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ADP-glucose pyrophosphorylase is the enzyme responsible for the regulation of glycogen synthesis in
bacteria. The enzyme N-terminal domain has a Rossmann-like fold with three neighbor loops facing the
substrate ATP. In the Escherichia coli enzyme, one of those loops also faces the regulatory site containing
Lys39, a residue involved in binding of the allosteric activator fructose-1,6-bisphosphate and its analog
pyridoxal-phosphate. The other two loops contain Trp113 and Gln74, respectively, which are highly
conserved among all the ADP-glucose pyrophosphorylases. Molecular modeling of the E. coli enzyme
showed that binding of ATP correlates with conformational changes of the latter two loops, going from
an open to a closed (substrate-bound) form. Alanine mutants of Trp113 or Gln74 did not change apparent
affinities for the substrates, but they became insensitive to activation by fructose-1,6-bisphosphate. By
capillary electrophoresis we found that the mutant enzymes still bind fructose-1,6-bisphosphate, with
similar affinity as the wild type enzyme. Since the mutations did not alter binding of the activator, they
must have disrupted the communication between the regulatory and the substrate sites. This agrees with
a regulatory mechanism where the interaction with the allosteric activator triggers conformational
changes at the level of loops containing residues Trp113 and Gln74.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

ADP-glucose pyrophosphorylase (EC 2.7.7.27; ADP-Glc PPase)
plays a key role in bacteria and plants catalyzing the rate limiting
step of the biosynthesis of reserve polysaccharides, glycogen and
starch, respectively (for reviews see [1e5]). A critical feature of this
enzyme is that the activity is allosterically modulated by key
intermediates of the major carbon and energy metabolism in every
studied organism [5]. These effector metabolites are indicators of
high or low contents of carbon and energy within the cell, which
explains why synthesis of storage polysaccharides in bacteria and
plants is enhanced when cellular carbon and energy is in excess
[2,3]. For this reason, to properly understand the control of carbon
and energy metabolism in these diverse organisms it is critical to
ase, ADP-Glc pyrophosphor-
2, fructose-1,6-bisphosphate;
e.
: þ1 773 508 3086.

son SAS. All rights reserved.
unravel the molecular mechanism of the ADP-Glc PPase allosteric
regulation. Despite the relatively abundant structural and kinetic
information on the ADP-Glc PPase family, the molecular mecha-
nism of the allosteric regulation has been completely unknown
thus far.

ADP-Glc PPase catalyzes the formation of ADP-Glc and PPi from
glucose-1P (Glc1P) and ATP. The reaction requires a divalent cation
(Mg2þ) and, although it is freely reversible in vitro, it mainly
proceeds in the ADP-Glc synthesis direction within the cell [2,3].
Based on specificity for allosteric regulators, ADP-Glc PPases have
been classified in nine different groups [2,3]. For example, in class I,
fructose-1,6-bisphosphate (Fru-1,6-P2) activates the enzyme from
enteric bacteria (e.g., Escherichia coli), and AMP is an inhibitor [2,3],
whereas 3-phosphoglycerate activates the enzyme from plants
(class VIII) and orthophosphate is an inhibitor [3]. In all cases, these
enzymes are tetramers, but there are differences between bacteria
and plants. ADP-Glc PPase from E. coli is a homotetramer (a4), with
subunits of w50 kDa [2], whereas the enzymes from plants are
heterotetramers (a2b2) of similar molecular mass [3].

Two ADP-Glc PPase crystallographic structures have been
recently solved: a homotetrameric (a4) form from potato tuber [6]
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and the Agrobacterium tumefaciens [7] enzyme. In both cases, the
three-dimensional structure corresponds to a sulfate-bound, allo-
sterically inhibited form of the enzyme, which has limited the
complete understanding of the enzyme’s regulatory mechanism
[6,7]. Two domains are evident: the N-terminal domain is catalytic
and resembles a dinucleotide-binding Rossmann fold, whereas the
C-terminal domain is involved in cooperative allosteric regulation
and oligomerization [2,6,8e10]. Studies performed by using
different experimental approaches have shown the existence of an
interaction between both domains [11e14]. Current information
suggests that the communication between those two domains is
important but no detail has been described at the atomic level.

In this work, we developed a molecular model of the E. coli ADP-
Glc PPase that strongly suggests a mechanism for propagation of
the allosteric activation, in which the hydrogen bond interactions
between the loops containing Gln74 and Trp113 play a critical role.
After site-directed mutagenesis of those conserved residues, we
obtained enzyme forms defective to activation by Fru-1,6-P2
despite the fact that the amino acids lie in a region distant from the
activator binding domain. Characterization of the mutant enzymes
highlights the interaction between catalytic and regulatory regions,
and provides important evidence of conformational changes
related with the mechanism of allosteric activation.

