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Glucose-1,6-Bisphosphate, a Key Metabolic Regulator, Is
Synthesized by a Distinct Family of a-Phosphohexomutases

Widely Distributed in Prokaryotes
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ABSTRACT The reactions of a-d-phosphohexomutases (aPHM) are ubiquitous, key to
primary metabolism, and essential for several processes in all domains of life. The func-
tionality of these enzymes relies on an initial phosphorylation step which requires the
presence of a-d-glucose-1,6-bisphosphate (Glc-1,6-BP). While well investigated in verte-
brates, the origin of this activator compound in bacteria is unknown. Here we show that
the SIr1334 protein from the unicellular cyanobacterium Synechocysitis sp. PCC 6803 is a
Glc-1,6-BP-synthase. Biochemical analysis revealed that Slr1334 efficiently converts fruc-
tose-1,6-bisphosphate (Frc-1,6-BP) and a-d-glucose-1-phosphate/a-d-glucose-6-phosphate
into Glc-1,6-BP and also catalyzes the reverse reaction. As inferred from phylogenetic anal-
ysis, the slr1334 product belongs to a primordial subfamily of aPHMs that is present espe-
cially in deeply branching bacteria and also includes human commensals and pathogens.
Remarkably, the homologue of SIr1334 in the human gut bacterium Bacteroides salyersiae
catalyzes the same reaction, suggesting a conserved and essential role for the members
of this «PHM subfamily.

IMPORTANCE  Glc-1,6-BP is known as an essential activator of phosphoglucomutase (PGM)
and other members of the aPHM superfamily, making it a central regulator in glycogen
metabolism, glycolysis, amino sugar formation as well as bacterial cell wall and capsule for-
mation. Despite this essential role in carbon metabolism, its origin in prokaryotes has so far
remained elusive. In this study we identify a member of a specific «PHM subfamily as the
first bacterial Glc-1,6-BP synthase, forming free Glc-1,6-BP by using Frc-1,6-BP as phosphoryl-
donor. PGMs of this subfamily are widely distributed among prokaryotes including human
commensals and pathogens. By showing that a distinct subfamily member can also form
Glc-1,6-BP, we provide evidence that Glc-1,6-BP synthase activity is a general feature of this
group.

KEYWORDS carbon metabolism, glucose-1,6-bisphosphate, glycolysis,
phosphoglucomutase

he a-d-phosphohexomutase (aPHM) superfamily is ubiquitous and found in all

domains of life. All known members of this superfamily catalyze a reversible intramolecu-
lar phosphoryl transfer on their phosphosugar substrates. This reaction requires a bound
metal ion (usually Mg?*) together with a conserved phosphorylated seryl residue in the
active site and proceeds via a bis-phosphorylated sugar intermediate (1). While showing simi-
lar properties in structure and reaction mechanism, these enzymes differ strongly in substrate
specificity. Based on their preferred substrate, the aPHMs are traditionally divided into four
main groups: (i) Phosphoglucomutases (PGM), (i) phosphoglucosamine mutases (PNGM), (iii)
phosphoacetylglucosamine mutases (PAGM), and (iv) the group of bifunctional phosphoglu-
comutases/phosphomannomutases (PGM/PMM) (1). The most recent expansion to this classi-
fication has been the discovery of the mammalian phosphopentomutase (PGM2) and
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TABLE 1 Subfamilies in the aPHM superfamily with their identifier and proposed main
function according to the NCBI conserved domain database (CDD)

CDD group name CDD identifier Proposed main function

PGM1 ¢d03085 Phosphoglucomutase

PGM2 cd05799 Phosphopentomutase (PGM2)/Glc-1,6-BP synthase (PGM2L1)
PGM3(PAGM) cd03086 Phosphoacetylglucosamine mutase

PMM/PGM cd03089 Bi-functional phosphomanno-/phosphoglucomutase

PGM like 1 cd03087 Unknown

PGM like 2 ¢d05800 Unknown

PGM like 3 ¢d05801 Phosphoglucomutase

PGM like 4 cd05803 Unknown

ManB cd03088 Phosphomannomutase

GImM ¢d05802 Phosphoglucosamine mutase

glucose-1,6-bisphosphate-synthase (PGM2L1) (2, 3). This classification, however, lacks a more
detailed subdivision in between the main groups and also does not take into account
aPHMs preferably catalyzing other reactions (e.g., straight phosphomannomutases) (3). The
NCBI conserved domain database (CDD), instead, classifies the «PHM superfamily in 11 differ-
ent subfamilies on a phylogenetic basis (4). This phylogenetic model enables a more detailed
classification and includes several groups of bacterial and archaeal enzymes showing typical
aPHM properties but being only poorly characterized (Table 1).

The PGM (cd03085) from rabbit and human as well as the bacterial PGM (cd05801)
from Salmonella typhimurium and the bacterial bifunctional PMM/PGM (cd03089) from
Pseudomonas aeruginosa are among the best characterized «PHMs with available crys-
tal structures and detailed description of reaction mechanisms (5-9). Catalyzing the
interconversion of a-d-glucose-1P (Glc-1P) and a-d-glucose-6P (Glc-6P) makes PGM a
key enzyme in glycogen metabolism, glycolysis, and gluconeogenesis. During this reac-
tion, a phosphoserine at the active site of PGM donates the phosphoryl group to the
substrate Glc-6P or Glc-1P resulting in the synthesis of the transient intermediate
a-d-glucose-1,6-bisphosphate (Glc-1,6-BP). After a reorientation in the catalytic center,
the intermediate product re-phosphorylates the active site serine yielding Glc-1P or
Glc-6P, respectively. Glc-1,6-BP itself acts as an essential activator of PGM by providing
an initial phosphorylation of the active site and was first discovered by Leloir, Trucco
(10) in yeast extract (11). While Glc-1,6-BP is not a free metabolite in any metabolic
pathway, it is known to be a potent regulator of several enzymes in central carbon me-
tabolism in eukaryotes: in addition to PGMs and other aPHMs, it was shown to regulate
hexokinases, 6-phosphogluconate dehydrogenase, phosphofructokinase and pyruvate
kinase (12). In mammalian tissues the majority of Glc-1,6-BP is catalyzed by the
PGM2L1 enzyme, a member of the cd05799 subfamily exclusive to eukaryotes, utilizing
1,3-bisphosphoglyceric acid (1,3-BPG) as phosphoryl donor for Glc-1P (3). In contrast,
despite its essential role in the activity of prokaryotic PGM and other enzymes, the ori-
gin of Glc-1,6-BP in prokaryotes has been overlooked and no enzyme producing free
Glc-1,6-BP has been identified so far (13, 14).

