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Abstract
The linkage between regulatory elements of transcription, such as
promoters, and their protein products is central to gene function.
Promoter–protein coevolution is therefore expected, but rarely
observed, and the manner by which these two regulatory levels
are linked remains largely unknown. We study glutamate dehydrogenase—a hub of carbon and nitrogen metabolism. In Bacillus
subtilis, two paralogues exist: GudB is constitutively transcribed
whereas RocG is tightly regulated. In their active, oligomeric
states, both enzymes show similar enzymatic rates. However,
swaps of enzymes and promoters cause severe fitness losses, thus
indicating promoter–enzyme coevolution. Characterization of the
proteins shows that, compared to RocG, GudB’s enzymatic activity
is highly dependent on glutamate and pH. Promoter–enzyme
swaps therefore result in excessive glutamate degradation when
expressing a constitutive enzyme under a constitutive promoter,
or insufficient activity when both the enzyme and its promoter are
tightly regulated. Coevolution of transcriptional and enzymatic
regulation therefore underlies paralogue-specific spatio-temporal
control, especially under diverse growth conditions.
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Introduction
The regulation of gene activity is fundamental to life and a key to
evolutionary innovation [1]. Gene duplication is the primary source
of new genes as indicated by the dominance of paralogues, in
eukaryotes but also in prokaryotes. Accordingly, recently diverged
paralogues (≥ 75% sequence identity, as are the B. subtilis

paralogues studied here) comprise a significant fraction of prokaryotic genomes (2.5–50%) [2]. Regulation of expression may account
for the functional specialization of most duplicated genes [3], and
accordingly, up to 40% of paralogues exhibit different expression
profiles [4–6]. Nonetheless, new paralogues typically exhibit accelerated evolutionary rates in both their regulatory and coding regions
[7–9]. The current literature separately addresses the action of natural selection on regulatory regions and on coding regions, with weak
or no indications of coadaptation [4,10,11]. In some cases, paralogues with different expression profiles and different biochemical
functions have been described [12–15]. However, the co-adaptation
of these two traits has not been noted. Here, we describe a case
study, showing that evolutionary changes occurred in both the
enzymes and in their transcriptional regulation, and that the
changes in these two traits are highly correlated.
Our case study addresses two Bacillus subtilis glutamate dehydrogenase (GDH) paralogues named RocG and GudB [16] (Fig 1A).
We chose Bacillus subtilis because of its ecological diversity, and
GDHs because they are central to nitrogen and carbon metabolism
and are tightly regulated [17]. GDHs are only active as hexamers
and are allosterically regulated by a range of metabolites, including
amino acids and ATP [18] (Fig 1B). RocG and GudB are catabolic,
NAD+-utilizing GDHs that catalyse the reductive deamination of
glutamate, thereby enabling direct utilization of glutamate as carbon
and nitrogen source, or utilization of other amino acids such as arginine or proline via glutamate-coupled pathways [19] (Fig 1C). The
coding sequences of RocG and GudB are ~75% identical. RocG is
named after its genomic localization next to arginine catabolic
genes. Studies of the domesticated strain B. subtilis 168 indicated
that transcription of RocG is tightly coordinated: RocG is downregulated during glucose utilization (catabolic repression) and exponential growth [20,21] and upregulated when amino acids such as
arginine are available as carbon and nitrogen sources [22–25] (gene:
RocG; http://www.subtiwiki.uni-goettingen.de) (Appendix Fig S1).
In contrast, GudB is expressed under a strong constitutive promoter
with no indication of nitrogen-associated regulation or catabolic
repression [16]. Accordingly, GudB’s genomic location, although
conserved, is not associated with other nitrogen metabolic genes. In
the domesticated B. subtilis strain studied to date, GudB is cryptic
due to an insertion that renders the enzyme inactive [16,26]. Thus,
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GudB knockouts exhibit different phenotypes, and that these phenotypes cannot be accounted for by differences in the promoters or the
enzymes on their own. Combining genetic and biochemical studies,
we explored the molecular basis of promoter–enzyme coevolution
in the Bacilli GDHs. Our findings indicate that, in contrast to the
tight transcriptional regulation of RocG, GudB’s regulation occurs
primarily at the enzyme level. Notably, GudB’s enzymatic activity,
and to a lesser extent RocG’s, is regulated via assembly of hexamers
from inactive subunits, rather than by the commonly described
allosteric regulation. Assembly is prompted by the cooperative effect
of high glutamate and basic pH.

A

Results
GudB and RocG’s transcription profiles and protein levels

B

C

Figure 1. RocG and GudB: a schematic view of the two Bacilli glutamate
dehydrogenase paralogues.
A

A representative tree showing the RocG and GudB genes along the
Bacillus genus (the NAD+-specific GDH of Clostridia was used as out-group
[51]; for a comprehensive analysis see Appendix Table S1). The scale bar
shows amino acid substitutions per site. The blue branches correspond to
RocG, and the green ones to GudB; this colour scheme is used throughout
this paper. Species denoted in green lost the RocG paralogue. This study
focussed on RocG and GudB from Bacillus subtilis NCIB 3610.
B, C A schematic representation of (B) the genomic context, transcriptional
regulation, oligomeric structure and (C) enzymatic activity of RocG and GudB.

