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Streptomyces coelicolor exhibits a major secondary metabolism, deriving important amounts of glucose to synthesize pigmented
antibiotics. Understanding the pathways occurring in the bacterium with respect to synthesis of oligo- and polysaccharides is of
relevance to determine a plausible scenario for the partitioning of glucose-1-phosphate into different metabolic fates. We report
the molecular cloning of the genes coding for UDP- and ADP-glucose pyrophosphorylases as well as for glycogen synthase from
genomic DNA of S. coelicolor A3(2). Each gene was heterologously expressed in Escherichia coli cells to produce and purify to
electrophoretic homogeneity the respective enzymes. UDP-glucose pyrophosphorylase (UDP-Glc PPase) was characterized as a
dimer exhibiting a relatively high V. in catalyzing UDP-glucose synthesis (270 units/mg) and with respect to dTDP-glucose
(94 units/mg). ADP-glucose pyrophosphorylase (ADP-Glc PPase) was found to be tetrameric in structure and specific in utiliz-
ing ATP as a substrate, reaching similar activities in the directions of ADP-glucose synthesis or pyrophosphorolysis (V. 0of 0.15
and 0.27 units/mg, respectively). Glycogen synthase was arranged as a dimer and exhibited specificity in the use of ADP-glucose
to elongate a-1,4-glucan chains in the polysaccharide. ADP-Glc PPase was the only of the three enzymes exhibiting sensitivity to
allosteric regulation by different metabolites. Mannose-6-phosphate, phosphoenolpyruvate, fructose-6-phosphate, and glucose-
6-phosphate behaved as major activators, whereas NADPH was a main inhibitor of ADP-Glc PPase. The results support a meta-
bolic picture where glycogen synthesis occurs via ADP-glucose in S. coelicolor, with the pathway being strictly regulated in con-

nection with other routes involved with oligo- and polysaccharides, as well as with antibiotic synthesis in the bacterium.

G ram-positive bacteria of the genus Streptomyces exhibit a par-
ticularly complex morphological differentiation, with the
formation of a highly branched substrate and aerial mycelium that
generates spores from septation of the aerial hyphae (23, 33). Also
characteristic of Streptomyces spp. is the occurrence of a flush sec-
ondary metabolism, with these bacteria producing almost two-
thirds of all known natural antibiotics (9). Streptomyces coelicolor
A3(2) is the producer of three pigmented antibiotics, and it has a
well-characterized genetics; these characteristics make it one of
the preferred strains for research within this genus of bacteria.
Although the complete genome of this S. coelicolor strain was elu-
cidated about 10 years ago (5), advanced knowledge of the micro-
organism at the biochemical level is far from being reached. Most
of the studies carried out with Streptomyces spp. have been biased
toward the understanding of its morphological and physiological
differentiation, while very little has been done on the biochemistry
of the enzymes involved in the metabolic pathways.
Monosaccharide interconversion and synthesis of oligo- and
polysaccharides are key processes for bacterial metabolism. Spe-
cifically, in actinomycetes, different saccharides were found to be
decisive for cellular differentiation and to provide carbon skele-
tons necessary for antibiotic synthesis. It has been established that
trehalose and glycogen metabolism have a complex interplay with
differentiation (43) and that phosphorylated hexoses are critical
metabolites for the occurrence of secondary metabolism in S. coe-
licolor. In this context, the study of enzymes determining the use of
Glc-1P for the production of different carbohydrates is critical for
a better understanding of the developmental biology, physiology,
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and metabolism of this microorganism. The fate of Glc-1P in sac-
charide anabolism involves a first step where the Glc moiety is
“activated” by formation of nucleoside-diphospho-Glc (NDP-
Glc), which is catalyzed by different NDP-Glc pyrophosphory-
lases. Later, different enzymes (i.e., glycosyl transferases) having
specificity toward one NDP-Glc lead the monosaccharide to the
multifaceted routes for carbohydrates.

Here we report the molecular cloning of three genes from S.
coelicolor encoding key enzymes of carbohydrate metabolism:
UDP-glucose pyrophosphorylase (UDP-Glc PPase), ADP-Glc
PPase, and glycogen synthase (GSase). The recombinant enzymes
were purified and characterized in their kinetic, regulatory, and
structural properties. The results are analyzed in the framework of
the involvement of the three enzymes in hexose-P metabolic par-
titioning in actinomycetes. Interestingly, the properties of regula-
tion that we found for the ADP-Glc PPase from S. coelicolor are
distinct from those known for the enzyme from other bacteria.
Our studies lead to a better understanding of the occurrence and
regulation of glycogen biosynthesis in a specific genus of actino-
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TABLE 1 Oligonucleotide sequences of the specific primers used to amplify glgC, glgA, and gtaB genes from S. coelicolor A3(2)

Primer Sequence” Restriction site
glgC-fow 5'-TCATATGCTCGGCATCGTGCTGGCGGGCGG-3' Ndel

glgC-rev 5'-AGAATTCCACGGCACCCGCTGTCCCTTGCCC-3' EcoRI
glgA-fow 5'-TCATATGCGCGTGGGACTGCTGAGCCGAG-3' Ndel

glgA-rev 5'-AGAATTCCAAGCCTGCTTGAGGATCTCCTCG-3' EcoRI
gtaB-fow 5'-TCATATGACTCAGTCCCACCCCAGGATCAGC-3' Ndel

gtaB-rev 5'-AGAATTCCAACGTCCCTGCATCTCCTCGGC-3’ EcoRI

@ Restriction sites are indicated in bold.

bacteria, in association with particular metabolic characteristics
related to Gram-positive bacteria.