2. Materials and methods

2.1. Chemicals and enzymes

a-D-[U-14C]Glc1Pwas purchased fromGEHealthcare. Glc1P, ATP,
ADP-Glc, Fru-1,6-P2, and inorganic pyrophosphatase were acquired
from SigmaeAldrich. Pfu DNA polymerase was purchased from
Stratagene. Ampligase, a thermostable DNA ligase, was from
Epicenter. All other reagents were of the highest quality available.

2.2. Site-directed mutagenesis

Site-directed mutagenesis was performed by overlap extension
PCR [15]. Plasmid pETEC [11], containing the E. coli ADP-Glc PPase
gene between NdeI and SacI sites, was used as template. The
overlapping primers for each mutant are detailed in Table S1. The
final PCR products were gel-purified, digested with NdeI and SacI,
and subcloned to obtain the different pETEC-single mutant plas-
mids. All the plasmids were fully sequenced to confirm incorpo-
ration of only the desired mutation.

The Macromolecular Structure, Sequencing and Synthesis
Facility (MS3F) at Michigan State University performed the
synthesis of oligonucleotides and automated DNA sequencing.

2.3. Expression and purification of the wild type and mutant
enzymes

Expression of the pETEC (and pETEC-single mutant) plasmid, as
well as purification of the different recombinant enzymes was
performed as previously described [11]. Briefly, E. coli BL21 (DE3)
cells were transformed with the pETEC plasmids to express the
native and single mutant ADP-Glc PPases. Cells were grown at 37 �C
up to OD600 w0.6 and induced with 1 mM IPTG for 4 h at room
temperature. After induction, cells were chilled on ice, harvested by
centrifugation and stored at �80 �C until use.

All protein purification steps were conducted at 0e4 �C. The cell
pastes were resuspended in buffer A (50 mM Hepes, pH 8.0, 5 mM
MgCl2, 0.1 mM EDTA, and 10% w/v sucrose), disrupted by sonica-
tion, and the lysates were cleared by centrifugation. The resulting
crude extracts were loaded onto a DEAE-Fractogel column (EMD
Chemicals) and eluted with a linear NaCl gradient (0e0.5 M). The
active fractions were pooled and precipitated by ammonium sulfate
cut (30e60% saturation). The pellet recovered after centrifugation
was resuspended in buffer A and desalted on Bio-Rad 10 DG chro-
matography columns equilibrated with the same buffer. The
desalted samples were applied to a Mono Q HR 5/5 (FPLC, GE
Healthcare) column, equilibrated with buffer A, and eluted with
a linear NaCl gradient (0e0.5 M). We combined the fractions with
highest purity (as determined by SDS-PAGE), after which they were
concentrated using Centricon-30 devices (Millipore). By this
procedure, the wild type and mutant enzymes reached a purity of
w80%. The purified enzymes were stored at �80 �C until use;
conditions where they remained fully active during, at least, three
months.
2.4. Protein assay and gel electrophoresis

Protein concentration was alternatively measured by using the
bicinchoninic acid reagent [16] or the Bradford method [17]. BSA
was utilized as the standard. Protein concentration of the purified
enzymes was estimated by the UV absorbance at 280 nm using an
extinction coefficient of 1.0 ml mg�1 cm�1 [18,19]. Protein elec-
trophoresis under denatured conditions (SDS-PAGE) was per-
formed according to Laemmli [20], using the Bio-Rad mini-gel
apparatus and 4e15% TriseHCl pre-cast gradient polyacrylamide
gels. Following electrophoresis, protein bands were visualized by
staining with Coomasie Brilliant Blue R-250.
2.5. Capillary zone electrophoresis (CZE)

CZE was performed using a SpectraPhoresis 100 (Thermo
Separation Products) apparatus. The capillary tubing (Microsolv)
was coated with sulfonic groups, with 100 mm internal diameter,
a length of 45 cm from the inlet to detector, and a length from the
detector to the outlet of 8 cm. Data were collected and analyzed
with a RIAC-Processor 2.0 (processing velocity of 10 data/s). Runs
were carried out in 50 mM HepeseNaOH, pH 8.0, at 25 �C, using
a voltage of 15 kV, and detection at 220 nm. Hydrocaffeic acid [3-
(3,4-dihydroxyphenyl) propionic acid] (Sigma) was used as the
running marker. Samples were pressure injected into the capillary
for 3 s.

