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ABSTRACT ADP-glucose pyrophosphorylase from Firmicutes is encoded by two
genes (glgC and glgD) leading to a heterotetrameric protein structure, unlike
those in other bacterial phyla. The enzymes from two groups of Firmicutes, Bacillales
and Lactobacillales, present dissimilar kinetic and regulatory properties. Nevertheless,
no ADP-glucose pyrophosphorylase from Clostridiales, the third group in Firmicutes,
has been characterized. For this reason, we cloned the glgC and glgD genes from
Ruminococcus albus. Different quaternary forms of the enzyme (GIgC, GIgD, and
GlgC/GIgD) were purified to homogeneity and their kinetic parameters were ana-
lyzed. We observed that GIgD is an inactive monomer when expressed alone but in-
creased the catalytic efficiency of the heterotetramer (GlgC/GlgD) compared to the
homotetramer (GlgC). The heterotetramer is regulated by fructose-1,6-bisphosphate,
phosphoenolpyruvate, and NAD(P)H. The first characterization of the Bacillales en-
zyme suggested that heterotetrameric ADP-glucose pyrophosphorylases from Firmic-
utes were unregulated. Our results, together with data from Lactobacillales, indicate
that heterotetrameric Firmicutes enzymes are mostly regulated. Thus, the ADP-
glucose pyrophosphorylase from Bacillales seems to have distinctive insensitivity
to regulation.

IMPORTANCE The enzymes involved in glycogen synthesis from Firmicutes have
been less characterized in comparison with other bacterial groups. We performed ki-
netic and regulatory characterization of the ADP-glucose pyrophosphorylase from
Ruminococcus albus. Our results showed that this protein that belongs to different
groups from Firmicutes (Bacillales, Lactobacillales, and Clostridiales) presents dissimilar
features. This study contributes to the understanding of how this critical enzyme for
glycogen biosynthesis is regulated in the Firmicutes group, whereby we propose that
these heterotetrameric enzymes, with the exception of Bacillales, are allosterically

regulated. Our results provide a better understanding of the evolutionary rela- Received 29 March 2018 Accepted 19 June

tionship of this enzyme family in Firmicutes. 2018
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lycogen is a polysaccharide formed by glucose (Glc) units linked by «-1,4 bonds 1128/JB.00172-18.

arranging a main chain with a-1,6 ramifications. Although the polymer meets the Editor William W. Metcalf, University of lllinois
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. . . Microbiology. All Rights Reserved.
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which the key metabolite ADP-Glc is the specific glucosyl donor (2-4). The limiting step felesEsaidbuncsuen

in the pathway is at the level of ADP-Glc biosynthesis catalyzed by ADP-Glc pyrophos-
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phorylase (ADP-Glc PPase; EC 2.7.7.27), an allosteric enzyme regulated by metabolites
from the main carbon utilization route(s) in the organism (2-4).

ADP-Glc PPases from prokaryotes were classified according to their structural and
regulatory properties into eight different classes (3, 4). The enzyme from Bacillus spp.
was a distinctive case because of its heterotetrameric structure and insensitivity to
allosteric effectors. All other bacterial forms characterized before had been homotetra-
meric and regulated (2, 3, 5-7). At that time, the enzyme from Bacillus spp. was the only
one reported from a Gram-positive bacterium (3, 4). Recently, our group characterized
different ADP-Glc PPases from Gram-positive bacteria to get a deeper understanding on
the functional evolution of this enzyme family (8-11). Enzyme forms from non-
Firmicutes (high G+C content) Gram-positive bacteria are highly regulated homote-
tramers (10, 11). Low-G+C-content Gram-positive (Firmicutes) genomes show the
occurrence of two distinct genes, glgC and glgD, coding for ADP-Glc PPase (8). In two
groups of Firmicutes (Bacillales and Lactobacillales) the enzyme is composed of a
catalytic subunit (GlgC) and a noncatalytic subunit (GIgD) (3, 7, 8).

Biochemical properties of enzymes involved in glycogen metabolism in Firmicutes
have not been completely characterized. Only two ADP-Glc PPases from this group of
bacteria, those from Geobacillus stearothermophilus (7) and Streptococcus mutans (8, 12),
have been studied. The former was insensitive to allosteric effectors, with minor kinetic
differences between the homotetrameric (GlgC) and the heterotetrameric (GlgC/GlgD)
forms (7). On the other hand, the kinetic and regulatory properties of the S. mutans
ADP-Glc PPase markedly differ from those of the G. stearothermophilus enzyme. The
heterotetrameric GIgC/GIgD from S. mutans was found to be 1 order of magnitude
more active than the homotetrameric GIgC, with significant differences regarding
affinity toward substrates (8). In addition, fructose-1,6-bisphosphate (Fru-1,6-P,) acti-
vated GIgC but had no effect on GIgC/GlgD, while phosphoenolpyruvate (PEP) and
inorganic orthophosphate (P, inhibited GIgC/GlgD without affecting GlgC.

To further understand the properties of Firmicutes ADP-Glc PPases clustered in
different phylogenetic groups, we conducted molecular cloning of the glgC and glgD
genes encoding the enzyme in the clostridial bacterium Ruminococcus albus. The
recombinant GIgC, GIgD, and GIgC/GIgD forms were highly purified and functionally
characterized. Results indicate distinctive kinetic and regulatory properties for the R.
albus ADP-Glc PPase as hypothesized from phylogenetic classification.