MATERIALS AND METHODS

Chemicals. Inorganic pyrophosphatase, Glc-1P, ATP, UTP, Fru-6P,
Man-6P, PEP, pyruvate, rabbit liver glycogen, ADP-Glc, UDP-Glc, and
oligonucleotides were acquired from Sigma-Aldrich (St. Louis, MO). All
other reagents were of the highest quality available.

Bacterial strains and growth conditions. Escherichia coli TOP10 F’
and E. coli BL21(DE3) (Invitrogen) were used in this study. Luria-Bertani
(LB) medium was used for growth of E. coli strains. The following antibi-
otics were added to the media when necessary: kanamycin (50 ug ml™"),
ampicillin (100 g ml™ "), and chloramphenicol (20 ug ml™ ).

DNA manipulation. DNA restriction enzymes were used as recom-
mended by the manufacturer (New England BioLabs). DNA manipula-
tions were performed using standard protocols (39). DNA fragments were
purified from agarose gels with the GFX PCR DNA and gel band purifi-
cation kit (GE Healthcare). Plasmids were prepared using a QIAprep spin
miniprep kit (Qiagen). Deep Vent DNA polymerase was used in all PCRs
according to the supplier’s instructions (New England BioLabs).

Cloning of glgC, glgA, and gtaB. Three genes from S. coelicolor, glgC
(GenelD, 1096384), glgA (GenelD, 1096385), and gtaB (GenelD,
1098616), coding for ADP-Glc PPase, GSase, and UDP-Glc PPase, respec-
tively, were amplified by PCR using genomic DNA as a template. The 5’
primers used were designed to have an Ndel site overlapping the transla-
tional initiation codon, changing the GTG start codon to ATG when re-
quired. The 3" primers contained an EcoRI site downstream of the stop
codon. Table 1 shows oligonucleotide pairs (forward and reverse) used for
cloning the different genes. PCRs were performed using a DNA Thermal
Cycler 480 (Perkin-Elmer) with the following cycling parameters: 30 cy-
cles of 30 sat 94°C, 30 s at annealing temperature (T, ),and 80 sat 72°C. T,
was 63°C for glgC, 65°C for glgA, and 68°C for gtaB. Each PCR product was
cloned into pCR-BluntII-TOPO (Invitrogen) and sequenced to confirm
that it was free of errors. These plasmids were digested with Ndel and
EcoRI and the inserts cloned into identical sites of pET28a vector in order
to express proteins as His tag fusions. The resulting pET28a-derived plas-
mids containing glgC, glgA, and gtaB were named pAGP, pGSA, and
pUGP, respectively.

Expression of ADP-Glc PPase, GSase, and UDP-Glc PPase. As a gen-
eral procedure, E. coli strains harboring pGro7 (Takara) and the different
expression plasmids were cultured overnight at 37°C in LB with appro-
priate antibiotics and then subcultured by 1:100 dilutions in fresh me-
dium and grown to an optical density at 600 nm (ODy,) of 0.6. Chaper-
ones and recombinant gene expression were induced by the addition of 2
mg/ml L-arabinose and 0.4 mM IPTG, respectively, and cultures were
incubated at 20°C for 20 h with shaking at 150 rpm. Cells were harvested
by centrifugation, washed once with ice-cold 50 mM Tris-HCl buffer, pH
8.0, and suspended in an extraction buffer containing 50 mM Tris-HCl,
pH 8.0, 500 mM NaCl, and I mM phenylmethylsulfonyl fluoride (PMSF).
In the case of GSase, the extraction buffer was supplemented with 2 mM
B-mercaptoethanol and 0.1 mM EDTA. Cells were disrupted using a
VibraCell VCX 130 (Sonics) device with alternating pulses (3 s on, 2 s off)
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for 5 min in an ice-cold bath. After disruption, crude extracts were clari-
fied by centrifugation for 30 min at 15,000 X g.

The coexpression of chaperones GroES and GroEL encoded by plasmid
pGro7 was found to be essential to obtain ADP-Glc PPase and GSase as sol-
uble proteins. UDP-Glc PPase, however, did not require pGro7 coexpression,
and it was obtained in its soluble form by inducing its expression with 0.25
mM IPTG, followed by incubation at 25°C for 20 h at 150 rpm.

Purification of His-tagged enzymes. ADP-Glc PPase, GSase, and
UDP-Glc PPase from S. coelicolor A3(2) were expressed as N-terminal His
tag fusions, in order to facilitate their subsequent purification. Enzymes
were purified by affinity chromatography, using Ni-nitrilotriacedic acid
(NTA) agarose resin (Invitrogen) according to the protocol supplied by
the manufacturer. Briefly, crude extract fractions prepared in buffer H (20
mM Tris-HCI, pH 8.0, 500 mM NaCl, 10 mM imidazole) were loaded
onto columns previously equilibrated with the same buffer. After exten-
sive washing with buffer H, samples were eluted by means of a linear
gradient to buffer I (20 mM Tris-HCI, pH 8.0, 500 mM NaCl, 300 mM
imidazole). Elution fractions containing the corresponding recombinant
enzyme were analyzed by SDS-PAGE (30) to check for purity.