the interplay between these two paralogous GDHs remains
unknown.
Studying wild-type B. subtilis NCIB 3610, in which both RocG
and GudB encode active enzymes [26], we found that RocG and
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Previous characterization of RocG and GudB’s transcription was
performed in the domesticated strain in which GudB is non-functional. Wild-type B. subtilis strains, including strain NCIB 3610 studied here, encode a functional GudB [26,27]. By constructing strains
in which RocG and GudB’s coding regions were replaced with a GFP
reporter, we found that RocG’s transcription in the wild-type strain
is tightly regulated, as observed in the domesticated strain [16].
Specifically, in both liquid and solid media, activation of the RocG
promoter was only observed when arginine was used as carbon and
nitrogen source (Fig 2A and Appendix Fig S2). GudB’s transcription
was not only much higher than RocGs (up to 30-fold), but also
remained high in all conditions tested, including in glucose–
ammonia as carbon–nitrogen source (Fig 2A and Appendix Fig S2),
a medium where GDH activity is unnecessary (shown in the next
section).
In agreement with the observed transcriptional levels, GudB’s
soluble monomers were detected by an immunoblot using polyclonal antibodies raised against recombinant GudB, under all conditions including in glucose–ammonia (Fig 2B). As expected, RocG
was detected in cells grown in an arginine-containing medium, to a
much lesser extent in a medium with proline, and not detected
when cells were grown on glucose–ammonia. The levels of soluble
RocG monomers seem to increase in the GudB knockout (DgudB,
see below), suggesting a degree cross-regulation. However, the
mutual cross-reactivity of GudB (Dr. Ulf Gerth, personal communication) and RocG antibodies [25], also observed here (Fig 2B),
precludes precise quantification.
GudB and RocG phenotypes
To test how the different expression patterns affect growth, single
and double knockouts of B. subtilis rocG and gudB genes were
constructed in B. subtilis NCIB 3610. Their growth rates were
compared to wild-type under various conditions. First, glucose–
ammonia was used as carbon and nitrogen sources, where GDH
catabolic activity is unnecessary [16]. Accordingly, all knockouts
showed wild-type-like growth rates in liquid and also reached the
wild type’s colony size on solid media (Fig 3, top panel). Notably,
and contrary to what had been observed with the domesticated
B. subtilis [16,26], we observed no improved growth for the GudB
knockout in glucose–ammonia as one might expect from the fact
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Figure 2. Expression profiles of GudB and RocG.
A GudB (in green) and RocG (blue) transcription levels were determined by
replacing the enzymes’ ORFs with a GFP reporter. Left: Growth in liquid MS
media with different nitrogen–carbon sources. The growth rates of all
strains were identical (Appendix Fig S8), and thus, transcription levels are
presented as the ratio of GFP florescence (OD535 nm) to cell density
(OD600 nm). Each point is the result of two biological replicates and ≥ 16
technical replicates; SD values are shown in Appendix Fig S8. Centre: GFP
fluorescence levels in cells grown on solid media containing different
nitrogen–carbon sources. Cell derived from the agar colonies shown on the
right was suspended in buffer and analysed by flow cytometry (the wildtype strain is shown in grey). Shown are histograms for gated events (high
fluorescence events; non-gated histograms are available in Appendix Fig
S2).
B Western blot analysis of GudB and RocG levels in the different strains and
under different growth conditions. Cells were harvested at the end of the
logarithmic phase (OD600 ~ 0.8). Twenty micrograms of total soluble cell
protein was applied per lane. GudB and RocG were detected with the
corresponding polyclonal antibodies (anti-RocG [25] and anti-GudB (kindly
provided by Dr. Ulf Gerth)).

that under this condition, and as confirmed below, excessive GDH
activity is deleterious.
When GDH activity is needed, GudB seems to be the major
provider. With proline as nitrogen source, DrocG grows like wild
type, while DgudB grows slower (Fig 3, mid panel). The double
knockout, DgudB_DrocG, showed almost no growth. Thus, in
proline, RocG’s contribution is relatively minor, in agreement with
RocG’s transcription being triggered primarily by arginine. Indeed,
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Figure 3. RocG and GudB phenotypes with different carbon–nitrogen
sources.
Growth of the single (DgudB, DrocG) and the double (DgudB DrocG) knockout
strains was monitored in liquid MS medium (left) or on agar plates (right), with
different carbon–nitrogen sources. Red, wild-type; blue, DgudB (RocG+); green,
DrocG (GudB+); grey, DgudB_DrocG (double knockout). Error bars represent the
standard deviation (SD) observed in four independent experiments.