RESULTS

Functionality of the R. albus ADP-Glc PPase. R. albus belongs to the family
Ruminococcaceae from the order Clostridiales in the Firmicutes phylum (13). An in silico
analysis of the R. albus genome (14) showed the presence of the glgC and glgD genes
encoding ADP-Glc PPase, as in the other two orders from Firmicutes (7, 8). The R. albus
GIgC (RalglgC product) and GIgD (RalglgD product) proteins have 24.1% identity. The
RalglgC gene (1,203 bp) encodes a 44.5-kDa protein that has ~50% identity with their
GlgC homologues from S. mutans and G. stearothermophilus (7, 8). The GlgD subunit is
a 41.6-kDa protein sharing 24% and 33% identity with the GIgD proteins from S. mutans
and G. stearothermophilus, respectively. To shed light on the structure-function rela-
tionship of this enzyme from the Clostridiales order, we cloned both the RalglgC and
RalglgD genes to produce the R. albus ADP-Glc PPase in different expression systems.

To analyze functionality, we used the pMABS5/RalglgC and pMAB6/RalglgD con-
structs, respectively, expressing GlgC and GIgD proteins in Escherichia coli AC70R1-504
cells, which is a system used before for heterotetrameric ADP-Glc PPases (8, 15). The
activity in crude extracts from cells expressing R. albus GIgC protein was at least
800-fold higher than for nontransformed cells (Fig. 1A) (basal activity, 0.03 = 0.01
mU/mg). On the other hand, cells expressing GlgD alone had values of activity that
were not significantly different from those of nontransformed cells. This suggests that
R. albus GIgD by itself is unable to catalyze ADP-Glc formation. In addition, extracts
coexpressing both GIgC/GlgD subunits were 1.7-fold more active than those expressing
GlgC alone. This indicates that there is a synergic effect between the R. albus ADP-Glc
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FIG 1 Expression of genes coding for R. albus ADP-Glc PPase in E. coli AC70R1-504 cells. (A) Specific
ADP-Glc PPase activity in crude extracts of cells transformed with the following plasmids: none (control),
PMABS5/RalglgC (GlgC), pMAB6/RalglgD (GlgD), and pMAB5/RalglgC plus pMAB6/RalglgD (GlgC/GIgD).
The basal activity was 0.03 = 0.01 mU/mg. (B and C) Immunodetection of the R. albus ADP-Glc PPase
subunits in soluble crude extracts, stained using as primary antibodies those raised against the G.
stearothermophilus GIgC and GlgD subunits.

PPase subunits. Immunoassays confirmed the presence of GIgC, GlgD, or GIgC/GIgD in
the respective crude extracts (Fig. 1B and C). Together, the results indicate that GlgC is
catalytic per se, whereas GIgD is inactive. GIgD would be regulatory by enhancing the
activity of GlgC.

For a comparative functional analysis of the different oligomeric forms of the
ADP-Glc PPase, we used an in vivo system. We took advantage of the E. coli AC70R1-504
strain deficiency in ADP-GIc PPase activity and its consequent impaired capacity to
accumulate glycogen (5). Transformed cells expressing GlgC, GlgD, or GIgC/GlgD from
R. albus, S. mutans or G. stearothermophilus were grown and analyzed regarding
polysaccharide accumulation. As shown in Fig. 2, glycogen accumulation was clearly
detected in pellets from cells expressing the R. albus GIgC or GlgC/GlgD forms but not
in cells expressing the GIgD subunit alone. Moreover, we observed a higher glycogen
accumulation for R. albus GlgC/GIgD than for GIgC. This is in good agreement with the
enzyme assays from crude extracts (Fig. 1A) indicating that both GIgC and GlgC/GIgD
conformations are the active R. albus ADP-Glc PPase structures.

Glycogen accumulation in cells bearing S. mutans and G. stearothermophilus ADP-Glc
PPases followed a pattern similar to that of cells transformed with R. albus forms. lodine
staining assays for cells producing S. mutans enzymes show that heteromeric GlgC/
GlgD exhibited a strong dark brown color compared to brownish pellets from the GlgC
expression (Fig. 2A). As well, strong dark brown pellets with no difference between
GlgC and GIgC/GIlgD were obtained for the G. stearothermophilus enzyme. No staining
was detected in pellets from cells expressing the GIgD subunit alone from either S.
mutans or G. stearothermophilus. These results agree with the previous reports showing
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FIG 2 Functionality of the genes coding for the R. albus ADP-GIc PPase. (A) lodine staining of cell pellets
from E. coli AC70R1-504: nontransformed (control) or transformed to produce GIgC, GlgD, or GlgC/GIgD
proteins from G. stearothermophilus (Gst), R. albus (Ral), or S. mutans (Smu). (B) Glycogen accumulation in
extracts from cells transformed with glgC (black bars), glgD (white bars), or glgC/glgD (gray bars) genes.
Glycogen accumulation in control cells was 13.65 * 0.01 ug of glycogen/ODg. For S. mutans ADP-Glc
PPase production, cells were transformed with pMAB6/SmuglgC and pMAB5/SmuglgD vectors as de-
scribed previously (8).

that S. mutans GlgC/GlgD had 10-fold more activity than GlgC and that both homo- and
heteromeric G. stearothermophilus structures had similar activities (7, 8). All the results
from Fig. 2A were confirmed by the quantitative glycogen accumulation determination
shown in Fig. 2B. Results suggest that the Clostridiales R. albus enzyme may reach
intermediate level of activity in vivo compared with Bacillales and Lactobacillales
ADP-Glc PPases.