For each recombinant enzyme, active fractions eluted from the Ni-
NTA agarose column were pooled, dialyzed to remove imidazole, and
supplemented with 10% (vol/vol) glycerol. For GSase, the enzyme was
dialyzed against a buffer containing 20 mM triethanolamine-HCI, pH 8.0,
and 20% (vol/vol) glycerol. The three recombinant enzymes were stable
for at least 6 months when stored at —80°C under the conditions specified
above.

Protein measurement. Protein concentration was determined by the
method of Bradford (11), using bovine serum albumin (BSA) as a stan-
dard. Coomassie brilliant blue staining was utilized in SDS-PAGE.

Enzyme activity assays. ADP-Glc PPase and UDP-Glc PPase activities
were determined at 37°C in both the NDP-Glc synthesis (assay A) and
pyrophosphorolysis (assay B) directions. Unless otherwise specified, con-
ditions for the different assays were as follows.

(i) Assay A. Synthesis of ADP-Glc or UDP-Glc was assayed by follow-
ing the formation of P, (after hydrolysis of PP; by inorganic pyrophospha-
tase) by the colorimetric method previously described (18). Reaction mix-
tures contained 50 mM MOPS (morpholinepropanesulfonic acid), pH
8.0, 10 mM MgCl,, 2 mM ATP or UTP, 0.2 mg/ml BSA, 0.0005 unit/ul
yeast inorganic pyrophosphatase, and the appropriate enzyme dilution.
Assays were initiated by the addition of 1 mM Glc-1P in a total volume of
50 pl. Reaction mixtures were incubated for 10 min at 37°C and termi-
nated by adding reactive malachite green (18). The complex formed with
the released P; was measured at 630 nm with an ELISA (enzyme-linked
immunosorbent assay) EMax detector (Molecular Devices).

Alternatively, mainly in experiments performed to analyze the effect of
P, on ADP-Glc PPase, assay A was replaced by the radiometric coupled
assay method of Yep et al. (45), measuring the synthesis of ADP-['*C]Glc
from ['*C]Glc-1P and ATP. The standard reaction mixture contained 100
mM MOPS buffer (pH 8.0), 10 mM MgCl,, 1 mM [**C]Glc-1P (100 to
1,000 cpm/nmol), I mM ATP, 0.0005 unit/ul inorganic pyrophosphatase,
and 0.2 mg/ml BSA plus enzyme in a total volume of 0.2 ml. The reaction
mixtures were incubated for 10 min at 37°C, and the reactions were ter-
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minated by heating in a boiling-water bath for 1 min. The ADP-['*C]Glc
was then converted to ["*C]glycogen by the addition of glycogen synthase
(from E. coli) and nonradioactive glycogen as a primer. Glycogen formed
was precipitated and washed, and the radioactivity was measured in a
scintillation counter.

(ii) Assay B. Pyrophosphorolysis of ADP-Glc or UDP-Glc was fol-
lowed by the formation of [**P]JATP or [**P]JUTP, respectively, from
32PP,, as previously described (19). The reaction mixtures contained 50
mM MOPS buffer, pH 8.0, 5 mM MgCl, 1 mM ADP-Glc or UDP-Glc, 1
mM *?PP; (3,000 cpm/nmol), 10 mM NaF, 0.2 mg/ml BSA, and enzyme in
a final volume of 150 wl. The reactions were started with a **PP; addition
and after 10 min of incubation at 37°C were stopped with 1 ml of cold 10%
(vol/vol) trichloroacetic acid. The [**P]NTP formed was measured fol-
lowing a modified protocol, as described elsewhere (19).

(iii) Glycogen synthase. The assay was conducted as described in ref-
erence 21, using a medium that contained (unless otherwise specified) 1
mM ADP-["*C]Glc (500 to 1,500 cpm/nmol), 10 mM MgCl,, 2.5 mg/ml
rabbit liver glycogen, 50 mM bicine-NaOH (pH 8.0), and 0.5 mg/ml BSA
in a total volume of 100 ul. The assays were started by adding 20 ul of
GSase from S. coelicolor dissolved in 20 mM triethanolamine-HCI, pH 8.0.

In all of the assay procedures, one unit of activity (U) is defined as the
amount of enzyme catalyzing the formation of 1 wmol of product per min,
under conditions described above in each case.

Kinetic studies. Saturation curves were performed by assaying the
respective enzyme activities at saturating levels of a fixed substrate and
different concentrations of the variable substrate. The experimental data
were plotted as enzyme activity (U/mg) versus substrate (or effector) con-
centration (mM), and the kinetic constants were determined by fitting the
data to the Hill equation as described elsewhere (2). Fitting was performed
with the Levenberg-Marquardt nonlinear least-squares algorithm pro-
vided by the computer program Origin7.0. Hill plots were used to calcu-
late the Hill coefficient (1), the maximal velocity (V,,,.), and the kinetic
constants that correspond to the activator, substrate, or inhibitor concen-
trations giving 50% of the maximal activation (A, 5), velocity (S, s), or
inhibition (I, 5). All kinetic constants are the means of at least three sets of
data, which were reproducible within £10%.

Determination of native molecular mass. The native molecular
masses of ADP-Glc PPase, GSase, and UDP-Glc PPase from S. coelicolor
A3(2) were determined by gel filtration with a Tricorn 5/200 column (GE
Healthcare). We used 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). The column void volume was determined using a
dextran blue loading solution (Promega). The mass of each protein was
extrapolated from the standard semilog curve K, versus log MM (molec-
ular mass). K, is the parameter defined by the following equation: K,,, =
(V.= V)I(V.—V,), where V,is the elution volume, V, is the void volume,
and V_is the column volume.

