-24
instrument using Lysing Matrix B beads (MP Biomedicals). Following lysis,
samples were centrifuged at 20,817xg at 4 °C for 5 min. Fifty microliters of
the cell-free extracts were mixed with equal volume of 2xNative Sample
Buffer (Invitrogen, catalog # LC2673) and 10 pl were analyzed on a 4-12%
Tris-glycine native gel (Invitrogen #XP04122BOX) in Tris-Glycine Native
Running Buffer (Invitrogen #LC2672) at constant 200 V for 80 min. The
gels were rinsed in ddH,O for 5 min before incubation in 30 ml activity
solution in the dark for 1 hr or overnight at 37 °C. The activity solution
comprised of 0.5 mM NADP" (Sigma #10128031001) or NAD" (Sigma
#NADI100-RO), 50 mM Tris-HCl (pH 8.0), 20 mM L-glutamate (Sigma
#49601-100 G), 0.3 mg/ml Nitro Blue Tetrazolium (Sigma #N5514-

10TAB), and 0.05 mg/mL phenazine methosulfate (Sigma #P9625-1G). For
Leu/Val/lle dehydrogenase activity, L-glutamate was substituted with 20
mM L-valine (Sigma #V0500-100G, L-leucine (Sigma #L8000-100G) or
L-isoleucine (Sigma #12752-100G). Dehydrogenase activity appeared as a
dark purple against a clear background after extensive wash in ddH,0 to
remove residual yellow dyes. The gels were subsequently stained with
Gelcode Blue Safe Stain (ThermoFisher #P124956) to ensure equal loading.
A HMW Native protein marker kit (Cytvia #17044501) was used to estimate
Bcd or GudB oligomerization. For mass spectrometry, protein bands of
interest were excised from the zymogram gel and subjected to in-gel trypsin
digestion at 37 °C. Digested peptides were extracted with trifluoracetic acid
(TFA) extraction buffer, desalted by passing through the C-18 Zip-tips’".
The digested peptides were then separated on a nano-flow Ultimate 3000
and analyzed by Orbitrap Exploris high-resolution mass spectrometer.
Protein identification using Nano LC-MS/MS was performed by Applied
Biomics (Hayward, CA)

In vitro glutamate dehydrogenase (GDH) assays

GDH Activity Assay was performed as previously published”. Briefly, S.
aureus and B. subtilis were grown aerobically in 25 ml of TSB and LB,
respectively for 24 h at 37 °C. One milliliter of bacterial cultures was col-
lected, resuspended in sterile water, and lysed on a FastPrep-24 instrument
using Lysing Matrix B beads (MP Biomedicals), and 10 uL cell lysates were
immediately used in the reactions. GDH activity was measured by the
amount of NADH production upon glutamate consumption using a col-
orimetric (450 nm) kit according to manufacturer’s procedures (Abcam #
ab102527 or Sigma #MAK099). To determine GDH activity of the purified
proteins, 4.5 uM of Bed proteins and 0.8 pM of positive control bovine liver
GDH (Sigma #G2626) were used. One unit of GDH is defined as the amount
of enzyme that generates 1.0 umol of NADH per minute at pH 7.6 at 37 °C.

Native Gel immunoblots

Fifteen microliters of the cell-free extracts prepared as described in
“Zymography” were analyzed on a 4-12% Tris-glycine native gel (Invitro-
gen). Proteins were transferred onto a 0.22 pm PVDF membrane (Bio-Rad
#1704156) using a Trans-Blot Turbo Transfer System (Bio-Rad). Mem-
branes were immunolabelled using epitope-specific rabbit polyclonal anti-
GudBg, (1/1,000 dilution)” and anti-YwIG (1/4000 dilution)**. HRP-
conjugated anti-IgG secondary antibody (1/15,000 dilution) was from
Cytiva (#¥NA9120) and SuperSignal™ West Dura chemiluminescence sub-
strate (Thermo Scientific #34075) was used for signal detection. Images were
acquired using iBright FL1500 system (ThermoFisher).

Phylogenetic analysis

To determine orthologous relationships between Bcd, RocG and GudB,
we used OrthoFinder version 2.5.5”” to analyze 136 bacterial genomes
representing a wide span of the bacterial clade in the tree of life. A
phylogenetic tree was constructed using all proteins from both bcd-
HOG and gudB/rocG-HOG. Amino acid sequences were aligned with
MUSCLE 5.1 using default settings, and an unrooted tree was inferred
with FastTree version 2.1.11.

The analysis of bed orthology was expanded to 26,373 genomes from
the ProGenomes database. This dataset comprises a non-redundant col-
lection of high-quality genomes, with one representative genome for each
Specl species cluster. A reciprocal BLAST approach was employed, using
bed from Bacillus subtilis 168 as the query in a forward BLASTp against all
other proteomes. The top hit from each target proteome was subsequently
blasted back against the Bacillus subtilis genome. If the bed query protein was
identified as the best hit in the reciprocal BLAST, the corresponding target
proteome hit was designated as a putative bed ortholog. Custom python
scripts were used to run and analyze results from Orthofinder and reciprocal
blast and are available on GitHub at https://github.com/JonWinkelman/
reciprocal-blast (Trestle Biosciences, LLC). Interactive Tree of Life (iTol)
tool and Adobe Illustrator were used for visualizing and annotating
phylogenetic trees.
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In silico analyses

The predicted structures for S. aureus GudB and B. subtilis Bcd were made
using AlphaFold 37 and rendered with PyMOL Molecular Graphics System
(version 3.0 Schrodinger, LLC), yielding a per-residue model confidence
score (pLDDT) of >70-90 and >90 for GudB and Bcd, respectively. To
discern relationships to known structures, the predicted structures were
submitted to the DALI server (v5)"* to compare against available structures.

Biofilm assays and growth kinetics

Assays of biofilm formation were adapted from refs. 40,75. Single colonies of
B. subtilis strains were cultured overnight in 3 mL of LB medium at 37 °C.
The seed cultures were diluted in fresh 25 ml LB supplemented with 0.1 mM
MnSO,+4H,0 and 3% (v/v) glycerol (LBGM) to an ODgg of 0.1. To induce
pellicle formation, 20 mL subculture were transferred to sterile 50-ml Pyrex
bottles and incubated at 25 °C without agitation for 48 h before the images
were recorded. For colony biofilm formation, 2 uL of the ODgg 0.1 cultures
were spotted onto the LBGM agar. Plates were incubated at 37 °C for 24 h
prior to imaging. All experiments were repeated at least three times.

For growth kinetics, strains were grown to ODgq 0.8-1.0 in LB, spun
down, resuspended in 1xPBS and adjusted to ODg( 0.8. Two microliters of
cell suspension were seeded into 200 uL of CE minimal medium, LB, or
LBGM" in a 96-well microplate. Bacterial growth was recorded at 37 °C
with 150 rpm shaking on a TECAN SPARK multimode plate reader
equipped with a humidity cassette. The CE minimal medium comprises
[70 mM K,HPO,, 30 mM KH,POy,, 25 mM (NH,4),SO,, 0.5 mM MgSO,,
10 uM MnSO,, 50 mg/L tryptophan] with and without 1 g/L glucose and
8 g/L potassium glutamate’.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 10.1.1. The
performed statistical tests are described in the figure legends.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

All raw data supporting the findings in Figs. 1-4 and Figs. S1-54 of this study
are available within the paper and its Supplementary Information and in
Data S1-Data S2.

Code availability
Custom python scripts used for phylogenetic analysis are publicly available
on GitHub: https://github.com/JonWinkelman/reciprocal-blast.
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