Kinetic characterization of recombinant GlgC, GlgD, and GlgC/GigD from R.
albus. The R. albus glgC and glgD genes were expressed separately or together using
the pET/pDUET systems to produce recombinant proteins with or without His tags.
Higher purity levels (>80%) were obtained with an N-terminally fused His tag, and
purities between 50 and 80% were obtained when no tag was included (see Fig. S1 in
the supplemental material). We determined that for R. albus ADP-Glc PPase the forms
with and without the tag exhibited similar kinetic behaviors (data not shown). Thus, we
report results from His-tagged proteins. Specific activities of purified GlgC and GIgC/
GlgD were 0.85 U/mg and 2.10 U/mg, respectively, whereas the activity of the GlgD
subunit (also highly purified) was negligible (<5 X 10~4 U/mg). Quaternary structures
for R. albus GIgC, GlgD, and GlgC/GIlgD were determined by size exclusion chromatog-
raphy, as shown in Fig. S1B in the supplemental material. Both GlgC and GIgC/GlgD
behaved as tetrameric proteins, with molecular masses of 180 kDa and 173 kDa,
respectively. This is in agreement with ADP-GIc PPases in general and with the G.
stearothermophilus and S. mutans enzymes, which are also encoded by the glgC and
glgD genes (7, 8). The GlgD protein was eluted as a monomer (Fig. S1B), as was reported
for G. stearothermophilus GlgD (7).
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TABLE 1 Kinetic parameters of the R. albus ADP-Glc PPase forms in the absence and in
the presence of allosteric activators

Value for protein

Effector and S Y
parameter Glc-1P ATP Glc-1P ATP
None
So.5 (MM) 0.45 = 0.03 1.50 = 0.09 0.27 = 0.02 0.69 = 0.04
Ny 0.9 1.4 0.7 1.6
Vi (U/mMg) 0.87 = 0.01 0.87 * 0.01 2.1+0.1 2.1+0.1
Pyr (50 mM)
Sos (MM) 0.41 = 0.06 1.2+0.1 No activation No activation
ny 1.0 2.0 No activation No activation
Vinax (U/mQ) 1.14 = 0.05 1.14 £ 0.05 No activation No activation
PEP (12 mM)
Sos (MM) 0.73 = 0.05 1.15 = 0.05 0.16 = 0.01 0.77 = 0.09
ny 1.0 1.3 1.2 1.0
Vinax (U/mg) 1.85 + 0.05 1.85 + 0.05 58+ 0.2 58+ 0.2
Fru-1,6-P, (12 mM)
Sos (MM) 0.44 = 0.04 1.4 +0.1 1.82 = 0.09 1.7 £0.2
Ny 0.7 0.9 0.7 2.8
Vinax (U/mg) 0.31 £ 0.01 0.31 = 0.01 1.35 £ 0.01 1.35 = 0.01
NADH (5 mM)
Sos (MM) 12+0.1 25+0.2
ny 0.9 24
Vi (U/mg) 2.1%+02 2102

The GIgC and GIgC/GIgD forms of the R. albus ADP-Glc PPase were characterized in
the synthesis of ADP-Glc direction. Saturation curves for Glc-1P and ATP were near
hyperbolic for both forms of the R. albus enzyme. The heterotetrameric GlgC/GlgD
displayed a 2.4-fold-higher V., than that determined for the homotetrameric GlgC
(Table 1). As well, R. albus GIgC/GIgD had higher apparent affinities for both ATP
(2.2-fold) and Glc-1P (1.7-fold) substrates. The different kinetic properties between
GlgC/GlgD and GIgC suggest that GIgD has an activating role in the heterotetramer.
Taken together, the kinetic properties of the R. albus ADP-Glc PPase resemble those of
the S. mutans (8) rather than the G. stearothermophilus (7) homologous enzyme, if
compared to the ADP-Glc PPases from Firmicutes studied to date.

Regulatory properties of R. albus GlgC and GlgC/GlgD. ADP-Glc PPase from the
Bacillales group of Firmicutes was the only bacterial form reported to be insensitive to
regulation (6, 7). To see if the enzyme from the Clostridiales group is regulated, we
assayed the R. albus forms in the presence of different metabolites known to modulate
the ADP-GIc PPase activity from different sources (3, 8, 10, 11). Assays were performed
using two sets of Glc-1P and ATP concentrations: subsaturating (concentration near the
respective value for 50% of the maximal velocity [S,s]) or saturating (concentration
around 3-fold higher than the respective S, 5 value) conditions with respect to sub-
strates. Of the several compounds analyzed, Pyr, PEP, Fru-1,6-P,, NADH, and NADPH
were those that exerted effect on the activity of the enzymes (Table S1 in the
supplemental material). The effects of Pyr, PEP, and Fru-1,6-P, were independent of
substrate concentration, while NADH and NADPH only affected activity assayed at
subsaturating levels of Glc-1P and ATP. A different property of the R. albus enzymes in
comparison with GlgC and GIgC/GIgD of S. mutans (8) is that under either subsaturating
or saturating levels of substrates, no effect by high concentrations (up to 500 mM) of
the salts MgSO,, KCl, NaCl, and NH,Cl was observed (data not shown).