The unicellular cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis)
expresses two enzymes that are encoded by the genes s/l0726 and slr1334 and anno-
tated as PGM-like (4, 15). While SII0726 exhibits typical properties of PGMs (16-18), lit-
tle is known about SIr1334. The only study addressing this issue reported that purified
Synechocystis SI10726 has about a 10-fold higher activity in vitro than SIr1334 and that
a sll0726 knockout mutant only shows around 3% PGM activity compared to the wild-
type (19). Despite its low contribution to overall PGM activity, the SIr1334 product
appeared to be essential as it was not possible to acquire fully segregated knockout
mutants of the s/r1334 gene, which raised the question of the role of SIr1334 in
Synechocystis.

In this work, we show that SIr1334 has a phosphotransferase activity catalyzing the
production of free Glc-1,6-BP from Glc-1P/Glc-6P and fructose-1,6-bisphosphate (Frc-
1,6-BP). Thereby, SIr1334 is responsible for the formation of the key activator of PGM,
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Glc-1,6-BP, making it a major regulator in glycolysis and other carbon pathways. Our
finding makes Slr1334 the first bacterial enzyme specific for the production of free Glc-
1,6-BP. Importantly, we show that the homologue of SIr1334 in the human gut bacte-
rium Bacteroides salyersiae catalyzes the same reaction.

RESULTS

Classification of the two PGM isoenzymes from Synechocystis. Synechocystis pos-
sesses two genes annotated as PGMs, the genes sll0726 and slr1334. To classify them
within the «PHM superfamily, we performed a phylogenetic analysis by multi-level align-
ment of all aPHM subfamilies that are considered PGM or “PGM_like.” For this, we collected
the entry sequences from the NCBI Conserved Domains Database (CDD) (4) and retrieved
further sequences by performing BLAST searches in the NCBI RefSeq_protein database. To
focus on glucose-specific aPHMs, the groups of enzymes specific for other sugars like
PMMs, PNGM and PAGMs (cd03086 cd03088, cd05802, cd05805) were omitted from the
analysis (Fig. 1). In general, the aPHMs can be divided into four conserved regions which
are from N- to C-terminus: (i) the active site domain, (ii) the metal binding domain, (iii) the
sugar binding, and (iv) the phosphate binding domain. While the domains 1, 2, and 4 are
usually highly conserved between the different subfamilies, the sugar binding domain
shows a greater variance and can assist in the categorization of aPHMs (Table S1 in the
supplemental material) (2).

SIr1334 is part of the cd05800 (PGM_like2) subfamily present in many bacterial
groups. In agreement with the CDD, our phylogenetic analysis shows that this subfam-
ily forms a distinct cluster of PGMs which clearly separates from other PGM and PGM
like enzymes. The SII0726 PGM, by contrast, is a member of the cd05801 subfamily, to
which the well characterized PGM from S. typhimurium belongs. With the chosen pa-
rameters (see methods part) we detected a total of 2140 hits for SIr1334 homologues.

SIr1334 shows low PGM activity compared to SI10726 but behaves differently
in the presence of fructose-1,6-BP. To gain deeper insights into the role of the enig-
matic SIr1334, we overexpressed SIl0726 along with SIr1334 in Escherichia coli and
assessed the PGM enzymatic activity of the purified proteins by measuring the inter-
conversion of Glc-1-P to Glc-6-P in an assay that couples Glc-6-P formation to its subse-
quent oxidation using glucose-6-phosphate-dehydrogenase (G6PDH) and NADP*. We
could show that SIr1334 only displays about 5% of catalytic efficiency compared to
SII0726 when both PGMs were tested with saturating amounts of the activator Glc-1,6-
BP (60 uM) (Fig. 2, Table 2; see also Fig. 3). Interestingly, the PGM activity of both
enzymes was also measurable without addition of Glc-1,6-BP, which is considered to
be an essential activator. However, in the absence of Glc-1,6-BP, the catalytic efficiency
was about 70 times lower due to a significantly increased Michaelis-Menten constant
(K.,,) for SIl0726 and Slr1334 alike.

Fructose-1,6- bisphosphate is an endogenous intermediate of the glycolytic pathway
and is known to be an inhibitor of PGM most likely by competing with the reaction inter-
mediate Glc-1,6-BP (20, 21). In a preliminary experiment we tested the effect of different
concentrations of Frc-1,6-BP on SII0726 and observed major inhibition already at concen-
trations of 100 uM (data not shown). When testing PGM activity by replacing 60 uM Glc-
1,6-BP with 100 wM Frc-1,6-BP, we detected a decrease in catalytic efficiency to 19% as a
consequence of a strongly increased K., (Fig. 2, Table 2). Strikingly, however, for Slr1334 we
detected a different effect: while the catalytic rate constant (k) decreased by about 2-
fold, we measured an approximately 100-fold reduced K., resulting in 50 times increased
catalytic efficiency. This raised the question of how Frc-1,6-BP affected the PGM-activity of
SIr1334. We speculated that Frc-1,6-BP might either function as a direct activator similar to
Glc-1,6-BP or be required for the synthesis of the activating compound Glc-1,6-BP during
the reaction of Slr1334. As we will show below, the activating compound turned out to be
Glc-1,6-BP and not Frc-1,6-BP.