RESULTS AND DISCUSSION

Cloning and heterologous expression of the glgC, glgA, and gtaB
genes. The identification of the nucleotide sequences encoding
ADP-Glc PPase (GenelD, 1096384; ¢lgC gene) and UDP-Glc
PPase (GenelD, 1098616; gtaB gene), as well as a putative gly-
cosyl transferase (GenelD, 1096385; glgA gene), in the database
of the S. coelicolor A3(2) genome project (NCBI accession
number, NC_003888.3) encouraged us to perform the molec-
ular cloning of full-length genes. Thus, glgC (1,200 bp in
length), glgA (1,064 bp), and gtaB (912 bp) genes were ampli-
fied from genomic DNA in individual single-step PCR proce-
dures and their identities were confirmed by DNA sequencing
in both directions. It is predicted that glgC, gtaB, and glgA
encode proteins of 399, 304, and 387 amino acids with respec-
tive molecular masses of 42.7, 33.0, and 42.0 kDa. Plasmid
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FIG 1 (A) SDS-PAGE analysis of purified ADP-Glc PPase (I), UDP-Glc PPase
(II), and GSase (III) from S coelicolor A3(2) expressed in E. coli BL21(DE3)
(UDP-Glc PPase) or E. coli BL21(DE3)/[pGro7] (GSase and ADP-Glc PPase).
Left lane corresponds to molecular mass standards. (B) Molecular mass deter-
mination, performed from size exclusion chromatography, as detailed in Ma-
terials and Methods.

pUGP (see details under Materials and Methods) was used to
transform competent E. coli BL21(DE3) cells, whereas pAGP
and pGSA were used to transform competent E. coli
BL21(DE3)/pGro7 cells. The strategy of coexpression with
chaperonins was critical to conveniently obtain both enzymes,
ADP-Glc PPase and GSase, in corresponding soluble fractions;
attempts to express them in the absence of the pGro7 plasmid
resulted in insoluble recombinant proteins (data not shown).
In order to optimize the expression of the desired enzymes, we
analyzed different culture conditions (time and temperature of
induction as well as IPTG concentration) in each case. After
inducing expression and obtaining crude extracts from the
transformed cells, the His-tagged recombinant proteins were
purified by immobilized metal (Ni*") affinity chromatogra-
phy.

Figure 1 illustrates the purity and quaternary structure exhib-
ited by recombinant ADP-Glc PPase, UDP-Glc PPase, and GSase
after purification. SDS-PAGE (Fig. 1A) analysis revealed that the
recombinant enzymes were purified to a high degree. The appar-
ent molecular masses of the recombinant proteins were slightly
higher than the theoretical values predicted for the three enzymes
(Fig. 1A, lanes I, I1, and III), after the His tag attached to the pET
expression vectors. Notably, UDP-Glc PPase was expressed at
high levels, resulting in nearly 30 mg/ml of pure enzyme after a
single purification step (Fig. 1A, lane II). When the coexpression
strategy was employed, such as in the cases of ADP-Glc PPase and
GSase, chaperonins were almost completely removed in the 30
mM imidazole washing step, after which the recombinant en-
zymes were obtained with a high degree of purity (Fig. 1A, lanes I
and II1, respectively). On the other hand, native molecular masses
of the S. coelicolor A3(2) recombinant enzymes were determined
by gel filtration chromatography, as shown in Fig. 1B. The molec-
ular mass determined for ADP-Glc PPase fits well with a tetra-
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TABLE 2 Kinetic parameters for ADP-Glc PPase, UDP-Glc PPase, and
GSase from S. coelicolor A3(2)”

Enzyme Substrate So.5 (mM) iy Vi (U/mg)
ADP-Glc PPase
Assay A ATP 0.39+0.03 24 0.15*0.01
Gle-1P 0.37 £0.04 0.7
Mg>* 1.74 £0.14 1.6
Assay B ADP-Glc 210+ 0.06 3.0 0.27 *=0.02
PPi 0.35£0.05 0.7
Mg** 1.81 £0.16 1.7
UDP-Glc PPase
Assay A UTP >10 270.00 *+ 4.00"
Gle-1P 0.06 £0.01 2.4
Mg 0.46 £0.03 2.9
Assay B UDP-Glc 0.38 £0.03 1.1 1.00 %= 0.05
PPi 0.80 = 0.04 1.7
Mg 0.36 £0.02 1.9
GSase
ADP-Glc 0.13£0.01 1.4 0.10 %= 0.01

Glycogen [mg/ml]  0.31 = 0.03 0.9

@ Assays were carried out as described in Materials and Methods. Hill plots were used to
calculate the Hill coefficient (1), the maximal velocity (V,,.,,), and S, s, the respective
substrate concentrations giving 50% of V... Values for V, .., S, s, and ny; are average
numbers from three independent experiments, using regression analysis.

b Because of the nonsaturating behavior observed for UTP (see the text), this value is
apparent and calculated from saturation curves for Glc-1P using 10 mM UTP and 5
mM Mg®™".

meric protein, which is in agreement with the quaternary struc-
ture of the enzyme from other sources characterized so far (3, 4).
In addition, the active form of the GSase exhibited a dimeric struc-
ture which is also in accordance with previous reports (13, 40).
The UDP-Glc PPase became active as a dimer, and no higher
oligomerization states were observed for the S. coelicolor enzyme;
these results differ from the report of a multioligomeric structure
for the M. tuberculosis H37Rv UDP-Glc PPase (31).