Pyr specifically activated GIlgC, with no effect on GIgC/GIgD (even when assayed up
to 50 mM) (Fig. 3A). The keto acid increased 1.6-fold the R. albus GIgC maximum rate
of metabolism (V,,,,) (Table 1), with an activator concentration giving a value for 50%

max
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FIG 3 Sensitivity to allosteric regulators of active structures of R. albus ADP-Glc PPase. Responses of
GIgC/GlgD (open symbols) and GIgC (filled symbols) to different concentrations of Pyr (A), PEP (B), and
Fru-1,6-P, (C) are depicted. Values of relative activity were calculated as the ratio of activity determined
at each specific condition related to the activity of the respective enzyme form assayed in the absence
of effector: 0.87 = 0.01 U/mg for GIgC and 2.1 = 0.1 U/mg for GIgC/GIgD.

of the maximal activation (A, 5) of 20 = 1 mM (Fig. 4A) and a Hill coefficient (n,,) of 1.8.
PEP activated 1.9-fold (A, 5 of 8.3 = 0.7 mM; n, of 4.1) and 2.1-fold (A, s of 4.6 = 0.2 mM;
ny, of 2.7), respectively, R. albus GIgC and GIgC/GlgD (Fig. 3B and Table 1). On the other
hand, Fru-1,6-P, was previously described as an activator of ADP-GIc PPases in same
species (including the S. mutans GIgC enzyme) (1, 3, 8). However, it behaved as an
inhibitor of both oligomeric forms of the R. albus enzyme (Fig. 3C). Both structures were
inhibited to 40% of activity but with dissimilar kinetic behaviors. GlgC/GlgD inhibition
by Fru-1,6-P, had an inhibitor concentration giving 50% of the maximal inhibition (I 5)
of 1.9 £ 0.1 mM (ny of 0.7), whereas the inhibition of GIgC was highly sigmoidal, with
an Iy s of 83 = 0.4 mM (ny of 3.9). Interestingly, GIgD had a significant effect on the
sigmoidicity of the ATP saturation curve in the presence of inhibitors (Table 1),
nullifying the activation effect of Pyr. This suggests that GlgD makes the enzyme more
sensitive to ATP concentrations when inhibitors are present. It is important to take into
account that variations of intracellular levels of ATP are clear signals of energy available.

Figure 4 details the effect of NAD(P)H (and the respective oxidized forms) on the
activities of the R. albus enzymes. NAD(P)* had no effect or slightly activated the GlgC
and GIgC/GIgD enzymes. On the other hand, inhibition exerted by NADH followed
hyperbolic patterns, with /, s values calculated at 1 mM for GIgC and 3 mM for
GlgC/GlgD. NAPDH inhibition was less effective, with sigmoid saturation curves and /, 5
values of 5 mM and 10 mM for GIgC and GIgC/GIgD, respectively. The results suggest
that under the cellular condition of R. albus the activity of ADP-Glc PPase would be
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FIG 4 Inhibitory effect of NAD(P)H in R. albus ADP-Glc PPase GIgC (A) and GlgC/GlgD (B) conformations.
Inhibition curves were determined at subsaturating substrate concentrations. The value 1 equals 0.11
U/mg and 0.38 U/mg for GIgC or GIgC/GlgD, respectively. Filled symbols correspond to NADH (M) and
NADPH (@), while empty symbols correspond to NAD* ((J) and NADP+ (O).

<4

modified depending on the ratio NAD(P)* to NAD(P)H, inhibiting the enzyme under
more reducing environments.

We further explored the regulation of the R. albus ADP-Glc PPase forms by analyzing
changes produced by the effectors on the substrate kinetics, determining the enzyme
catalytic efficiency ratio V,,,,/Sos equivalent to k.,/K,, for hyperbolic kinetics (11,
16-18) for comparative analysis. As detailed in Table 1, allosteric effectors modified
V..ax @nd/or S, 5 values to different extents. Particularly, Pyr and PEP increased the GlgC
catalytic efficiency, while Fru-1,6-P, and NADH produced the opposite effect (Fig. 5).
GlgC catalytic efficiency increased up to ~2- or ~3-fold in the presence of Pyr or PEP,
respectively, and it decreased ~2-fold in the presence of Fru-1,6-P, (Fig. 5). On the other
hand, GlgC/GIgD was insensitive to Pyr. The main change in catalytic efficiency for Glc-1P
was observed with GIgC/GlgD, since it was enhanced 5-fold by PEP and decreased 1 order
of magnitude by Fru-1,6-P,. As shown in Fig. S2 in the supplemental material, NADH
decreased the apparent affinity of GlgC/GIgD toward ATP (S, 5 of 2.5 £ 0.2 mM), with a
more pronounced sigmoidal behavior (n,; of 2.1), but without affecting V,,,,,. This resulted
in a decrease of the catalytic efficiency of the enzyme that was near 5-fold. Such an
inhibitory effect would be a typical K-type inhibitor that follows the Monod-Wyman-
Changeux model of allosterism (19). In those cases, the inhibitor decreases the apparent
affinity for the substrate and increases the sigmoidicity of the substrate (ATP) saturation
curve (Table 1 and Fig. 4; see also Fig. S2 in the supplemental material).

Previous works showed the interaction between activators and inhibitors of the
prokaryotic ADP-Glc PPase (8, 11, 16, 20, 21). Thus, we analyzed the activity of the R.
albus GIgC/GIgD enzyme in the presence of saturating and nonsaturating concentra-
tions of its effectors (shown in Fig. S3 in the supplemental material). The inhibition by
Fru-1,6-P, was affected by different concentrations of PEP. Fru-1,6-P, can only inhibit the
enzyme if PEP is not saturating (see Fig. S3A). On the other hand, the apparent affinity for
PEP seems to be reduced by increasing concentrations of Fru-1,6-P, (Fig. S3B).
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respectively) and GIgC/GIgD (22.4 s mM~" and 8.77 s—' mM~" for Glc-1P and ATP, respectively).