SIr1334 forms a product out of Frc-1,6-BP and Glc-1P/Glc-6P that strongly acti-
vates PGM reaction of SIl0726. To determine the amount of Glc-1,6-BP needed to

achieve activation of the SII0726 PGM reaction at 1 mM Glc-1P we first tested PGM activity
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FIG 1 Phylogenetic tree of the aPHM subfamilies that are considered to be “PGM-like” according to CDD. The tree was built on the taxonomy based on
the protein sequences present in the NCBI RefSeq_protein database. The CDD subfamilies cd03086, cd03088, cd05802 and cd05805, which are known to

catalyze distinct reactions, were omitted from the analysis. The organisms investigated in this study are highlighted in bold letters.
of SIl0726 at different Glc-1,6-BP concentrations. Maximum activation was achieved at Glc-
1,6-BP concentrations between 30 and 60 wM resulting in a 5-fold increased activity com-
pared to a control reaction without any effectors (Fig. 3). Next, we incubated SIr1334
(0.5 uM) with the phosphorylated sugars Frc-1,6-BP, Glc-1P and Glc-6P (1 mM each) in dif-
ferent combinations and subsequently tested whether the SIl0726 PGM reaction could be
activated by the corresponding reaction products (Fig. 3). As a control, we incubated the
same phosphosugars with SI10726 (0.5 ©M) instead of Slr1334 before testing activation of
the SI10726 PGM reaction. After incubating SIr1334 and the control reaction with the phos-
phosugars for 1.5 h, the reaction was stopped by heat inactivation and the supernatant
was added in a dilution of 1:10 to the reaction mixture of the SIl0726 PGM reaction assay,
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FIG 2 SIr1334 shows lower PGM activity then SIl0726 and behaves differently in the presence of Frc-1,6-BP. Shown are the
Michaelis-Menten kinetics of SII0726 (A) and SIr1334 (B): in black, without addition of effectors; in light gray in the presence of
60 uM Glc-1,6-BP; in blue, in the presence of 100 uM Frc-1,6-BP. Three replicates were measured for each data-point. Error
bars represent the SD.

which was then started by adding T mM Glc-1P. Only after adding the supernatant of the
SIr1334 reaction containing Frc-1,6-BP and Glc-1P (or GIc-6P) as substrates, the velocity of
the SIl0726 PGM reaction was increased by 5-fold in comparison to the control reaction
without any effector (Fig. 3). When the SIl0726 PGM reaction was performed with the su-
pernatant of the SIl0726 control reaction or the reaction products of Slr1334 using
Frc-1,6-BP as sole substrate, the enzyme velocity was lower than the control without
effectors. This reduction can be explained by the inhibitory effect of Frc-1,6-BP on
SI10726 as shown in Fig. 2.

In addition to Frc-1,6-BP, we also tested whether SIr1334 can utilize 1,3-BPG instead
of Frc-1,6-BP for Glc-1,6-BP formation as described for the mammalian PGM2L1. Since
1,3-BPG is not commercially available, we established an assay whereby we continu-
ously produced 1,3-BPG by a phosphoglycerate kinase (PGK) reaction using a His-
tagged purified PGK in combination with T mM 3PG and 1 mM ATP (see methods
part). This reaction was directly coupled to the reaction of SIr1334 with Glc-1P or Glc-
6P or no substrate. As a control the same reaction was performed with SI10726 instead
of SIr1334. To test the possible formation of Glc-1,6-BP, the supernatants of these reac-
tions were added to the SII0726 PGM reaction before performing the enzymatic assay
as described above.

We detected an increase in the SII0726 PGM activity by approximately 2.5-fold com-
pared to the control without effectors when the supernatant of the Slr1334 reaction
contained 1,3-BPG and either Glc-1P or Glc-6P. No increase in activity was detected
when the supernatant solely contained 1,3-BPG. The supernatant of the control reac-
tion with SI10726 instead of SIr1334 resulted in no marked change in activity.

By comparing the activation of the SIl0726 PGM reaction by the SIr1334 reaction
products to the activation at different concentration of Glc-1,6-BP we attempted to
estimate the efficiency of Glc-1,6-BP formation from either Frc-1,6-BP or 1,3-BPG. In this
experiment, the Slr1334-catalyzed reaction using 1,3-BPG and G1P as substrates pro-
duced an estimated 1-5 uM the activating compound, while the F-1,6-BP + G1P

TABLE 2 Kinetic parameters for the conversion of Glc-1P to Glc-6P by SIl0726 and SIr1334 in the presence of different effector molecules as
indicated?

s110726 SIr1334 . ) .
Catalytic efficiency ratio (%)
Effector K., (mM) Keae (571 Kot/ K (M~ 's77) K., (mM) Keae (571) Kot/ K (M7 's71) (SIr1334/S110726)
No effector 3.27 £ 0.21 138 =3.7 422 x 103 331 *+0.14 7.5 *0.1 23 x10° 55
Glc-1,6-BP 0.19 = 0.04 415 = 30.6 3038.9 x 10° 0.09 = 0.02 144 = 0.7 158.1 x 10° 5.2
Frc-1,6-BP 26.86 * 3.35 218 £21.3 8.1 x 103 0.03 = 0.01 3.6 +0.2 117.5 x 10° 1,450