when arginine was used as the carbon and nitrogen source, the
knockout of RocG had a notable, deleterious effect on growth (Fig 3,
bottom panel). Nonetheless, even in arginine, GudB seems to have
a larger contribution to growth than RocG, as indicated by the larger
deleterious knockout effects in both liquid and solid media. Thus, in
the presence of either arginine or proline, GudB appears to be the
major provider of GDH activity. Two additional lines of evidence
support this conclusion: first, GudB expression levels are 10-fold (and
up to 30-fold) higher than those of RocG (Fig 2A); second, RocG is
preferentially lost in many Bacillus species that retain GudB, including
species closely related to B. subtilis (Appendix Table S1 and Fig 1).
In agreement with the scenario that the relative contribution of
RocG and GudB to glutamate catabolism correlates primarily with
their transcriptional levels, we found that RocG and GudB have
comparable KM and kcat values. Overall, their kcat/KM values differ
by a factor of 3.7 in favour of RocG (owing to an approximately six
times lower KM, yet ~1.7 times lower kcat; Fig 4). Thus, at glutamate
concentrations above 5 mM, GudB’s turnover rate is expected to be
somewhat faster than RocG’s.
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Promoters are usually the key to transcriptional regulation in bacteria. However, it was shown that RocG’s regulation is also affected
by a so-called downstream activating sequence [22]. The similarity
in catalytic efficiencies of GudB and RocG suggests that their regulatory, non-coding regions (promoter–terminator) diverged with little,
if any, adaptive changes in their coding region. This scenario would
be validated if swapping between non-coding regions and openreading-frames (ORFs) shows no fitness effects; that is, the contribution of RocG and GudB to growth should remain the same upon
exchanging their ORFs while retaining the original promoter–
terminator regions (e.g. [3]). Thus, chimeric constructs of the ORFs
and non-coding regions of the rocG and gudB genes were
constructed as schematically presented in Fig 5A. Both, the 50 and 30
untranslated regions were included, as RocG’s transcription is activated by the 30 untranslated region [22]. The wild-type and
swapped-gene constructs were inserted at a neutral landing site into
the genomes of the DgudB_DrocG strain (thus isolating the effect of
a single GDH gene) and also into the genomes of DgudB and DrocG
(to generate a wild-type-like background with two paralogous
GDHs). Growth curves of all constructs were obtained and these
supported the conclusions described below (Appendix Fig S3).
However, because the growth curves of B. subtilis in some media
show more than a single exponential phase (Appendix Fig S3), and
to enable accurate measurements of fitness differences, we
performed competition experiments upon serial growth passages.
Strains carrying the original or the swapped genes were expressed
with a streptomycin resistance marker. These strains were
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Figure 4. Kinetic parameters of RocG and GudB in their pre-assembled
oligomeric states.
Initial rates of enzymatic conversion of glutamate to 2-oxoglutarate were
measured by the rates of reduction of NAD+ into NADH. Aliquots of stock
solutions of the concentrated enzymes in their hexameric states were directly
added to a reaction buffer with 4 mM NAD+ and different concentrations of
glutamate. Initial rates were determined by absorbance at 340 nm. The final
enzyme concentration used was 0.05 lM (enzyme concentrations and kcat
values relate to subunit, i.e. monomer protein concentrations). Data were fit to
Michaelis–Menten model. Error bars represent the SD observed in three
independent experiments.
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Figure 5. Swapping the regulatory and coding regions of rocG and gudB
results in lower fitness.
A Schematic representation of the constructed swapped genes. Strains are
marked by the standard colour code depending on their regulatory region
(GudB in green, RocG in blue). Full green and blue boxes correspond to
wild-type genes with the cognate promoters and ORFs (shown in B as full
circles (growth curves) or ordinary font (agar plates)). The open green box
represents RocG ORF under GudB promoter/terminator, and the open blue
box represents GudB ORF under RocG promoter/terminator (shown in B as
open circles and hollow fonts). The gene constructs shown were inserted at
a neutral landing site, in a strain having none of the wild-type genes
(DrocG_DgudB) or wild-type RocG (DgudB).
B Strains carrying the original genes and swapped constructs were individually
competed against a wild-type-like reference strain. Shown is the % of the
competing strain (streptomycin resistance) for each passage along the 5-day
experiments. The asterisk (*) denotes the frequencies observed in a
calibrating experiment, namely, competing the wild-type strain that was
applied as the reference in the competitions against an identical strain
carrying a streptomycin resistance marker. The results of two independent
biological replicates were plotted. Circle colours as in (A). Photographs of the
colonies on solid agar were taken as specified in Materials and Methods.