Kinetic characterization of ADP-Glc PPase, UDP-Glc PPase,
and GSase. Recombinant ADP-Glc PPase and UDP-Glc PPase
were assayed for enzymatic activity in both the forward (NDP-Glc
synthesis) and the reverse (NDP-Glc pyrophosphorolysis) direc-
tions of catalysis, as described in Materials and Methods. The re-
spective kinetic parameters are shown in Table 2. It is worth not-
ing that, to the best of our knowledge, this is the first report on the
kinetic characterization of an ADP-Glc PPase from a Gram-
positive, G+ C-rich organism. The S. coelicolor ADP-Glc PPase
exhibited affinity for substrates that, as a whole, are on the order of
those previously reported for ADP-Glc PPases from other sources
(Table 2), including Gram-negative bacteria and higher plants (3,
4). On the other hand, UDP-Glc PPase activity (Table 2) is three
orders of magnitude higher than activity of the analogous enzyme
from Mycobacterium tuberculosis H37Rv (31), a closely related or-
ganism, which has been produced with a similar expression sys-
tem. Also, a particular behavior was observed in S. coelicolor UDP-
Glc PPase concerning UTP consumption, since it was not possible
to reach a clear plateau for the substrate saturation curves under
the assay conditions (even when using up to 20 mM UTP and 50
mM Mg*"), from which we estimate a rough V,,, value for the
physiological activity of the enzyme (Table 2). This odd charac-
teristic disagrees with respect to the function of UTP and Mg ™ in
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catalysis, as it is known for other NDP-Glc PPases that the nucle-
otide binds first to the enzyme and that the major substrate would
be the complex it forms with the divalent cation (6, 17, 27). How-
ever, results reported for the UDP-Glc PPase from Xanthomonas
spp. could solve the conflict, as it was found that UTP may play a
role in favoring interaction between subunits and enhancing the
enzyme stability and activity (10).

Another remarkable result in Table 2 is the unusually high
ratio of activities of sugar-nucleotide synthesis/pyrophospho-
rolysis exhibited by S. coelicolor UDP-Glc PPase. The V.,
shown in Table 2 in the direction of UDP-Glc synthesis is even
higher than that corresponding to the enzyme from Xanthomo-
nas spp., previously reported as significantly elevated between
UDP-Glc PPases from prokaryotic sources (10). Interestingly,
kinetic properties of the S. coelicolor UDP-Glc PPase agree with
the occurrence of high activity in the physiological direction of
the reaction, which could be relevant for the metabolism in this
microorganism. Supporting this view is the recent report by
Zhou and coworkers (46) demonstrating that levels of UDP-
Glc synthesis affects production of antibiotics and modifies
carbon fluxes in Streptomyces hygroscopicus.

GSase activity was analyzed with respect to its capacity for
elongating a preformed molecule of glycogen; the results of this
characterization are also summarized in Table 2. Although the
parameters for S. coelicolor GSase differ from those obtained for
the E. coli homolog (44), they are very close to the parameters
obtained in the characterization of the starch synthase III from
Arabidopsis thaliana (14). It is well established that starch synthe-
sis in plants and bacterial glycogen synthesis share similar proper-
ties in relation to their mechanisms and regulation steps (3, 4).
The presence of Mg " was essential for the activity of both pyro-
phosphorylases but not for GSase, though the activity of the latter
enzyme was slightly increased (1.5-fold) in the presence of 10 mM
Mg*". Also, in the presence of Mn>", GSase retained 47% of the
activity reached with Mg>"; other divalent cations, such as Co*™,
Ni*", Zn*", and Cu*", inhibited the enzyme by more than 90%
(data not shown).

In general, pyrophosphorylases are relatively specific for their
substrates, although some exceptions have been reported. For ex-
ample, dTTP is a poor substrate for UDP-Glc PPase from E. coli,
whereas GDP-mannose (GDP-Man) PPases from M. tuberculosis
and from Leptospira interrogans exhibit promiscuity in the use of
nucleotide triphosphates (NTPs) as substrates (1, 36). Different
NTPs (ATP, UTP, ITP, GTP, CTP, dTTP) at an up to 5 mM final
concentration were assayed as alternative substrates for both
ADP-Glc PPase and UDP-Glc PPase in the NDP-Glc synthesis
direction of catalysis. It was observed that ADP-Glc PPase was
strictly specific for ATP whereas UDP-Glc PPase was active with
dTTP as an alternative substrate to UTP. Regarding nucleotide
utilization, the S. coelicolor UDP-Glc PPase depicted saturation
curves for dTTP allowing determination of an unambiguous S 5
value for this substrate (Table 3); the latter represented a remark-
able difference with respect to UTP utilization, where no satura-
tion was observed, as described above. Analysis of the data pre-
sented in Tables 2 and 3 shows that when UDP-Glc PPase is
assayed in the presence of UTP as a substrate, it exhibits a V.
about 3-fold higher and an S, 5 for the cosubstrate Glc-1P almost
one order of magnitude lower than the corresponding values ob-
tained in the presence of dTTP. The property of the S. coelicolor
UDP-Glc PPase of using dTTP is similar to that of the UDP-Glc
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TABLE 3 Kinetic parameters for S. coelicolor A3(2) UDP-Glc PPase in a
synthetic reaction”

Substrate So.5 (mM) fyy Vinax (U/mg)
TTP 0.79 £ 0.06 1.1 94 +2
Glc-1P 0.45 = 0.02 2.4 94 =2

“ dTTP and Glec-1P were used as substrates. V.., Sy.5, and ny; were calculated, as
detailed in Materials and Methods, from averaged data from three independent
experiments, using regression analysis.