“K,, and K, values are means of triplicates with = SD. Catalytic efficiency ratio is given in percentage and was calculated by the ratio of K_, /K, of SIr1334 and Sll0726.
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FIG 3 Activation of SIl0726 PGM reaction by Glc-1,6-BP or by the reaction products of SIr1334. Shown is
the SIl0726 PGM activity in the presence of different effectors relative to the activity in the absence of
effector molecules (set as 100%, black bar). The different bars represent the following reactions: Dark gray
bars: Relative PGM activity in the presence of different concentrations of activator molecule Glc-1,6-BP, as
indicated. Blue bars: Relative PGM activity in the presence of the supernatant of the SIr1334 reaction
carried out with different combinations of substrates, as indicated. Light gray bars: Same conditions as
adjacent blue bars, except that SIr1334 was replaced by SIl0726, as a control. Three biological replicates
were measured for each datapoint. Error bars represent the SD; asterisks represent the statistical
significance in comparison to the reaction without effectors.

reaction produced an estimated 30-60 uM the activating compound Glc-1,6-BP
(Fig. 3). This implies that Frc-1,6-BP as phosphorylating sugar is about 10-fold more
effective than 1,3-BPG for the Slr1334 reaction.

The product of the SIr1334 reaction is not degradable by the Frc-1,6-BP-aldol-
ase. To confirm that the activating compound formed from Glc-1P/Glc-6P and Frc-1,6-
BP through the SIr1334 reaction is in fact Glc-1,6-BP, we analyzed the reaction product
via liquid chromatography-mass spectrometry (LC/MS). Therefore, we incubated
SIr1334 together with 500 uM Frc-1,6-BP and 1 mM Glc-1P for 1.5 h. As a control, the
same substrates were incubated without enzyme. Since LC/MS analysis does not allow
discriminating Glc-1,6-BP from Frc-1,6-BP, we performed an additional reaction step to
specifically degrade Frc-1,6-BP. Therefore, after heat inactivation, the reaction mixture
was incubated with Frc-1,6-BP-aldolase (Fba) and glycerol-3-phosphate-dehydrogen-
ase (GPDH) as well as 1 mM NADH:Fba specifically cleaves Frc-1,6-BP into dihydroxya-
cetone phosphate (DHAP) and glyceraldehyde-3P while Glc-1,6-BP is unaffected. GPDH
subsequently forms glycerol-3-phosphate (glycerol-3P) and NAD* out of DHAP and
NADH. This is necessary to enable full degradation of Frc-1,6-BP.

After this treatment, LC/MS analysis revealed that a compound with a mass corre-
sponding to either Glc-1,6-BP or Frc-1,6-BP was present in the SIr1334 reaction while
this mass was not detectable in the control reaction where no SIr1334 was present
(Fig. 4). This indicates that Frc-1,6-BP in the control reaction was completely degraded
in the subsequent reaction by Fba as expected, while Frc-1,6-BP in the Slr1334 reaction
was metabolized into a molecule of the same mass that was not degraded by Fba. This
is precisely what is expected when Glc-1,6-BP is produced from Frc-1,6-BP turn-over.
Furthermore, the reaction products from the coupled GPDH reaction, NAD* and glyc-
erol-3P were more abundant in the control reaction without Slr1334 compared to the
reaction with SIr1334. This indicated that more Frc-1,6-BP was degraded out of the
control reaction than out of the reaction containing Slr1334 due to partial conversion
of Frc-1,6-BP into Glc-1,6-BP by SIr1334 (Fig. 4). Altogether, this experiment strongly
indicated that in the presence of SIr1334, Frc-1,6-BP was partially utilized to form Glc-
1,6-BP. The fact that only a part of Frc-1,6-BP was consumed could be either due to a
too short reaction time or because the reaction reached an equilibrium state.

Sir1334 keeps Frc-1,6-BP and Glc-1,6-BP in an equilibrium. For investigating
whether the formation of Glc-1,6-BP out of Glc-1P/Glc-6P and Frc-1,6-BP is an equilib-
rium reaction, we performed an enzymatic assay to determine the amount of the
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BP was not fully metabolized into Glc-1,6-BP. Magnification and adjustment of the graphs in (A) and (B) is clear
evidence of the absence (C) or formation (D) of Glc-1,6-BP.

remaining Frc-1,6-BP. Therefore, Slr1334 was incubated with 500 uM Frc-1,6-BP and
1 mM Glc-1P for 1.5 h. As controls, the same assays were performed with SI10726 or
without any enzyme. After the reaction was stopped by heat inactivation, the supernatant
was used to run the coupled Fba/GPDH assay in a dilution of 1:10, which would corre-
spond to a final concentration of 50 uM Frc-1,6-BP if no Frc-1,6-BP was consumed. As fur-
ther controls, standards of 50 «M and 25 uM Frc-1,6-BP were used in the Fba/GPDH assay.
This experiment showed that the concentration of Frc-1,6-BP decreased by about 50%
when in the first reaction Slr1334 was present, while apparently no Frc-1,6-BP was utilized
in the control reactions (Fig. 5). This result agreed with the assumption that the reaction
reaches an equilibrium at 50% product formation, either because of the reversibility of the
reaction or product inhibition.