individually competed against a reference strain—wild-type expressing an erythromycin resistance marker. Tested strains were individually mixed with the reference strain at equal proportions and then
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grown by serial passages for 5 days. Their relative frequencies, in
the initial mix and after growth, were determined by plating aliquots
of the cultures on plates containing either streptomycin or erythromycin. As control, a wild-type strain expressing the streptomycin
resistance marker was also competed against the reference strain.
The latter exhibits a slight growth disadvantage relative to the streptomycin marker in the competing strains (Appendix Fig S4).
However, the tested lines were all competed against the same reference strain thus allowing the comparison of the original genes to the
swapped ones (Fig 5A).
Competitions were done initially in the DgudB_DrocG background, so as to analyse separately the effects of swaps in RocG
versus GudB. Note that the intact GudB gene (full green circles) has
lower fitness than the reference strain (asterisk). This is because the
former comes at DgudB_DrocG background, and is therefore equivalent to DrocG. Accordingly, the wild-type RocG construct (full blue)
being equivalent to DgudB has even lower fitness. These observations in effect duplicate the results of Fig 3. However, what the
swapped genes indicate is that the exchange of ORFs results in an
even higher fitness loss (Fig 5B, compare full to open circles of the
same colour).
For example, in arginine (Fig 5B, top panel), by the end of the
serial passage (100 h), the swapped gene where GudB’s ORF was
replaced with that of RocG (open green) was completely lost, while
the frequency of the wild-type gene (GudB’s ORF; full green)
remained unchanged. If the key to regulation were transcription
alone, then replacement of the enzymes (ORFs) would not have
resulted in such a fitness loss, let alone if GudB’s enzymatic rate is
even higher than RocG’s (Fig 4). The same is observed when RocG’s
ORF is replaced by GudB’s (compare full to open blue, Fig 5B, to
panel, 25 h).
The differences in ORFs are insufficient to account for the regulation of these two paralogues. For example, placing GudB’s ORF
under RocG’s regulatory regions also causes a dramatic fitness loss
(open blue, compared to full green circles; in both arginine and
proline). Overall, in arginine, and to a lesser extent in proline, both
the constitutive expression of RocG (i.e. under GudB’s promoter/
terminator) and the regulated expression of GudB (under RocG’s
promoter/terminator) resulted in low fitness. The level of
promoter–enzyme incompatibility was, however, medium dependent. In proline, transcriptional regulation seems to play a more
important functional role, since replacing the ORFs had a smaller
effect than the one described in arginine (Fig 5B, mid panel).
The effect of swapped genes was also tested when both genes are
present (i.e. using single knockout backgrounds). In media containing arginine or proline, the effect of swapping was less pronounced
compared to the double knockout background, but the same trends
were observed; meaning lower fitness was observed in strains carrying swapped genes relative to wild-type counterparts (Appendix Fig
S3). However, in glucose–ammonia medium, replacing GudB’s ORF
with RocG results in a dramatic loss of fitness (Fig 5B, bottom
panel). This is despite the fact that neither RocG nor GudB contribute to fitness in glucose–ammonia, as judged by the knockouts
(Fig 3, top panel). Further, what this experiment also shows is that
a strain with two wild-type RocG genes (full blue) behaves like
wild-type (asterisk). Thus, under its original promoter, RocG is not
deleterious even when duplicated. However, the expression of RocG
under GudB’s regulatory regions (open green) is highly deleterious.
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Overall, the expression of the RocG enzyme under GudB’s
promoter (open green circles) is deleterious, in both arginine and
glucose–ammonia media. Having GudB expressed under RocG’s
promoter is also deleterious, with both proline and arginine as nitrogen and carbon sources. The swap experiments therefore indicate
that the regulatory and the coding regions of RocG and GudB
coevolved.
GudB and RocG show different oligomeric stability
and regulation
The promoter–enzyme swap experiments indicated that RocG and
GudB must differ at the protein level. However, the differences
observed in kcat/KM (Fig 4) did not account for this incompatibility.
For example, expression of RocG under GudB’s promoter resulted in
excessive GDH activity (growth inhibition on glucose–ammonia,
when GDH activity is redundant). This result suggests that, as
opposed to the kcat/KM values, RocG is more active than GudB, at
least under some conditions. Catabolic GDHs of eukaryotic organisms have been better characterized than their bacterial counterparts
and were found to have complex allosteric regulation [18]. Most of
the reported eukaryotic allosteric effectors we tested had no effect,
except for ATP (and ADP, though to a lesser extent) and 2-oxoglutarate (the product of the reaction), which equally inhibited both
enzymes. In all cases, the effects of allosteric regulation were relatively minor (Appendix Fig S5A).
While performing kinetics, we observed that the rates of product
release decayed faster than expected, in particular for GudB. Addition of 10% glycerol to the enzyme stocks and reaction mixtures
alleviated this decay (detailed analysis is provided below). Additionally, the reaction rates varied depending on the enzyme concentration in the stock solution prior to its addition to the reaction
mixture, and it was not until glutamate was added to the stock solution that we observed maximal initial rates (as in the determination
of kcat and KM values; Fig 4). These observations are consistent with
GDHs being active only as hexamers, and also that the stability of
their hexameric assembly is marginal [28,29]. We thus examined
the hexamer stability of both GudB and RocG.
To quantify the effect of glutamate as a stabilizer of the active
hexameric state, we incubated the enzyme stocks (2 lM monomer;
throughout the text, enzyme concentrations relate to monomer
concentrations) with 10% glycerol and varying concentrations of
glutamate (0–200 mM, in accordance with the intracellular variability
of glutamate in B. subtilis [30]). Initial rates were measured by diluting these stock solutions to a reaction mixture containing 10 mM
glutamate, 4 mM NAD+ and 10% glycerol, at a final enzyme concentration of 0.05 lM. The maximal initial rate, observed when the stock
solution contained 200 mM glutamate, corresponds to the entire
sample being in the active, hexameric state (as in Fig 5). As shown in
Fig 6A, both GudB and RocG reach 100% active hexamers when preincubated with ≥ 100 mM glutamate. However, GudB’s assembly is
more dependent to glutamate concentrations than RocG. For example,
at 20 mM glutamate, only 10% of GudB is assembled and active while
RocG shows almost 50% of active hexamers.
We also noticed that pH can dramatically affect assembly, particularly of GudB. The intracellular pH of B. subtilis varies widely,
from 6 up to 8, depending on cellular state and growth medium
[31]. To measure the pH effect, the above-described experimental
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Figure 6. GudB activity is highly dependent on glutamate and pH.
A Hexameric assembly is glutamate dependent. Initial rates were measured from enzyme stocks incubated at the optimal pH (7.9) and varying concentrations of
glutamate (0–200 mM). Enzymatic reactions were initiated by directly diluting to 0.05 lM final enzyme concentration in a reaction mixture containing 4 mM NAD+
and 10 mM glutamate. The reactions’ initial velocities were normalized to the maximal initial velocity (fully assembled enzyme, pre-incubated with 200 mM
glutamate) and shown is the fraction of assembled hexamers versus glutamate concentration. Error bars represent the SD values from six experiments.
B GudB enzyme activity is pH dependent. Initial rates were measured from enzyme stocks incubated at two glutamate concentrations, 50 mM (open circles) and
200 mM (full circles) and varying pH (6.3–8.2). Enzymatic reactions and calculations were as described above (A). Error bars represent the SD values from three
independent runs.
C Dissociation of hexamers in the course of the enzymatic reaction. Shown are enzymatic reactions initiated with pre-assembled enzymes (optimal pH and glutamate
concentration), directly diluted to 0.05 lM final enzyme concentration in reaction mixes containing 4 mM NAD+ and 5 mM glutamate. The line represents a fit to a
single exponential decay (Vt = (Vt = 0 + Vt = ∞) × exp(kt) + Vt = ∞). The derived decay time constants (s = 1/k) are 290  25 s for GudB and 1,490  30 s for
RocG. Error bars represent the SD values from four independent runs.
D The dissociation decay time constants (s) as a function of glutamate. The experiment as in panel (C) was repeated with varying concentrations of glutamate
(5–50 mM). Presented is the time constant (s = 1/k) in relation to glutamate concentration in the reaction mixture. Error bars represent the SD values from
four independent runs.
E Thermal unfolding curves, monitored by fluorescence, at 16 lM enzyme concentration in the absence (open circles and dotted lines) and presence of 250 mM
glutamate (full circles and continues lines). As throughout the text, green and blue correspond to GudB and RocG, respectively. Lines show the fit of the data to the
first equation in the section “Thermal denaturation assays” in Materials and Methods (see Materials and Methods from which the cooperativity constant (m) and
apparent T0.5 was calculated; full data set with varying enzyme concentrations and calculated m-values is shown in Appendix Fig S6B).