PPase from Xanthomonas spp. (10). In addition, neither ADP-Glc
PPase nor UDP-Glc PPase utilized mannose-1P (Man-1P) as a
substrate, and when both enzymes were evaluated as GDP-Man
PPases (assayed with GTP and Man-1P), no detectable activity
was observed.

On the other hand, GSase was analyzed with respect to its
NDP-Glc specificity. We found that the S. coelicolor GSase strictly
used ADP-Glc as the glucosyl donor for significant elongation of a
preformed glycogen molecule. UDP-Glc rendered negligible en-
zyme activity even at concentrations as high as 10 mM (namely,
40-fold the GSase S, s for ADP-Glc). In addition, UDP-Glc was
not an inhibitor of ADP-Glc transferring activity. We also ana-
lyzed soluble starch and pectin as S. coelicolor GSase substrates, but
neither of them was employed for the elongation reaction (data
not shown).

Analysis of possible allosteric effectors. Activation inhibition
assays were performed for both ADP-Glc PPase and UDP-Glc
PPase with intermediates of central metabolic pathways for car-
bon and energy of the cell, which are known to be important
effectors of characterized ADP-Glc PPases from different sources
(3,4). The metabolites utilized were phosphoenolpyruvate (PEP),
fructose-1,6-bisphosphate (Fru-1,6-bisP), pyruvate (Pyr), 3-phos-
phoglyceric acid (3-PGA), Glc-6P, ribose-5P (Rib-5P), fruc-
tose-6P (Fru-6P), Man-1P, Man-6P, P, AMP, ADP, NAD™,
NADH, NADP™, and NADPH. The concentrations of the effec-
tors analyzed went up to 5 mM while the substrates of the reaction
mixtures were maintained at saturating concentrations. As shown
in Fig. 2, under these conditions Pyr, Fru-6P, Rib-5P, Man-6P,
PEP, and Glc-6P worked as activators of ADP-Glc PPase from S.
coelicolor A3(2). Saturation curves (Fig. 3) showed a distinctive
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FIG 2 Relative ADP-Glc PPase activity (synthetic reaction) assayed in the
absence or in the presence of different metabolites (at 2 mM).
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FIG 3 Saturation plots for S. coelicolor A3(2) ADP-Glc PPase effectors. Assays
were conducted as synthetic reactions in which Glc-1P and ATP concentra-
tions were 1 mM. Symbols: filled square, Glc-6P; empty circle, Fru-6P; empty
square, PEP; filled circle, Man-6P; filled rhombus, Rib-5P; empty rhombus,
Pyr. A, 5 values were calculated, as the respective activator concentrations giv-
ing 50% of the maximal activation.

behavior for each allosteric positive modulator, increasing the en-
zyme activity between 3- and 33-fold, as shown in Fig. 2 (note the
logarithmic scale utilized for enzyme activity) and Fig. 3. Con-
versely, P; and NADPH were found to be important as inhibitors
of ADP-Glc PPase activity (Fig. 2), with the two metabolites ex-
hibiting similar concentration-dependent effects (Fig. 4). It is
noteworthy that neither Glc-6P nor Man-6P was ever reported as
the main effector of any bacterial ADP-Glc PPase characterized
previously; moreover, this is the first time that an ADP-Glc PPase
shows inhibition by NADPH (3, 4). Recently, Boehlein et al. (6, 7)
showed that Fru-6P and Glc-6P are effectors of the maize ADP-
Glc PPase, both hexose-P activating the enzyme to extents similar
to that for (although with higher A, 5 than) 3-PGA, the primary
activator of the plant enzyme. For the maize enzyme, the authors
determined an A, 5 of 4 mM for Glc-6P, which is about 18-fold
higher than that corresponding to 3-PGA (6, 7).

In the analysis of UDP-Glc PPase, none of the metabolites as-
sayed affected the enzyme activity. These results are in agreement
with data reported for bacterial UDP-Glc PPases, which in general
are not influenced by allosteric effectors. Also, metabolites from
the tricarboxylic acid cycle were evaluated for their activation-
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FIG 4 Inhibitory effect of NADPH and P; on the activity of ADP-Glc PPase
from S. coelicolor. The enzyme activity was assayed in the ADP-Glc synthesis
direction as described in Materials and Methods in the absence of allosteric
positive modulator (filled squares and black curves, NADPH; filled circles and
gray curves, P;) or in the presence of 0.5 mM Glc-6P (empty squares, NADPH;
empty circles, P;).
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TABLE 4 Kinetic parameters for allosteric effectors of S. coelicolor A3(2)
ADP-GIc PPase in a physiological reaction (ADP-Glc synthesis)”

Effector Ays (mM) Ny Activation (fold)
Pyr 0.62 £ 0.06 1.2 3

Rib-5P 1.20 £ 0.06 2.1 7

Man-6P 0.011 = 0.001 2.0 12

PEP 0.25 £ 0.05 1.0 14

Fru-6P 0.34 £ 0.04 1.4 21

Glc-6P 0.03 = 0.01 1.3 33

“ Hill plots were used to calculate the 1,y (Hill coefficient) and the A, 5 (activator
concentration giving 50% of the maximal activation).

inhibition effects. None of them affected the activity of either
ADP-Glc PPase or UDP-Glc PPase (data not shown). On the other
hand, GSase enzyme activity was not modified when the different
metabolites, including those found to be effectors for S. coelicolor
ADP-Glc PPase, were analyzed. This is in accordance with the fact
that in bacteria the reaction performed by ADP-Glc PPase is the
key step in the pathway leading to glycogen biosynthesis, which is
under allosteric regulation by intermediary metabolites corre-
sponding to the principal pathway of carbon utilization in the
organism (3, 4).