The SIr1334 reaction is reversible. To reveal whether SIr1334 can catalyze the pro-
posed reverse reaction and synthesize Frc-1,6-BP from Glc-1,6-BP and fructose-1P (Frc-
1P)/fructose-6P (Frc-6P), formation of Frc-1,6-BP was coupled to the Fba and GPDH
reaction. For the assay, 50 uM Glc-1,6-BP was used and the reaction was started by the
addition of 5 mM Frc-6-P. As control reaction, Synechocystis SIl0726 was used. In addi-
tion, we also tested PGM1 from rabbit since this type of PGM was stated to possibly
catalyze this reaction albeit at a very low efficiency (22, 23). The results clearly showed
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FIG 5 SIr1334 produces Glc-1,6-BP out of Frc-1,6-BP in an equilibrium reaction. Shown is the Frc-1,6-BP-
aldolase activity: in dark blue, after addition of the supernatant of the SIr1334 reaction; in light blue, after
addition of the supernatant of the SIl0726 reaction as a control; in black, after addition of the supernatant
without any enzyme. In dark gray and light gray, the aldolase activity measured at Frc-1,6-BP concentrations of
25 uM and 50 uM, respectively, as further control. Frc-1,6-BP was used at concentrations of 500 uM in the
SIr1334 reaction and respective control reactions. Therefore, its final concentration in the SIl0726 assay after
1:10 dilution was expected to be 50 uM assuming no consumption of Frc-1,6-BP in the Slr1334 reaction. Three
replicates were measured for each datapoint. Error bars represent the SD.

that SIr1334 could produce Frc-1,6-BP, resulting in measurable aldolase activity while
the SIl0726 and rabbit PGM controls showed no marked activity (Fig. 6a). Using this
assay, we tried to determine the kinetic constants for the two substrates Frc-6-P and
Glc-1,6-BP. For Frc-6P, a K., of 1 mM and a K_,, of 1.2 s7' could be determined (Fig. 6b,
Table 3). By contrast, the affinity of Slr1334 for Glc-1,6-BP was so high that, even at the
lowest measurable substrate concentrations (2 wM), the reaction proceeded with maxi-
mal velocity (Fig. 6¢). Altogether these experiments unequivocally demonstrate that
SIr1334 is the first characterized bacterial Glc-1,6-BP synthase. In contrast to the eukary-
otic Glc-1,6-BP synthase, the prokaryotic enzyme uses Frc-1,6-BP as major phosphoryl
donor for Glc-1,6-BP production.

The Glc-1,6-BP synthase reaction is also performed by other members of the
cd05800 group. To determine whether the reaction catalyzed by SIr1334 is representa-
tive for aPHM enzymes of the cd05800 family, we decided to analyze the corresponding
homologue from the human microbiome associated bacterium Bacteroides salyersiae.
Therefore, we tested formation of Glc-1,6-BP under the same conditions as described
above for SIr1334 by incubating the recombinant cd05800 enzyme from B. salyersiae with
Frc-1,6-BP and Glc-1P or Glc-6P and subsequently adding the supernatant of this reaction
to the SII0726 assay. As a positive control we used the reaction of SIr1334.

The addition of the supernatant from the B. salyersiae cd05800 PGM increased the
velocity of SIl0726 in a comparable manner as the supernatant of the Slr1334 reaction
(Fig. 7). This indicates that similar amounts of Glc-1,6-BP have been formed in both
reactions, hence revealing that B. salyersiae cd05800 PGM catalyzes the same reaction
as SIr1334.

DISCUSSION

Among the key reactions in carbon metabolism are the phosphoryl transfer reac-
tions on different phosphosugars, which are catalyzed by the members of the aPHM
superfamily. These reactions are essential for glycogen metabolism, amino sugar me-
tabolism as well as cell wall synthesis and are conserved throughout all domains of life.
The interconversion of Glc-1P to Glc-6P and vice versa by PGM is by far the best
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FIG 6 SIr1334 catalyzes the reverse reaction to form Frc-1,6-BP out of Glc-1,6-BP and Frc-6P. (A) Activity of SIr1334 (blue), SIl0726 (gray),
and rabbit PGM1 (black) using 50 uM Glc-1,6-BP and 5 mM Frc-6P. (B) Michaelis-Menten kinetics of Slr1334 using different concentrations of
Frc-6P and 50 M Glc-1,6-BP. (C) SIr1334 reaction at different concentrations of Glc-1,6-BP and 0.5 mM Frc-6P. Three replicates were

measured for each datapoint. Error bars represent the SD; asterisks represent the statistical significance.

studied of these reactions and investigation of PGM goes back to the 1940s. It has long
been known that PGM requires Glc-1,6-BP as a activator (10). While in mammals free
Glc-1,6-BP has been shown to derive from the reaction of the PGM2L1 enzyme utilizing
Glc-1P and 1,3-BPG as substrates, its origin in prokaryotes has remained unknown (3).

In this study, we used the unicellular cyanobacterium Synechocystis sp. PCC6803 as
a model organism to identify the first bacterial glucose-1,6-BP synthase. This reversible
reaction is a novel function of a member of a distinct «PHM subfamily producing free
a-d-Glc-1,6-BP and Frc-6P from Frc-1,6-BP and Glc-1P/Glc-6P.

Glc-1,6-BP is essential for PGM activity due to the requirement for phosphorylation
of the serine residue at the active site for enzyme activation. The activating reaction
converts Glc-1,6-BP into either Glc-1P or Glc-6P. After this initial activation, the inter-
conversion of Glc-1P to Glc-6P is mediated by a transfer of the phosphate group from
the serine residue at the active site to the 1’ or 6’ position of the substrate respectively,
forming a Glc-1,6-BP intermediate. This intermediate has to reconfigure inside the
enzyme and transfer the phosphate of its 6’ or 1’ position back to the active site serine
leading to the release of Glc-6P or Glc-1P, respectively. As a result of this mechanism,
the active site remains phosphorylated, and the enzyme is ready for a new cycle. However,
it has been shown that the phosphorylation of PGM at the active site is lost after an aver-

TABLE 3 Kinetic parameters of Frc-1,6-BP synthesis by SIr13344

Substrate K., (mM) Kt (577) Kot/ K (M7's71)
Glc-1,6-BP <0.002 1.2 £0.03 600,000
Frc-6P 1.0 = 0.07 >1,200