set-up was applied. Enzyme stocks were pre-incubated with 10%
glycerol, 50 or 200 mM glutamate, and at varying pH (the glutamate
dependency experiment, Fig 6A, had the stock solution at pH 7.9).
As can be observed in Fig 6B, GudB’s assembly is not only more

1144

EMBO reports Vol 18 | No 7 | 2017

dependent on glutamate, but also on pH, whereby protonation
promotes dissociation. While RocG’s assembly remained almost
unaltered between pH 6 and 8, GudB fully dissociates if incubated at
pH ≤ 7 and ≤ 50 mM glutamate. The apparent pKa for dissociation
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assembly is right within the physiological pH range, suggesting that
pH is a regulator of GudB in vivo. The effects of pH and glutamate
seem to be linked—high glutamate shifts to a lower pKa, indicating
that the deprotonated hexameric state is favoured by the glutamatebound state (also, a significant fraction seems to be assembled in a
pH-independent manner, at least in the range tested, a phenomena
we cannot explain at present).
Irrespective of the enzymes’ state in the stock solution, a more
rapid than expected loss of activity was observed during the course
of the enzymatic reaction itself, particularly at low glutamate
concentrations. This loss was more pronounced in GudB compared
to RocG (e.g. at 5 mM glutamate; Fig 6C). To quantify the relative
dissociation propensity of GudB and RocG, the rates of product
release were fitted to a first-order exponential decay. The decay rate
constants indicated that the stability of GudB’s oligomers is not only
lower than that of RocG’s (up to fivefold faster dissociation rates)
but is also, as indicated in the previous experiments, more dependent on glutamate (Fig 6D). In this experimental setup, the largest
differences between the two enzymes were observed at ≤ 50 mM
glutamate and pH lower than 7.8. These rapid, exponential declines
in the rates of product release are not due to product inhibition
because the reaction products affect both enzymes weakly and to
the same degree (Appendix Fig S5B). Nor can the observed decays
be explained by the gradual depletion of NAD+ and/or glutamate
(see Materials and Methods).
Further support for regulation by hexameric assembly came from
size-exclusion chromatography and thermal denaturation. Sizeexclusion chromatography indicated that, at the range of enzyme
concentration amenable for this analysis (1–16 lM), both RocG and
GudB coexist in equilibrium of hexamers and lower order species
(Appendix Fig S6A). In support of the kinetics presented above (obtained at a similar range 0.5–10 lM), the proportion of monomer–
dimer–hexamer was dependent of on both protein and glutamate
concentrations, with the active hexameric form being favoured at
high protein and/or glutamate concentrations.
In agreement with the size-exclusion chromatography and kinetics, thermal denaturation experiments indicate that when highly
concentrated, and in the presence of saturating glutamate concentrations, both enzymes show high unfolding temperatures
(T0.5 ≥ 65°C) and high cooperativity of unfolding (m-values
≥ 2.2 kJ/K/mol); Fig 6E and Appendix Fig S6B. At the lowest
concentration that could be technically tested (0.8 lM), when both
enzymes appeared largely monomeric by size-exclusion chromatography, the T0.5 values were similarly low (~45°C). In this experiment, the only parameter that significantly differs between RocG
and GudB is the magnitude of the stability shift upon glutamate
binding to the hexameric state. The stability gain upon glutamate
binding to the concentrated enzyme samples (16 lM) is significantly
higher for GudB (DT of ~25°C versus 15°C for RocG). Further,
the change in m-value, that reflects how cooperative unfolding is,
upon glutamate binding is nearly twofold for GudB (from 1.4 to
2.6 kJ/K/mol) versus no change, or even lower cooperativity for
RocG (from 2.6 with no glutamate to 2.2 kJ/K/mol) (Fig 6E and
Appendix Fig S6B). Others reported that GDH’s conformation and
stability are dramatically dependent on glutamate [29]. The crystal
structures of both GudB and RocG indicate hexamers can adopt two
alternative monomer structures [32]. These observations are
consistent with GudB’s low unfolding cooperativity. However, the
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heterogeneity observed by size-exclusion chromatography at intermediate protein concentrations remains unclear. What is clear,
however, is that glutamate binding is associated with a much larger
change in the thermostability of GudB’s hexameric state compared
to RocG. This difference is consistent with the higher glutamate
dependency of GudB’s assembly, as seen in the kinetics
experiments. The higher glutamate dependency of GudB is also
manifested in more than six times higher KM value compared to
RocG, also in agreement with the processes of glutamate binding,
hexameric assembly and enzymatic activity being coupled.
Altogether, our results indicate that GudB’s constitutive transcription correlates with a tightly regulated enzyme, active only at
relatively high glutamate concentrations. Further, even at saturating
glutamate concentrations, maximal activity is only reached at pH 8,
a value observed in B. subtilis cells during exponential phase [31].
Conversely, RocG’s tight transcriptional regulation correlates with
an enzyme that is less regulated, namely active at a wider range of
glutamate concentration and pH. That GudB is a potentially more
active enzyme than RocG (Fig 5) but whose activity is more tightly
regulated, is fully consistent with the phenotypes of the promoter–
enzyme swaps, and foremost with the inhibition of growth when
GudB was placed under RocG’s regulatory elements in a medium
where GDH activity does not contribute to growth (Fig 5B).