DISCUSSION

Ruminococcus spp. are anaerobic bacteria that inhabit the rumen in cattle, sheep,
and goats. These microorganisms are cellulolytic bacteria with an important role in fiber
breakdown in the rumen, producing acetate, ethanol, formate, hydrogen, and carbon
dioxide from carbohydrates. They are also capable of fermenting glucose and xylose
(14, 22-25). Hydrogen-producing R. albus is abundant in the gut microbiota in healthy
individuals (26), showing probiotic effects (25) with a potential neuroprotective action
(27). R. albus belongs to the Clostridiales, one of the groups in the phylum Firmicutes
together with Bacillales and Lactobacillales (13, 28). Previously, it was demonstrated that
glycogen accumulates in Clostridium cellulolyticum (belonging to the Clostridiales)
reactors fed with cellobiose during different stages of growth (29). In addition, it was
reported that R. albus accumulates a glycogen-like polysaccharide in late log and early
stationary phases (30), although no enzymatic pathway was described for the polyg-
lucan synthesis in this bacterium. Here we present the first kinetic, regulatory, and
structural characterization of an enzyme related to glycogen metabolism in Clostridi-
ales.

In previous studies (7, 8), ADP-Glc PPases from Bacillales and Lactobacillales showed
dissimilar kinetic and regulatory properties. The one from Bacillales was the only
unregulated one known to that point (7), and the one from Lactobacillales showed a
fine-tuned regulation (8). In this study, the homo- and heterotetrameric forms of the R.
albus ADP-Glc PPase displayed different properties from the G. stearothermophilus and
S. mutans enzymes. The homotetrameric R. albus GIgC had a catalytic efficiency 10-fold
lower than that of the G. stearothermophilus GlgC and 10-fold higher than that of the
S. mutans homotetramer. On the other hand, the heterotetramer R. albus GIgC/GIgD is
1 order of magnitude less efficient than GIgC/GIgD from the other two Firmicutes
enzymes. The presence of the GIgD subunits increases the activity and the affinity
toward substrates in all the Firmicutes heterotetramers. The highest impact of a
GlgC/GlgD combination occurs with the less efficient GIgC (S. mutans), while the lowest
effect is observed in the most efficient GIgC (G. stearothermophilus).

Among Firmicutes, the R. albus GIgC/GIgD is the less efficient ADP-GIc PPase
characterized so far. The different kinetic performances of the Firmicutes ADP-Glc
PPases directly correlate with the ability to complement an E. coli mutant deficient for
glycogen synthesis. Here we show that the R. albus ADP-Glc PPase is sensitive to
allosteric regulation. It exhibits different responses depending its quaternary structure
(GIgC versus GIgC/GIgD), as similarly described for the S. mutans enzyme (8). An
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increased sensitivity toward effectors (PEP and Fru-1,6-P,) occurs in the presence of the
GlgD subunit, but the heterotetramer lost the response to activation by Pyr observed
for GIgC. Both structures of the enzyme are inhibited by NAD(P)H, with I, 5 values that
are in the range of 1 to 10 mM. Such an inhibitory effect would be of physiological
relevance considering cellular levels of the metabolites and that their redox forms
ratio could regulate the enzyme. It is worthy of mention that Ruminococcus spp. are
organisms that grow in anaerobic environments, following reductive metabolic path-
ways (including fermentative hydrogen production [31, 32]). In this scenario, carbon
metabolism linked to the production and use of NAD(P)H is critical for the cell
energetics.

With the idea to understand the dissimilar regulatory properties among Firmicutes
ADP-Glc PPases better, we conducted a phylogenetic analysis of their GIgC and GIgD
proteins. We selected different residues related to allosteric regulation in different
ADP-Glc PPases so far characterized and/or in specific regions ascribed to binding
regulators (see Fig. S4 in the supplemental material). As shown in Fig. 6, GIgC and GlgD
from the Lactobacillales group form a clearly separate cluster. Particularly in the case of
GlgD, they diverge more than the Clostridiales and Bacillales groups. The GIgC se-
quences from Bacillales, which contain the catalytic subunit from the unregulated
ADP-Glc PPase from G. stearothermophilus, are mainly clustered together, with few
exceptions. Instead, the Clostridiales GIgC split into two clades: one bigger and inde-
pendent from the other and one smaller and closer to the Bacillales branch. The smaller
Clostridiales group holds the R. albus GIgC characterized in this work.