?K,, and Kcat values are means of triplicates with + SD.
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FIG 7 SIr1334 homologue from B.salyersiae also forms Glc-1,6-BP out of Frc-1,6-BP. Shown is the
SIl0726 PGM activity in the presence of different effectors relative to the activity in the absence of
effector molecules (set as 100%, dark gray bar): The different bars represent the following reactions:
Light gray bars: Relative PGM activity in the presence of the supernatant of the B. salyersiae PGM
reaction carried out with different combinations of substrates, as indicated. Blue bars: Same
conditions as adjacent blue bars, except that B. salyersiae PGM was replaced by SIr1334, as a positive
control. Error bars represent the SD; asterisks represent the statistical significance in comparison to
the reaction without effectors.

age of 15-20 reaction cycles by a spontaneous dissociation of the intermediate Glc-1,6-BP
leaving behind an inactive dephosphoenzyme. Therefore, a constant level of Glc-1,6-BP is
necessary to ensure that PGM is kept in an active state (24, 25). While the loss of the inter-
mediate might be regarded as an unfavorable event, it can also be considered as a regula-
tory mechanism that enables regulation of PGM activity based on Glc-1,6-BP levels. For
other aPHMs like PMM and PNGM it is known that the corresponding intermediates (e.g.,
a-d-mannose-1,6-BP and a-d-glucosamine-1,6-BP) are formed during the reaction of the
respective enzymes in the same way as for PGM but no source of those intermediates is
known that would enable an initial activation of these aPHMs or would keep them in an
active state overtime when phosphorylation is lost. However, because many members of
the aPHM family show at least some residual PGM activity, Glc-1,6-BP was suggested to be
the activating compound for these enzymes as well. This has in fact been shown for PNGM
from E. coli which is considered to be an essential enzyme (26). This makes the role of Glc-
1,6-BP in carbon metabolism even more relevant and would explain the failed attempts to
delete the slr1334 gene (19).

In mammals, it was shown that Glc-1,6-BP can also regulate central enzymes of car-
bon pathways by inhibiting hexokinases, 6-phosphogluconate dehydrogenase and
fructose-1,6-bisphosphatase and by activating phosphofructokinase and pyruvate ki-
nase (12). Further studies in mammals showed that Glc-1,6-BP is especially elevated in
brain tissue to a level that highly exceeds the regulatory concentrations needed for
PGM activity, and that reduced levels of Glc-1,6-BP cause severe neurological problems
(27). This indicates that at least in mammals there are likely more functions of Glc-1,6-
BP to be discovered. Given the important role of Glc-1,6-BP in eukaryotic metabolism,
it is surprising that very little is known on the role of Glc-1,6-BP in bacterial physiology.
The only study about the origin of a-d-Glc-1,6-BP production in bacteria proposed a
phosphodismutase reaction with Glc-1P as the sole substrate in E. coli (28). Moreover,
the levels of Glc-1,6-BP in eukaryotes are affected by a specific Glc-1,6-BP phosphatase,
PMM1, which is a phosphomannomutase that is not part of the «PHM superfamily.
Whether a homologue exists in bacteria is currently unknown (29).

In the absence of Glc-1,6-BP, both SIr1334 and SIl0726 showed low PGM activity.
This residual activity can be explained by the fact that a phosphorylation of the active
site serine can also be achieved at high concentrations of Glc-1P but at a much lower
efficiency, leading to high K, values and overall strongly reduced activity (11). In the
presence of Frc-1,6-BP, SII0726 was strongly inhibited, which agrees with the inhibitory
effect of Frc-1,6-BP on other PGMs (20, 21). By contrast, Frc-1,6-BP enhanced the overall
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catalytic activity of Slr1334, primarily because of a strongly decreased K,,. This effect
can now be attributed to the formation of the activator Glc-1,6-BP.

Like mammalian PGM2L1, SIr1334 can utilize 1,3-BPG as a phosphorylating compound
for Glc-1,6-BP formation, however with a much lower efficiency than Frc-1,6-BP. Although
it cannot be excluded that 1,3-BPG could play a role under certain conditions, Frc-1,6-BP
seems to be more important as it can accumulate to high levels in bacteria (30).

For the mammalian PGM2L1 a reverse reaction (formation of 1,3-BPG and Glc-1P
from Glc-1,6-BP and 3-PG) has not been shown. For SIr1334, we could clearly show re-
versibility of the reaction, producing Frc-1,6-BP from Glc-1,6-BP and Frc-6P. Provided
that both directions of the reaction have similar kinetic properties, Slr1334 appears to
be a bona-fide Glc-1,6-BP synthase, which is prone to activate the main PGM SI10726.

In contrast to Glc-1,6-BP, Frc-1,6-BP is an obligatory intermediate in glycolysis, gluconeo-
genesis and Calvin-Benson-Bassham cycle. In contrast to mammalian PGM2L1, Synechocystis
SIr1334 uses this sugar as the major substrate for Glc-1,6-BP synthesis. This links the synthesis
of Glc-1,6-BP to the levels of Frc-1,6-BP. Its steady state level depends on the activity of the
opposing reactions of phosphofructokinase (Pfk) and fructose-1,6-bisphosphatase (FBPase),
both of which are regulated in an opposite manner: While PFK is usually activated by the
low energy state metabolites ADP and AMP and downregulated by the high energy state
metabolites ATP and citrate, FBPase is downregulated by AMP while unaffected by high
energy compounds. The level of Frc-1,6-BP is further determined by the Frc-1,6-BP-aldolase
activity. Frc-1,6-BP is also known to be an allosteric activator of pyruvate kinase (PK), the final
step in glycolysis (31).