Discussion
Incompatibility, or sign epistasis, is the hallmark of coevolution, indicating that evolutionary changes in separate loci are dependent on
one another [33]. Epistasis dominates the divergence of both regulatory regions [34,35] and protein functions [36–39]. However, to our
knowledge, promoter-ORF epistasis has been reported only once, in
the evolution of antibiotics resistance [40], and its mechanistic basis
remains unexplored. In RocG and GudB, all swaps resulted in
dramatic loss of fitness, under at least one carbon–nitrogen source,
but not across all sources. What is therefore likely to have led to this
incompatibility, is a period of relaxed selection on one of these paralogues. Indeed, within species closely related to B. subtilis, RocG is
frequently lost. RocG’s function is limited to arginine utilization,
while GudB’s constitutive expression enables the utilization of multiple carbon and nitrogen sources including many metabolites that are
catabolized via a glutamate intermediate. Thus, the “generalist”
capacity of GudB to act at different environments might have enabled
the loss of RocG [41]. Our findings suggest that GudB’s “generalist”
capability depends on a combination of constitutive expression and
tight regulation of the enzymatic activity, by glutamate and
intracellular pH, and possibly by other yet unknown factors.
That both RocG and GudB are tightly regulated, either transcriptionally or at the protein level, is in agreement with the finding that
glutamate/glutamine/ammonia homoeostasis, and RocG in particular, is a key factor in B. subtilis, for maintenance of biofilm development [17] or under changes in osmotic pressure [42]. Glutamate
homoeostasis also relates to glutamate synthase that is also tightly
regulated [19]. RocG and GudB also regulate the levels of glutamate
synthase [27] by binding to the transcription-activating factor GltC,
thus blocking the expression of the glutamate synthase under conditions when de novo glutamate synthesis is not required [43]. Since
GudB monomers are constantly present in the cell, even at low
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glutamate concentrations (Fig 2), the interaction with GltC, and hence
the regulation of expression of glutamate synthase, is also likely to
relate to GudB’s regulation of oligomeric assembly by glutamate and
pH. This regulatory role of RocG and GudB may also augment the
deleterious effect associated with RocG’s expression under GudB’s
promoter when GDH activity is obsolete (Fig 5B, bottom panel).
GudB’s mode of enzyme regulation—a transition from inactive
dissociated monomers or/and dimers to enzymatically active hexamers, differs from the oft-described allosteric regulation. Although the
majority of key metabolic enzymes are oligomers [44], the evidence
for oligomeric assembly controlling enzyme function in vivo is so far
limited to a few cases [45]. Direct imaging of dissociation and association of GudB in living bacteria would be most convincing. However,
GudB and RocG cannot be tagged, in vivo neither at the C- or
N-terminus (complete loss of activity due to inference with oligomer
formation or disruption of the interaction with GltC [43]). Nonetheless, the in vitro data clearly indicate that GudB’s association of enzymatically active hexamers is regulated by at least two physiologically
relevant parameters—glutamate and pH. This transition may be
simply driven by the glutamate-bound, deprotonated, hexameric
form of GudB being thermodynamically favoured compared to the
protonated, apo-form (as indicated by the thermal denaturation data,
Fig 6E). Future studies may provide further insights regarding the
structural details of this transition (the available crystal structures do
indicate two different monomer configurations within the hexamers
of both GudB and RocG; PDB codes: 3K8Z and 3K92) [32].
How common might be the co-evolutionary trend observed here?
Transcriptomics enables systematic detection of functional divergence among regulatory regions [6]. However, functional changes in
coding regions are not readily detected by high-throughput assays.
This bias in detection capabilities also affect the assertion that
changes in expression is the primary source of diversification [46].
In many cases, changes in regulation may well be the primary drive
for divergence of a new paralogue [3], yet adaptive divergence in
the coding region had followed [47]. Even more so, the scenario
described here, namely coevolution of the regulatory and coding
regions may be a frequent scenario rather than a rare exception.
Such intrinsically correlated changes may be essential for maintaining paralogue-specific spatio-temporal control, especially in
enzymes like GDHs that comprise metabolic hubs and in organisms
with diverse ecology such as B. subtilis.