Apparent dissociation constants (KD
0) of Fru-1,6-P2 binding were

measured by affinity capillary electrophoresis, where CZE of ADP-
Glc PPase was performed in the absence or in the presence of
variable concentrations of the allosteric activator. Under these
conditions mobility of the enzyme changed as a function of the
ligand concentration [21,22]. Changes in electrophoretic migration
(Dm) of the enzyme respect to the internal standard were calculated
according to the equation [22]:

Dm ¼ ½ð1=TEAÞðTSA=TSÞ� � ð1=TEÞ;
where TE and TEA are the migration times of the enzyme alone and
complexed with the allosteric activator, respectively; and TS and TSA
are the migration times of the internal standard in the absence and
in the presence of Fru-1,6-P2 added to the running buffer, respec-
tively. Values of Dm were then fitted to a modified Hill equation:

Dm ¼ Dmmax½Fru� 1;6� P2�n=
�½Fru� 1;6� P2�nþK 0n

D
�
;

Dmmax being the maximal relative change in electrophoretic
mobility of the enzyme when saturated with the allosteric acti-
vator, KD

0 the apparent dissociation constant of the complex, and n
the Hill number (nH). Values of KD

0 were calculated from data sets
acquired at least by triplicate, with repetitions differing by less than
�10%.



Fig. 1. Three dimensional arrangement of the E. coli ADP-Glc PPase N-terminus.
Cartoon representation of a model corresponding to the first half (w150 residues) of
the Rossmann-like domain. Amino acids involved in ATP (Tyr114) and Fru-1,6-P2 (Lys39)
interaction are highlighted in green and red, respectively. The site of the insertion
found in Ec-ins8 is depicted in orange. The highly conserved residues Trp113 and Gln74

located in loop regions are shown in blue and yellow, respectively. For complementary
information, see Figure S1. The model was built as described under “Materials and
methods”.
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2.6. Reductive phospho-pyridoxylation

Wild type and mutant ADP-Glc PPase enzymes were reductively
phospho-pyridoxylated in the dark, at room temperature, essen-
tially as previously described [23,24], except that non-radioactive
PLP was utilized. The enzymes (about 50 mg/ml) were incubated
in 50 mM HepeseNaOH, pH 8.0, with 10 mM PLP in the presence of
2.5 mM ADP-Glc. After 30 min incubation, NaBH4 was added to
a final concentration of 2 mM. The reduction was allowed to
proceed for 30 min and then samples were concentrated-desalted
using Centricon devices for further analysis of protein concentra-
tion, activity and CZE motility.

2.7. Enzyme activity assays

Activity of ADP-Glc PPase was assayed in the direction of ADP-
Glc synthesis. The assays were performed at 37 �C and pH 8.0.
One unit (U) of enzymatic activity is equal to 1 mmol of product
(either ADP-Glc or PPi, as determined by assays A or B, respectively)
formed per min under the assay conditions specified below.

Assay A. Synthesis of [14C]ADP-Glc from [14C]Glc1P and ATP was
followed by the method of Yep et al. [25]. The reaction was carried
out for 10 min in a mixture that contained (unless otherwise
specified) 50 mM Hepes, 7 mM MgCl2, 0.5 mM [14C]Glc1P
(w1000 dpm/nmol),1.5mMATP, 0.0015 U/ml pyrophosphatase, and
0.2 mg/ml BSA, plus enzyme in a total volume of 200 ml.

Assay B. Synthesis of ADP-Glc was alternatively followed by the
high sensitive, colorimetric method developed by Fusari et al. [26].
The standard assay medium was essentially identical as in assay A,
except that [14C]Glc1P was replaced by the non-radioactive reagent,
Glc1P (also at 0.5 mM final concentration). The reaction was
stopped with the addition of Malachite Green color reagent, and
read at 650 nm as previously specified [26].

2.8. Kinetic characterization

Kinetic data were plotted as specific activity (mmol min�1 mg�1)
versus substrate or effector concentration. Kinetic constants were
acquired by fitting the data to the Hill equation with a non-linear
least-squares formula using the program Origin 7.0 (OriginLab).
Hill plots were used to calculate the Hill coefficient (nH) and the
kinetic constants that correspond to maximal velocity (Vmax) as
well as the activator, substrate or inhibitor concentrations giving
50% of the maximal activation (A0.5), velocity (S0.5), or inhibition
(I0.5), respectively. Kinetic constants are the mean of at least three
independent sets of data, reproducible within �10%. Sample stan-
dard deviations of the data were calculated from the Hill equation
fitting by using the LevenbergeMarquardt method [27].