Altogether, in the cyanobacterium Synechocystis PCC6803, Frc-1,6-BP appears to
have two counteracting effects on PGM activity. On the one hand, it acts as a direct in-
hibitor of PGM; on the other hand, it gives rise to the synthesis of the PGM activator
Glc-1,6-BP through the activity of Slr1334. Furthermore, since these double phospho-
rylated sugars may affect further enzyme reactions, by connecting these two metabo-
lites, SIr1334 might represent a crucial regulatory point in glycolysis (Fig. 8). This
conclusion would further underline the essential role of slr1334 (19).

Interestingly, our phylogenetic analysis revealed the cd05800 subfamily as the most pri-
mordial group of phosphoglucomutases. This group appears to be especially present in bac-
terial classes that are considered deeply branching bacteria meaning they are relatively close
to the last common universal ancestor. Examples for this are the classes of Deinococdi,
Aquificae, Thermotogae, Bacteroidetes, and Cyanobacteria, where this PGM subfamily is
widely distributed. This finding is supported by the fact that cd05800 members can also be
found in archaea. In agreement with this, the first characterized representative of this group,
SIr1334 shows both PGM and Glc-1,6-BP activity. This suggests that in primordial systems
these PGMs with broad functionality could have performed PGM reactions without the
requirement for specific Glc-1,6-BP synthase enzymes. During subsequent functional diversi-
fication, the PGMs may have adopted unique functions, with specialization toward efficient
conversion of Glc-6-P into Glc-1P on the one hand. On the other hand, they may have lost
the ability to sufficiently catalyze other reactions like Glc-1,6-BP synthesis. This assumption
agrees with our observation that in some bacteria the primordial, more universal cd05800
PGM is the only subfamily found. In contrast, the more specialized and highly efficient
¢d03085 and cd05801 PGMs are always accompanied by other subfamily members (mainly
¢d05800). Conversely, the cd03089 PGM/PMM, often associated with pathogenic bacteria, is
never accompanied with a cd05800 representative which raises the question how those
strains produce Glc-1,6-BP (Table S2). To clarify these issues, further investigations on aPHM
members from various bacterial groups are required.

We were able to show that the cd05800 PGM from the human gut commensal bac-
terium B. salyersiae also catalyzes the synthesis of Glc-1,6-BP out of Frc-1,6-BP like
SIr1334 (Fig. 7). In the case of B. salyersiae, the enzyme appears to have an even higher
catalytic efficiency for the Glc-1,6-BP synthase reaction than for the standard PGM reac-
tion (Fig. S1 in the supplemental material). Therefore, we conclude that the formation
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FIG 8 Potential role of SIr1334 in glycolysis. Shown is the potential role of SIr1334 in regulating
activity of aPHMs and the concentration of key metabolites in glycolysis. PGM: Phosphogluco-
mutase; PGl: Glc-6P-Isomerase; PFK: Phosphofruktokinase; FBAse: fructose-6P phosphatase; FBA:
Frc-1,6-BP-aldolase; TPI: Triosephosphate isomerase; GAPDH: Glyceraldehyde-3P dehydrogenase;
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of Glc-1,6-BP might be a general feature of this PHM subfamily. However, further stud-
ies on members of this group are required to support this hypothesis.

Interestingly, members of the cd05800 group are also present in emerging human
pathogenic species like Vibrio, Eggerthella, and Brachyospyra (Fig. 1) and are likely to
play a key role in the metabolism of these pathogens. In fact, due to their crucial role
in capsule and cell wall synthesis PGMs have been suggested as novel targets for the
development of anti-infectives in prophylactic and therapeutic interventions (5, 32). It
is tempting to speculate that Glc-1,6-BP synthases of the cd05800 family, in virtue of
their absence in eukaryotes, may also be interesting candidates for the development
of novel drugs modulating the microbiota with little collateral damage to the host.

MATERIALS AND METHODS

Isothermal, single-reaction DNA assembly (Gibson cloning). Cloning was performed as described by
Gibson, Young (33) using E. coli NEB103 cells (details in Table S5). All primers and plasmids used are
shown in Table S3 and Table S4 in the supplemental material, respectively.

Cultivation of Escherichia coli. If not otherwise stated E. coli was grown in Luria-Bertani medium at
37°C (34). For growth on plates, 1.5% (wt/vol) agar-agar was added. For cells containing plasmids, the
appropriate concentration of antibiotics was used. All E. coli strains used in this study are listed in
Table S5 in the supplemental material.

Protein overexpression and purification. The plasmids used for protein overexpression are shown
in Table S4 in the supplemental material. Escherichia coli Rosetta-gami (DE3) (details Table S5) was used for
the overexpression of all proteins. For this, cells were cultivated in 2xYT (3.5% tryptone, 2% yeast extract,
0.5% NaCl; 1L of culture in 5L flasks) at 37°C until reaching exponential growth (OD,,, 0.6-0.8). Protein
overexpression was induced by adding 75 ug/L anhydrotetracycline, followed by incubation at 20°C for 16
h. Cells were harvested by centrifugation at 4000 g for 10 min at 4°C. Cell disruption was performed by
sonication in 40 mL of lysis buffer (100 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM MgCl, 20 mM Imidazole
for His-tagged proteins and 100 mM Tris-HCI pH 8, 150 mM NaCl, 10 mM MgCl, for Strep-tagged proteins);
lysis buffers were supplemented with DNase | and cOmplete™ protease inhibitor cocktail (Roche, Basel).
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The cell lysate was centrifuged at 40,000 g for 45 min at 4°C and the supernatant was filtered with a
0.22 uM filter.

For the purification of His-tagged proteins, 5 mL Ni-NTA HisTrap columns (GE Healthcare, IL, USA)
were used. The cell extracts were loaded onto the columns, washed with wash buffer (50 mM Tris-HCI
pH 7.4, 500 mM NaCl, and 50 mM Imidazole) and eluted with elution buffer (50 mM Tris-HCl pH 7.4,
500 mm NaCl, and 500 mM Imidazole).