Materials and Methods
DNA manipulations
PCRs and plasmids were obtained by standard techniques using the
Kapa HiFi ReadyMix polymerase (Kapa Biosystems), T4 DNA Ligase
(Thermo) and restriction enzymes as needed (New England
Biolabs). Primers are listed in Appendix Table S2, and the plasmids
are described in Appendix Table S3. Genetically engineered
B. subtilis strains (Appendix Table S4) were obtained by transformation based on natural competence. From a single colony of the
parental strain, grown overnight at 37°C in LB agar plates, a 1 ml
culture was started in the MC medium (0.5% glucose (Sigma), 1.4%
K2HPO4 (Fisher Scientific), 0.6% KH2PO4 (Sigma), 30 nM sodium
citrate tribasic dehydrate (Sigma), casein hydrolysate (Merck
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Millipore), ammonium iron (III) citrate (Sigma), L-glutamic acid
potassium salt monohydrate (Sigma) and 3 lM MgSO4 (Sigma)),
modified from [48]. The culture was incubated for 4 h at 37°C in a
roller drum shaker. After this time, 300 ll of the cell culture was
mixed with 1 lg of DNA and incubated for 2 more hours under the
same conditions. Selection for positive transformants was done in
LB agar plates using the appropriate antibiotic. When linear DNA
was used, flanking homology regions varied between 300 and
1,000 bp. Linear DNA was obtained from plasmids linearized with
XhoI, or PCR products. Otherwise, genomic DNA of B. subtilis NCIB
3610 or PY79 strains that carried the desired genomic manipulation
were used. All gene and genomic constructs were verified by DNA
sequencing. To avoid the effect of hitchhiking mutations at other
genomic loci, for each genomic construct, two individual, randomly
chosen colonies were isolated, sequenced and assayed.
Media and growth conditions
Bacillus subtilis strains were grown in LB or minimal medium (MS)
(5 mM potassium phosphate, 100 mM MOPS pH 7.1, 2 mM MgCl2,
700 lM CaCl2, 50 lM MnCl2, 50 lM FeCl3, 1 lM ZnCl2, 2 lM thiamine, 50 lg/ml tryptophan, 50 lg/ml phenylalanine, 50 lg/ml threonine; adapted from [49]). The MS medium was supplemented with
0.5% ammonium sulphate and 0.5% glucose, or 0.5% proline, or
0.5% arginine. When required, media were supplemented with
antibiotics: kanamycin (10 lg/ml), tetracycline (5 lg/ml), spectinomycin (100 lg/ml) or a mix of lincomycin (25 lg/ml) plus erythromycin (2 lg/ml). When required, the above liquid media were
solidified through addition of Bacto agar (Difco) to 1.5%. To
measure growth rates, 5 ll of starting culture (grown in LB medium
with shaking at 37°C to mid-log phase) was used to inoculate 200 ll
of the media tested. Growth was monitored in 96-well plates
(Thermo Scientific) for 10–20 h at 30°C with shaking by measuring
absorbance at 600 nm (Eon, BioTek). For growth on solid medium,
2 ll of starting culture (grown in LB medium with shaking at 37°C
until mid-log phase) was spotted onto agar plates and incubated at
30°C for 3 days when proline, or glucose plus ammonia, was used
as carbon and nitrogen sources, and 5 days with arginine. Photographs were taken using Nikon D800, F number 10.
Transcription levels
Reporter strains were grown 4–6 h in LB medium containing
100 lg/ml of streptomycin with shaking at 37°C, until OD600 nm
reached 0.8–1.0. 96-well plates were prepared with 200 ll of MS
medium supplemented with 0.5% ammonium sulphate and 0.5%
glucose, or 0.5% proline, or 0.5% arginine. The wells were inoculated with bacteria at a 1:200 dilution from the pre-culture. Cells
were grown in the incubator with shaking (6 Hz) at 30°C for about
40 h. Every ~8 min, the plate was transferred by a robotic arm into a
multi-well fluorimeter (Infinite F200, Tecan) that reads the OD600 nm
and GFP480/535 nm. Background fluorescence was subtracted from
GFP measurements using as negative the non-fluorescent wild-type
strain. Growth on solid medium was performed as previously
described. Images were taken using a fluorescent stereoscope (Leica
MZ16F). Images of wild-type strain not encoding the GFP reporter
are shown in Appendix Fig S7. For FACS analysis, colonies of
B. subtilis were resuspended in 5 ml phosphate saline buffer (PBS)
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and sonicated at 30% power (VibraCell, Sonics) for 2 min at 10-s
intervals. The cells were harvested by centrifugation and washed
three times with PBS. The samples were analysed by flow cytometry
(LSR-II, BD). A total of 106 cells were analysed. Based on the population with high fluorescence (GFP under GudB promoter/terminator
in MS + proline), a gate of ~30,000 fluorescent cells was chosen and
used for comparison. Statistics for gated cells and total events are
shown in Appendix Table S5 and Appendix Fig S2.
Protein levels
Starting cultures of the analysed strains were obtained in LB medium
with shaking at 37°C until OD600 nm reached 0.8–1.0, after this a 1:200
dilution was performed into 100 ml of MS medium supplemented
with 0.5% ammonium sulphate and 0.5% glucose, or 0.5% proline,
or 0.5% arginine. Cultures were incubated at 30°C with shaking until
OD600 nm reached 0.8–1.0. Cells were harvested by centrifugation and
resuspended in 1 ml of 100 mM Tris–HCl pH 7.6, 1 mM EDTA,
150 mM NaCl, 5% glycerol and protease inhibitor cocktail (Sigma;
500 times diluted). The cells were sonicated at 40% power (VibraCell,
Sonics) for 4 min at 60-s intervals. The lysate was centrifuged at
38,720 g for 30 min. Protein concentration in the soluble fraction was
measured using the Pierce BCA Protein Assay Kit (Thermo Scientific).
The proteins were separated by 12% SDS–PAGE and transferred onto
polyvinylidene difluoride membranes (Amersham Hybond-P, GE
Healthcare). We used 5% milk in Tris-buffered saline plus 0.1%
Tween 20 (TBS-T) for blocking and secondary antibody incubations,
and 3% BSA in TBS-T was used for incubations with primary antibodies. A rabbit anti-RocG (1:10,000) [25] and anti-GudB (1:5,000)
(kindly provided by Dr. Ulf Gerth) served as the primary antibody.
The primary antibody was detected using anti-rabbit immunoglobulin
G-peroxidase secondary antibodies (1:10,000) (Sigma) and the ECL
System (GE Healthcare). Detection was performed using the ImageQuant LAS 4000 mini (GE Healthcare).
Growth competitions
Starting cultures of the competed strains were obtained in LB medium
with shaking at 37°C until mid-log phase, after which a 1:1 mixture
was prepared (by OD 600 nm) and used to inoculate 10 ml of liquid MS
medium. Cultures were grown at 30°C with shaking until OD600 nm
reached ~1.5–2. At this stage, a dilution of 1:100 was performed and
growth was continued under the same conditions. Samples from these
growth cultures were taken every 12 or 24 h, diluted in sterile LB
media and plated on LB agar plates containing spectinomycin or mix
of lincomycin (25 lg/ml) plus erythromycin (2 lg/ml). Colonyforming units were counted, and the ratio between spectinomycinand erythromycin-resistant colonies was recorded. The results shown
relate to the average of two parallel growth experiments (biological
replicates) from each of which, two samples were taken for determination of strain ratio (technical replicates).
Enzyme expression and purification
E. coli BL21star/DE3 (pGRO7) was transformed with the expression
plasmids pET28_Strep_GudB and pET28_Strep_RocG, encoding the
wild-type B. subtilis enzymes with an N-terminus Strep-tag. In vivo,
this tag had a deleterious growth effect, probably because it