When full sequences were analyzed, both GlgC and GIgD subunits were placed into
different branches, resulting in three major clusters grouping Bacillales, Lactobacillales,
and Clostridiales (see Fig. 8 in reference 8), which correlates with the phylogenic
classification of their species (13, 28). When the phylogenetic tree was constructed with
only a fragment sequence, which was selected based on its putative role in regulation
(Fig. S4 in the supplemental material), the tree slightly changed (Fig. 6). In this case, the
difference between the Lactobacillales branch and the rest is more pronounced.
Conversely, the difference between Clostridiales and Lactobacillales is less clear. The
divergence in primary structure of the putative regulatory site in S. mutans GlgD relates
to its more pronounced difference in function. Results herein support the idea that
the smaller effects that GIgD from R. albus and G. stearothermophilus have on their
respective GIgC (Table 2) may be explained by their minor divergence in the putative
regulatory site. The effect of GIgD on the heterotetramer is an increase of near 500-fold
in the Glc-1P catalytic efficiency of S. mutans but only 2- to 4-fold in the other groups
(Table 2). The effect of GIgD on the ATP catalytic efficiency follows the same trend but
at a lower magnitude. The increases in this case are 30, 13.4, and 4.15 for S. mutans, R.
albus, and S. stearothermophilus, respectively (data not shown). The fact that the effect
on the Glc-1P catalytic efficiency is higher than that of ATP suggests that GIgD induces
a conformational change in the heterotetramer that affects the site for those substrates
in a different manner. This dramatic change in the catalytic efficiency implies a decrease
of the transition state energy (33) in the catalytic GIgC caused by the presence GIgD.

The results presented in this work indicate that the R. albus ADP-Glc PPase exhibits
distinct regulatory properties, properties that are different from those of other Firmic-
utes enzymes. This work provides relevant structural and functional information to
understand the evolutionary history of prokaryotic ADP-Glc PPases. A major conclusion
is that allosteric regulation seems to be a rule rather than an exception for the ADP-Glc
PPase from Firmicutes.

MATERIALS AND METHODS

Chemicals. Restriction enzymes were purchased from Promega. All protein standards, antibiotics,
isopropyl-thiogalactoside (IPTG), and oligonucleotides were obtained from Sigma-Aldrich. All other
reagents were of the highest quality available.

Bacteria and plasmids. DNA manipulations, molecular biology techniques, and Escherichia coli
cultures as well as transformations were performed according to standard protocols (34). E. coli TOP10
F’ cells (Invitrogen) were used for cloning procedures, while E. coli AC70RI-504 (a strain lacking
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Lactobacillales
Bacillales

02
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FIG 6 Phylogenetic tree of GIgC and GIgD from Firmicutes. Sequences of the GlgC and GIgD polypeptides were collected and the tree was built as described
in Materials and Methods. Sequences are numbered with codes indexed in Table S2 in the supplemental material. Different colors represent distinct taxonomy
as noted; black indicates sequences taken as reference, and different clusters of Clostridiales are indicated by different shades.

endogenous ADP-Glc PPase activity) and E. coli BL21(DE3) (Invitrogen) were employed for expression,
using plasmids pMAB5, pMAB6, pET24a, pET28¢, and pCDFduet (Novagen).

R. albus glgC and glgD genes. Genes encoding both ADP-Glc PPase subunits (GIgC and GIgD) from
R. albus were de novo synthetized (Bio Basic Inc.) according to genomic information for R. albus 7 (14) in
the GenBank database (http://www.ncbi.nlm.nih.gov/nuccore/NC_014833.1). Thus, R. albus 7 glgC and
glgD (here RalglgC and RalglgD, respectively) were designed using E. coli codon preference and flanked
with Ndel and Sacl restriction sites for cloning and expression purposes.

Cloning procedures. The pUC57 plasmids harboring RalglgC or RalglgD genes were digested with
Ndel and Sacl. Released genes were separated in a 1% (wt/vol) agarose gel and purified with a Wizard
SV Gel & PCR Clean Up kit (Promega). In Fig. S5 in the supplemental material we summarize the general
strategies conducted to produce the different conformation of the ADP-Glc PPase from R. albus. First, the
digested RalglgC and RalglgD gene were subcloned into pMAB5 (kanamycin resistance) or pMAB6
(spectinomycin resistance) expression vectors, respectively, to obtain pMAB5/RalglgC and pMAB6/
RalglgD constructs. The same strategy was employed to clone the genes into the pET24a and pET28c
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TABLE 2 Effect of GlgD on the catalytic efficiency of ADP-Glc PPases from Firmicutes

Value for:

Enzyme form Parameter S. mutans R. albus G. stearothermophilus
GIgC Glc-1P 50_5 (mM) 3.44 0.45 0.14

Kege (571 1.74 261 7.58

Keai/Sos (57 mM=1) 051 5.80 54.1
GlgC/GlgD Glc-1P So5 (MM) 0.07 0.27 0.12

Kege (571 17.8 6.05 15.0

Keai/Sos (7' mM~—1) 254 224 125
Relative catalytic efficiency? 498 3.86 230

9Relative catalytic efficiency is the ratio between the catalytic efficiency of GIgC/GlgD over that of the
respective GIgC enzyme, i.e., (kcat/Sos)cigc/aign/(Kear/So s)aige: The kinetic parameters for the enzymes from G.
stearothermophilus and S. mutans were previously reported in references 7 and 8, respectively.

vectors (both with kanamycin resistance). The former allowed protein production without any tag,
whereas the latter rendered proteins with an N-terminal His tag. Afterwards, the RalglgD gene was
subcloned from plasmid pET28c into the pCDFduet vector (spectinomycin resistance), using Ndel and
Xhol (downstream of the Sacl site in the pET28 multiple-cloning site) sites, obtaining the pCDFduet/
RalglgD construction. This construction allowed us to coexpress both GIgC and GIgD subunits by the
combination with pET24a/RalglgC and pET28C/RalglgC, thus obtaining the heteromeric GlgC/GlgD
conformation without any tag or with an N-terminal His tag on the GIgC subunit, respectively.