Measurement of PGM activity of SII0726 and SIr1334 in vitro. Buffer for enzymatic reactions was
composed of 50 mM HEPES-KOH pH 7.5, 150 mM KCl, 10 mM MgCl,, 1 mM NADP™", 1 mM DTT, and 1 U/mL
G6PDH from Saccharomyces cerevisiae (G6378, Sigma-Aldrich). For SII0726 activity, 60 ng of Strep-tagged puri-
fied protein was added to each reaction. For slr1334 activity, 650 ng of purified protein was added. For tests
with saturating Glc-1,6-BP concentrations, 60 wM Glc-1,6-BP have been used. Reaction was started by the
addition of glucose-1P. Reactions were carried out in a total of 300 L in a 96-well microplate. Absorption
change at 340 nm was continuously measured for 15 min at 30°C in a TECAN Spark Multiplate reader (Tecan
Group AG, Médnnedorf, Switzerland). At least three replicates were measured.

Measurement of Glc-1,6-BP formation. The reaction buffer was composed of 50 mM HEPES-KOH pH
7.5, 150 mM KCl and 10 mM MgCl,. To test the formation of Glc-1,6-BP out of Frc-1,6-BP 1 mM Frc-1,6-BP,
1 mM GIc1P or 1 mM Glc-6P were added in different combinations. To test the formation of Glc-1,6-BP out of
1,3-BPG instead of Frc-1,6-BP, T mM ATP, T mM 3-PG and 60 ng PGK have been used. SII0726 and SIr1334
concentration were 30 ng/mL. The reactions were performed for 1.5 h at 30°C followed by heat inactivation
at 90°C for 10 min with subsequent centrifugation at 25000 g for 10 min at 4° C. The supernatants of the vari-
ous reactions were used at 1:10 dilution in the SIl0726 activity assay.

Measurement of Frc16BP formation by coupling to Frc-1,6-BP aldolase assay. To measure the
formation of Frc-1,6-BP by SlIr1334, the reaction buffer was composed of 50 mM HEPES-KOH pH 7.5,
150 mM KCl, 10 mM MgCl,, 0.2 mM NAD, 7 g SIr1334, 1U/mL FBP-aldolase from rabbit muscle and 1U/
mL GDH from rabbit muscle. Concentrations of Glc-1,6-BP and Frc-6P were varying depending on the
experiment. Reaction was started by the addition of Glc-1,6-BP or Frc-6P depending on the experiment.

To measure residual Frc-1,6-BP after running the SIr1334 reaction, the buffer was composed of
50 mM HEPES-KOH pH 7.5, 150 mM KCl, 10 mM MgCl,, 0.2 mM NAD, 0.02U/mL aldolase from rabbit mus-
cle and 1U/mL GDH from rabbit muscle.

All reactions were carried out in a total of 300 uL in a 96-well microplate. Absorption change at
340 nm was continuously measured for 15 min at 30°C in a TECAN Spark Multiplate reader (Tecan Group
AG, Mannedorf, Switzerland). The enzymatic activity was then calculated. At least three replicates were
measured.

LC-MS measurement. Sample preparation. Reaction buffer was composed of 50 mM HEPES-KOH
pH 7.5, 150 mM KCl and 10 mM MgCl,. For the reaction without enzyme 500 uM Frc-1,6-BP and 1 mM
Glc1-P were added. For the SIr1334 reaction, 30 ug of SIr1334 have been used additionally. Reaction
was carried out in a total volume of 1 mL at 30°C for Th. Afterwards, reaction was stopped by heat inacti-
vation at 90° C followed by centrifugation at 25000 g for 10 min at 4°C.

For degradation of Frc-1,6-BP, 1T mM NADH, 2U/mL of aldolase from rabbit muscle and 2U/mL of
GDH from rabbit muscle were added. Reaction was carried out followed by inactivation at the same con-
ditions as before.

LC/MS analysis. LC/MS analysis was performed using an electrospray ionization time of flight (ESI-
TOF) mass spectrometer (MicrOTOF II; Bruker Daltonics), operated in negative ion-mode connected to
an UltiMate 3000 high-performance liquid chromatography (HPLC) system (Dionex). The separation in
the HPLC was carried out using a SeQuant ZIC-pHILIC column (PEEK 150 x 2.1 mm, 5 um, 110 A, Merck)
at 30°C with an CH,CN (buffer A) and 100 mM (NH,),CO,, pH 9 (buffer B) buffer system. A single run
(injection volume of 5 ulL) was performed with a flow rate of 0.2 mL/min and a linear gradient of 25 min,
reducing the concentration of buffer A from 82% to 42%. Before (5 min) and after (10 min) the gradient,
the column was equilibrated with 82% buffer A.

Phylogenetic analysis of «PHM subfamilies. The occurrence of members of the aPHM subfamilies
was investigated in organisms included in the NCBI RefSeq_protein database using the default settings
of blastp. The search returned 2140 hits for SIr1334 homologues and >5000 hits for SIl0726 homologues
by using the following threshold:

E-value = 10 sequence identity = 30%; Query coverage = 95%

Phylogenetic tree data were created using the ClustalW implementation from the European
Bioinformatics Institute and the phylogenetic tree was created using the Interactive Tree of Life (iTOL)
v5 online tool (35, 36).

Statistical analysis. Statistical details for each experiment can be found in the figure legends. GraphPad
PRISM was used to perform one-sided ANOVA to determine the statistical significance. Asterisks (*) in the fig-
ures symbolize the P-value: one asterisk represents P = 0.05, two asterisks P = 0.01, three asterisks P = 0.001,
and four asterisks P =< 0.0001.
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