ª 2017 The Authors

EMBO reports

Transcription–enzyme coevolution

interrupts the interaction with GltC [43]. However, in our in vitro
assays GltC binding is irrelevant. Cultures were grown in 500 ml of
LB plus kanamycin (50 lg/ml) at 37°C to OD600 nm = 0.6–0.8,
induced with 0.5 mM IPTG and grown overnight at 20°C with shaking. Cells were harvested and resuspended in 40 ml of 100 mM Tris–
HCl pH 7.6, 1 mM EDTA, 150 mM NaCl, 5% glycerol and protease
inhibitor cocktail (Sigma; 500 times diluted). Following sonication
(at 40% power, VibraCell, Sonics, for 4 min at 60-s intervals), the
lysate was clarified by centrifugation (38,000 g for 30 min) and filtration. The enzymes were purified by affinity chromatography using
gravity flow columns following the manufacturer’s protocol (Iba
Technologies). Glycerol (10%) was added to the elution and all
subsequent solutions. Proteins were dialysed using the storage buffer
(50 mM Hepes-KOH pH 7.9 and 10% glycerol) with 100 mM, or with
no glutamate (monopotassium salt). In the absence of dialysis step,
results of kinetic assays (Figs 5 and 6) were not reproducible, possibly due to the enzymes being purified with a native ligand that
modulates oligomer stability. Proteins were analysed by SDS–PAGE
(purity was ≥ 95% in all cases), concentrated to ~20 lM (all denoted
protein concentrations relate to subunit concentrations) and stored
at 80°C after fast freezing in liquid nitrogen.
Enzyme kinetics
Deamination of glutamate was assayed by measuring the increase in
absorption at 340 nm (Eon, BioTek) due to the conversion of NAD+
into NADH, in reaction buffer (50 mM Hepes pH 7.9 (KOH), 10%
glycerol) and varying concentrations of glutamate (monopotassium
salt, since sodium has an effect on GudB’s activity), using 96-well
plates suitable for UV range (Microplate UV/VIS 96F, Eppendorf).
Throughout, we used 4 mM NAD+. Total reaction volumes were
200 ll, and reactions were run at room temperature. To determine
the kinetic parameters (kcat, KM), initial reaction rates were determined (e.g. Fig 5). To this end, 2 lM stock enzyme solutions (in a
50 mM Hepes pH 7.9 buffer with 10% glycerol and 100 mM glutamate) were directly diluted to the reaction buffer and varying glutamate concentrations. The final enzyme concentration was 0.05 lM.
We repetitively observed a KM value that is ~50-fold higher that
reported in a previous enzymatic characterization of RocG [28] but
matches the one reported later for the same enzyme [32]. The kcat
we measured for RocG was ~3.5-fold lower than reported [28]. These
differences may relate to the concentration of NAD+ in the reaction
buffer. GDHs are known to exhibit complex rate dependencies with
respect to NAD+/NADH concentrations, and rates may not plateau
at 1 mM [50]. Additionally, at concentrations below 5 mM glutamate, GudB lost all activity within the first 2 min of the reaction
(Fig 6). The use of 10% glycerol in the reaction buffer was therefore
crucial for reliably measuring initial rates, especially for GudB at low
glutamate concentrations.
The loss of activity as the reaction progressed (Fig 6C and D)
was ascribed to hexamer dissociation rather than to product inhibition or substrate consumption. The latter was excluded because at
the substrate concentrations applied here, and the amount of
substrate consumed in the course of reactions, the rate reduction
expected by the Michaelis–Menten dependency on substrate
concentrations (v a [S]/(KM+[S]) is ≤ 6%; however, the observed
rate decays are ≥ 90%. To assay the dissociation of hexamers
(Fig 6D), a 2 lM enzyme stock solution in 50 mM Hepes, 10%
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glycerol was incubated for 1–2 h at room temperature in varying
concentrations of glutamate (5–200 mM) or at varying pH (6.5–8.2).
Aliquots were added to 50 mM Hepes buffer pH 7.9, 10% glycerol,
containing NAD+ and glutamate (final concentrations 4 and 10 mM,
respectively; enzyme at 0.05 lM). The reverse (glutamate synthase)
reaction was similarly assayed by measuring the decrease in NADH
absorption at 340 nm (Eon, BioTek) under varying concentrations of
ammonium chloride, 1.5 mM NADH and 20 mM 2-oxoglutarate in
50 mM potassium phosphate pH 7.6 plus 10% glycerol.
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