Enzyme expression and purification. E. coli AC7OR1-504 cells lacking endogenous ADP-GIc PPase
activity were transformed with either pMAB5/RalglgC or pMAB6/RalglgD to, respectively, produce the
GIgC or GIgD protein. In addition, for expression of heteromeric GlgC/GlgD, cells were cotransformed
with the pMAB5/RalglgC and pMAB6/RalglgD compatible plasmids, as reported before (8, 15). All
transformed cells were grown in LB medium (10 g/liter of tryptone, 5 g/liter of yeast extract, 10 g/liter
of NaCl) at 37°C and 200 rpm, until an optical density at 600 nm (ODg,,) of ~1.1 was reached. Then
recombinant expression of GIgC or GlgD was, respectively, induced (for 16 h at 20°C) with either 0.5 mM
IPTG, 0.5 ug/ml of nalidixic acid, or both inducers for the production of the GlgC/GlgD conformation. On
the other hand, the GlgC, GlgD, and GlgC/GIgD proteins were overexpressed using E. coli BL21(DE3) as
a host and transformed with single pET constructions for independent GlgC or GlgD production or
combining pCDFduet/RalglgD with pET24a/RalglgC or pET28C/RalglgC, as detailed above. Transformed
cells were grown in LB medium at 37°C until the OD,,, reached 0.6; afterwards, cultures were induced
with 0.3 mM IPTG for 16 h at 20°C.

After induction, cells were harvested by centrifugation at 5,000 X g for 10 min and stored at —20°C
until use. His-tagged proteins were purified by immobilized-metal ion affinity chromatography (IMAC),
and all purification steps were performed at 4°C. After resuspension in buffer H (50 mM Tris-HCI [pH 8.0],
300 mM NaCl, 10 mM imidazole, 5% [vol/vol] glycerol), cells were disrupted by sonication (5-s pulse on
with intervals of 3-s pulse off for a total time of 15 min on ice) and later centrifuged twice (10 min) at
30,000 X g. Supernatants were loaded in a 1-ml His-Trap column (GE Healthcare) previously equilibrated
with buffer H. The recombinant proteins were eluted with a 10 to 300 mM imidazole linear gradient in
buffer H (50 volumes). Fractions containing the highest activity were pooled, concentrated, and dialyzed
against buffer H. The resulting enzyme samples were stored at —80°C until use, remaining fully active for
at least 6 months.

On the other hand, cells expressing the proteins without any tag were resuspended in 5 ml of buffer
A (50 mM morpholinepropanesulfonic acid [MOPS; pH 8.0], 5 mM MgCl,, 0.1 mM EDTA, and 5% [wt/vol]
sucrose) per gram of cells and disrupted by sonication as described above. Supernatants (obtained after
two rounds of centrifugation at 30,000 X g for 10 min) were loaded onto a 10-ml DEAE-Sepharose
fast-flow weak anion exchange column (GE Healthcare) equilibrated with buffer A and eluted with a 0 to
0.5 M Nadl linear gradient (20 column volumes). Fractions containing the highest activity were pooled,
supplemented with 20% (vol/vol) glycerol, and stored at —80°C. Under these conditions, the untagged
conformation of R. albus ADP-Glc PPase samples remained fully active for at least 5 months.

Protein methods. Protein concentration was determined according to the method of Bradford (35)
using bovine serum albumin (BSA) as a standard. Recombinant proteins and purification fractions were
defined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to the
method of Laemmli (36). Gels were loaded with 5 to 50 ug of protein per well and stained with
Coomassie brilliant blue. Western blotting was performed after standard techniques (34). Briefly, proteins
in the gel were blotted onto polyvinylidene difluoride (PVDF) membranes using a Mini-PROTEAN I
(Bio-Rad) apparatus. The membranes were blocked 2 h at room temperature and subsequently incubated
overnight with primary antibodies (anti-GlgC or anti-GlgD) at 4°C. After intensive washing, membranes
were incubated with Alexa Fluor 647-goat anti-rabbit IgG(H+L) (Invitrogen) for 1 h at 25°C. Detection
was carried out by scanning membranes at 650 nm with the Typhoon 9400 (GE Healthcare) equipment.
Antibodies raised against GIgC or GlgD from G. stearothermophilus were produced according to estab-
lished methods (37) and were used as previously reported (8). Both antibodies were purified from rabbit
sera by consecutive precipitation steps with ammonium sulfate 50% and 33% (twice) saturation
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solutions, resuspended in TBS buffer (Tris-HCI [pH 8.0], 150 mM NaCl) and desalted using an ultrafiltration
device with a 30-kDa cutoff (Amicon).

lodine staining assay. Experiments were carried out according to previous reports (8, 38). Briefly,
transformed E. coli AC70R1-504 cells harboring pMAB5/RalglgC, pMAB6/RalglgD, or both were inoculated
onto 3 ml of LB medium and grown at 37°C until they reached an ODy, of ~0.8. Then protein expression
was induced with 0.5 mM IPTG for 3 h at 20°C. Then 2% (wt/vol) glucose was added and the incubation
was extended for 1 h at the same temperature. An aliquot of 0.1 ml was withdrawn and centrifuged at
10,000 X g for 5 min. The supernatant was removed and cells were washed with 50 mM phosphate buffer
(pH 7.0). After centrifugation (5,000 X g for 5 min), a compact pellet was allocated to the bottom of the
tube. Then the tube was turned upside down and an iodine crystal positioned in the cap to stain the cell
pellet with iodine vapor (38). Alternatively, glycogen was visualized after staining liquid growth media
with 500 ul of Lugol solution and stained pellets were photographed after centrifugation (5,000 X g for
5 min).