Kinetic characterization of recombinant ADP-Glc PPase ef-
fectors. Characterization of the effectors of the ADP-Glc PPase
enzyme is particularly important in order to have a better com-
prehension of the glycogen synthesis and regulation in S. coelicolor
A3(2). ADP-Glc PPases are allosterically regulated by compounds
belonging to the main carbon assimilation route in the organism
(3, 4). We found that S. coelicolor ADP-Glc PPase exhibits high
promiscuity regarding allosteric effectors compared to other bac-
terial systems (3, 4). This remarkable feature may indicate the
relevance in connecting the polysaccharide synthesis with differ-
ent metabolic processes. Thus, we conducted effector curves in the
presence of a saturating concentration of the substrates, to obtain
the kinetic parameters shown in Table 4. From these results, as
well as from those shown in Fig. 3, it can be deduced that a major
effector molecule for ADP-Glc PPase is Glc-6P, since it increases
V max 33-fold with an A 5 value of 0.03 mM. Although Man-6P has
the lowest A 5 value (0.01 mM) among the activators found, it
increased ADP-Glc PPase activity 12-fold, which is a lower activa-
tion level than those produced by Fru-6P (21-fold) and PEP (14-
fold) (Table 4 and Fig. 3). On the other hand, Pyr proved to be the
less effective activator, increasing by only 3-fold the ADP-Glc
PPase V, ... Rib-5P, Fru-6P, and PEP showed an appreciable ac-
tivation effect (Fig. 3), with higher A, 5 values than Glc-6P. In the
ADP-Glc pyrophosphorolysis process of reaction, all effectors
showed comparable activations, with A, 5 values in the same order
of magnitude, compared with those for the synthetic (physiolog-
ical) direction of catalysis (data not shown).

ADP-Glc PPase kinetics in the presence of a saturating con-
centration of effectors. To further characterize the specific action
of an allosteric effector, it is relevant to establish, in detail, how its
binding to a site other than the active site modifies the kinetic
properties of one enzyme, including the specific activity as well as
the affinity toward substrates. The kinetic parameters for S. coeli-
color ADP-Glc PPase were determined in the ADP-Glc synthetic
direction of reaction in the presence of each of the different effec-
tors, and they were compared with those obtained in the absence
of any of them (Table 5). It can be observed that PEP and Man-6P
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TABLE 5 Kinetic parameters for S. coelicolor A3(2) ADP-Glc PPase”

So.5 (mM)

Substrate Glc-1P ATP

No effector 0.37 £ 0.03 0.39 £ 0.04
Pyr 0.17 £ 0.02 0.38 = 0.03
PEP 0.07 = 0.01 0.10 = 0.01
Man-6P 0.09 = 0.01 0.07 = 0.01
Rib-5P 0.13 £ 0.01 0.31 £ 0.02
Fru-6P 0.34 = 0.03 0.18 = 0.02
Glc-6P 0.19 = 0.03 0.13 = 0.01

“ Kinetic parameters were determined in the presence or absence of saturating
concentrations of each activator. S s, the substrate concentration giving 50% of V., in
the absence or in the presence of 2 mM each specified activator.

are the metabolites producing significant modifications of S, 5 for
substrates in the enzyme, increasing 5-fold the affinity for both
Glc-1P and ATP. In a complete analysis of positive modulators, it
is remarkable that the strong effect detected for Glc-6P, which
exerted the highest increase in V,,,,, and also changed the affinity
for both substrates employed in the physiological reaction, cata-
lyzed the enzyme, with a 3- to 4-fold increase in affinity (Table 5).
S. coelicolor A3(2) ADP-Glc PPase seems to have characteristics
similar to those of characterized orthologous enzymes from
Gram-negative organisms in respect to their activation by signals
of high carbon and energy in the intracellular environment, al-
though it differs from them in specificity for the regulatory me-
tabolites, being activated by Pyr, Rib-5P, Fru-6P, Man-6P, PEP,
and particularly Glc-6P.

The ADP-Glc PPase from S. coelicolor was also characterized
for those metabolites that resulted in negative modulators. We
determined I, 5 values of 0.41 mM and 0.19 mM for NADPH and
P,, respectively, in a synthetic reaction (Fig. 4). The inhibition of S.
coelicolor ADP-Glc PPase by NADPH is a particularly notable case
of regulation, since this metabolite was never reported as an in-
hibitor of any ADP-Glc PPase (3, 4, 37), although it was reported
as an activator of the ADP-Glc PPase from E. coli (20). In addition,
P; was largely characterized as an inhibitor of many ADP-Glc
PPases from photosynthetic organisms (both prokaryotes and eu-
karyotes) as well as in the bacterium Agrobacterium tumefaciens (3,
4). We also observed cross talk between positive and negative
modulators of the enzyme activity. Thus, increasing amounts of
Glc-6P avoided the inhibitory effect of NADPH and P;, becoming
almost impervious to inhibition in the presence of 0.5 mM Glc-6P
(Fig. 4). This situation is similar to that occurring with ADP-Glc
PPase in cyanobacteria, where the presence of 3-PGA (an activator
of the cyanobacterial ADP-Glc PPase) produces an increment in
the I, 5 for P; (an inhibitor) (3, 4).

Concluding remarks. Figure 5 depicts metabolic routes occur-
ring in S. coelicolor for the utilization of Glc-6P, as inferred from
the genome information available and from previous studies (5, 8,
9,25, 34, 38, 42). In this context we highlight the relevance of each
of the enzymes studied in this work and how they integrate with
the other major pathways involved in glucose utilization. The ki-
netic characterization of UDP-Glc PPase, ADP-Glc PPase, and
GSase and, particularly, the regulatory properties found for ADP-
Glc PPase contribute to a better understanding of how the flux of
Glc-6P can be directed to different metabolic fates. The hexose-P
is a node of a key metabolic enclave in the bacterium, from which
carbohydrates flow toward oxidative or conservative pathways.
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Oxidation of Glc-6P occurs mainly via the Embden-Meyerhof-
Parnas pathway (EMPP) and the oxidative pentose-P pathway
(OPPP), fueling the cell with either ATP or NADPH as well as with
useful intermediates for secondary metabolite biosynthesis (8, 25,
38). On the other hand, Glc-1P is the initial metabolite of routes
allowing sugar/NDP-sugar interconversion, synthesis of oligo-
and polysaccharide structural components, or production of re-
serve glucans (glycogen) (12, 32). A critical point determining
metabolic fates for Glc-1P/Glc-6P within a cell is the presence or
absence of UDP-sugar PPase, an enzyme that so far has been
found in plants and protozoa (15, 16, 22, 26, 28, 29, 41). We
omitted this enzyme in the metabolic map detailed in Fig. 5 after
finding no putative gene encoding it on the S. coelicolor genome in
an exhaustive search performed using as templates known se-
quences of UDP-sugar PPases from protozoa (Leishmania major,
Trypanosoma cruzi) and plants (Arabidopsis thaliana, Glycine
max). The closer relative we found in such a search was the UDP-
Glc PPase characterized herein, sharing only 5 to 6% identity with
templates. The latter reinforces the apparent absence of UDP-
sugar PPase in S. coelicolor in the work detailed by Kleczkowski et
al. (26), where the authors conclude that based on comparison of
sequences derived from ¢cDNA and/or genomic clones, in most
bacteria it is not possible to distinguish that enzyme from UDP-
Glc (or UDP-glucosamine) PPases.

The carbon flux analysis detailed in Fig. 5 indicates that the use
of Glc-1P by UDP-Glc PPase, leading to sugar interconversion
and structural polyglycans, is highly active, and it would be under
poor (if any) regulation, according to our kinetic studies on this
enzyme. Conversely, the flux of Glc-1P to storage polysaccharides
via ADP-Glc would be limiting and finely regulated in connection
with levels of energy and reductive pathway in the cell, considering
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the differences in V,,,, and regulatory properties determined for
ADP-Glc PPase in comparison with those of the enzyme synthe-
sizing UDP-Glc. Thus, an observation of activation of ADP-Glc
PPase by Glc-6P, Fru-6P, PEP, Pyr, and Rib-5P agrees with the fact
that synthesis of glycogen is upheld when high levels of interme-
diates support the functioning of the oxidative pathways provid-
ing ATP and NADPH for anabolism. Reciprocally, the polysac-
charide buildup is inhibited under low energy conditions,
represented by the increase in P; levels. This scenario for the reg-
ulation of ADP-Glc PPase by levels of energy (coincident with the
fact that the enzyme uses ATP to synthesize ADP-Glc) is common
to previous reports concerning the enzyme from different pro-
karyotic or eukaryotic sources (3, 4), but for the S. coelicolor en-
zyme the response to Glc-6P and Rib-5P as main allosteric activa-
tors is distinctive.

The activation by Man-6P found for the S. coelicolor ADP-
Glc PPase is also a novel feature of this enzyme. It may be
speculated that this regulation leads to Glc storage as glycogen
when carbon skeletons exceed the demands of anabolic routes.
As illustrated in Fig. 5, Man-6P is converted to Man-1P by
ManB, an enzyme that can also catalyze conversion of Glc-6P
to Glc-1P (42) (Fig. 5). Man-1P is needed for GDP-mannose
(GDP-Man) production, which is an important precursor for
several bioactive products in Streptomyces spp., including the
antifungal polyenes, the antibacterial antibiotics hygromycin A
and mannopeptimycins, and the anticancer agent bleomycin
(35). Also, Man-P may be involved in biosynthesis of mannose-
containing polysaccharides, which are not clearly identified as
components in Streptomyces spp. but which have been exten-
sively characterized in mycobacteria (24). Of particular interest
is the observed inhibition of the S. coelicolor enzyme by

jb.asm.org 1491


http://jb.asm.org

Asencion Diez et al.

NADPH (never found for other ADP-Glc PPases), as this could
be interpreted as a mechanism to direct carbon skeletons pri-
marily to synthesize antibiotics (rather than to accumulate gly-
cogen) when reductive power is available and supposedly sub-
utilized due to relatively low levels of carbon intermediates.
The latter findings, and the fact that there is an interplay be-
tween Glc-6P activation and NADPH inhibition of the ADP-
Glc PPase, support a mechanism to balance carbon utilization
with supportinglevels of necessary reducing equivalents for the
key secondary metabolism that takes place in S. coelicolor.
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