Extraction and quantification of polysaccharides. An alkali treatment protocol was conducted for
polysaccharide extraction, as described previously (12, 39-41). Samples of 10 ml from E. coli AC70RI-504
cells transformed with pMAB5/RalglgC, pMAB6/RalglgD, or both plasmids together were pelleted,
washed with ice-cold water, resuspended to an ODg,, of 5.0, and boiled for 5 min. Then 0.3 ml 30%
(wt/vol) KOH per ml of cell suspension was added and samples were boiled for 90 min. After cooling and
neutralization with acetic acid, polysaccharides were precipitated with 3 volumes of 97% (vol/vol)
ethanol at 0°C. Suspensions were centrifuged at 20,000 X g, and then polysaccharides were dissolved in
0.1 ml of water. Thirty-microliter aliquots were digested with 2 U of amyloglucosidase (EC 3.2.1.3;
Sigma-Aldrich) from Aspergillus niger in 100 mM acetate buffer (pH 4.5) for 2 h at 55°C, in a final volume
of 100 wl. Glucose was determined by a specific glucose oxidase method (42). The amount of measured
glucose was considered the glycogen content and was expressed related to the total amount of pelleted
cells.

Molecular mass determination. Protein molecular mass was determined by gel filtration using a
Tricorn 5/200 column (GE Healthcare) loaded with Superdex G200 resin (GE Healthcare). A gel filtration
calibration kit (high molecular weight; GE Healthcare) with protein standards including thyroglobulin
(669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and ovalbumin (44 kDa) was used.
The column void volume was determined using a dextran blue loading solution (Promega, Fitchburg, WI).

Enzyme activity assays. ADP-Glc PPase activity was determined at 37°C in ADP-Glc synthesis
direction by following P, formation after hydrolysis of PP, by inorganic pyrophosphatase, using a highly
sensitive colorimetric method (43). Reaction mixtures contained (unless otherwise specified) 50 mM
MOPS (pH 8.0), 10 mM MgCl,, 2.0 mM ATP, 0.2 mg/ml of bovine serum albumin, 0.5 U/ml of yeast
inorganic pyrophosphatase, and a proper enzyme dilution. Assays were initiated by addition of 1.5 mM
Glc-1P in a total volume of 50 ul. Reaction mixtures were incubated for 10 min at 37°C and terminated
when malachite green reactive was added. The complex formed with the released P, was measured at
630 nm in an enzyme-linked immunosorbent assay (ELISA) EMax detector (Molecular Devices).

One unit of activity is defined as the amount of enzyme catalyzing the formation of 1 umol of
product per min under the conditions described above in each case.

Calculation of kinetic constants. Saturation curves were determined by assaying enzyme activity at
different concentrations of the variable substrate or effector and saturating levels of the others.
Experimental data were plotted as enzyme activity (units per milligram) versus substrate (or effector)
concentration (millimolar), and kinetic constants were determined by fitting the data to the Hill equation
as described elsewhere (5). Fitting was performed with the Levenberg-Marquardt nonlinear least-squares
algorithm provided by the computer program Origin 8.0. Hill plots were used to calculate the Hill
coefficient (ny), the maximal velocity (V,,,,), and the kinetic constants that correspond to the activator,
substrate, or inhibitor concentrations giving 50% of the maximal activation (A, ), velocity (S,s), or
inhibition (I, ). All kinetic constants are the means from at least three independent sets of data, which
were reproducible within a range of *=10%.

Phylogenetic analysis. Amino acid sequences of different GIgC and GlgD polypeptides belonging to
ADP-Glc PPases from Firmicutes were downloaded from the NCBI database (http://www.ncbi.nlm.nih
.gov/). They were filtered to remove duplicates and near duplicates (i.e., mutants and strains from same
species). After a preliminary alignment, constructed using the ClustalW multiple-sequence alignment
server (http://www.genome.jp/tools/clustalw/) (44), sequences with a wrong annotation or that were
truncated were also eliminated manually. Sequences having less than 30% identity to any other and did
not have all the characterized critical motifs, and catalytic residues were discarded. After this, sequences
were chosen to represent most of the taxonomic groups from Firmicutes. Sequences were classified into
different groups using taxonomic data provided by the NCBI as depicted in Table S2 in the supplemental
material. Once selected, the sequences were aligned using the program T-Coffee (45). A manual
inspection was performed to guarantee that all known conserved regions (i.e., catalytic or binding
associated residues) were properly aligned. Then we chose specific sequence regions to build the tree
and the rest were deleted. The selection was based on the domains and/or residues related to allosteric
regulation according to previous reports or structural data (see Fig. S4 in the supplemental material).
Trees were constructed by maximum likelihood with the program PhyML (46) incorporated into Seaview.
Confidence coefficients for the tree branches were obtained and plotted. Finally, the tree was prepared
with the FigTree 1.3 program (http://tree.bio.ed.ac.uk/) (47).

Homology modeling. Modeling of the GlgC subunit from the R. albus ADP-Glc PPase was performed
using the program Modeler 9.19. The structure was modeled using the structure of the homologous
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enzymes from A. tumefaciens (PDB code 3BRK) and that from E. coli in complex with Fru-1,6-P, (PDB code

5L6S). The reliability of the model was evaluated using the program Verify 3D (48).
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