2.9. Homology modeling

Twomodels of the E. coli ADP-Glc PPase (residues 9 to 428) were
constructed with the program Modeller 9v2 (http://salilab.org/
modeller/) [28]. As templates we used the atomic coordinates of
the potato tuber ADP-Glc PPase small subunit chain A, either
without ligands (PDB code 1YP2) or complexed with ATP (PDB code
1YP3) [6], and those of the A. tumefaciens ADP-Glc PPase (PDB code
3BRK) [7]. Sequence alignment was performed manually to mach
functionally conserved residues and predicted secondary struc-
tures. The accuracy of the models was assessed with the Verify3D
Structure Evaluation Server (http://nihserver.mbi.ucla.edu/Verify_
3D/) [29]. Proper orientation of asparagines and glutamines were
determined by Molprobity and flipped if needed [30]. Figures were
prepared using the Swiss-PdbViewer v3.7 program (http://spdbv.
vital-it.ch/) [31].
3. Results

We have recently reported linker scanning mutagenesis studies
on the ADP-Glc PPase producing random insertions of a single 15-
bp fragment into a recombinant E. coli glgC gene [32]. One of the
generated mutants, Ec-ins8, had the addition of five amino acids
(FKHLL) at one connecting loop of the aeb region that belongs to
the Rossmann-like fold of the protein [2,3,6,33]. The insertion
specifically occurred between residues Leu102 and Pro103, which is
in the loop containing a residue (Tyr114) previously identified as
important for the binding of ATP to the E. coli enzyme [34,35]
(Figure S1). However, the distinct kinetic property exhibited by
Ec-ins8was insensitivity to activation by Fru-1,6-P2, suggesting that
this region is also related to regulation [32]. Molecular modeling
studies of the E. coli ADP-Glc PPase suggested a critical role for that
region, where two other neighbor loops with important or
conserved residues are located (Fig. 1). Lys39 is a residue involved in
activator binding [36], Gln74 and Trp113 are highly conserved
(Figure S1), and Tyr114 was found to interact with the substrate ATP
[34].

As shown in Fig. 2, molecular modeling of E. coli ADP-Glc PPase
rendered two enzyme structures: one open formwith no substrate
bound (Fig. 2A) and one closed form (Fig. 2B) with ATP. Remarkably,
the open or closed states mainly differ in the region including the
loop containing Lys39 (involved in the binding of activator) and the
two adjacent loops where Gln74 and Trp113 are localized. In the
model of the closed form, the amide group of Gln74 links, via
hydrogen bonds, the peptide backbones of Arg29 and Trp113

(Fig. 2B). Arg29 is in the Gly rich region proposed as part of the
active site [7]. This hydrogen bond network is disrupted by the
conformational change that leads to the open form (Fig. 2A). The
distances between the atoms involved in the hydrogen bonds in the
closed form increased from 3.2 to 6.2 and 2.6 to 7.2 Å, respectively,
in the open form. We discarded the possibility that these hydrogen
bonds are artifacts of the modeling process because identical
interactions are also observed in the crystal structure of the potato
tuber enzyme (Fig. 2C) [6]. Thus, the models of the E. coli enzyme
provide a hypothesis in which the main activation effect of the
allosteric ligand Fru-1,6-P2 is exerted by favoring and/or stabilizing

http://salilab.org/modeller/
http://salilab.org/modeller/
http://nihserver.mbi.ucla.edu/Verify_3D/
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Fig. 2. Homology models of the E. coli ADP-Glc PPase alone and with ATP bound. Models show the three dimensional arrangement of the loops studied in the present work and
revealed as critical for allosteric regulation. (A) Model for the enzyme alone. (B) Model for the enzyme after binding of the substrate ATP (colored in red as van der Waals radii). Key
residues for allosteric regulation are shown together with the hydrogen bonds they form in the closed form of the E. coli enzyme. (C) Crystal structure of potato tuber ADP-Glc PPase
in complex with ATP (shown as “balls and sticks”). Interactions seen in (B) are also observed in the crystal structure of the potato tuber enzyme. Models were built as described
under “Materials and methods”.
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the closed form of the enzyme, inducing a conformational change
from the open form. According to this hypothesis, Gln74 anchors
a loop important for catalysis and one important for regulation.

To test the above hypothesis, we constructed mutants W113A
and Q74A of the ADP-Glc PPase from E. coli, expressed them, and
determined their kinetic properties. Fig. 3 shows that purified
W113A and Q74A mutant enzymes were insensitive to Fru-1,6-P2
activation, and that the kinetic behavior of these mutants was
similar to the Ec-ins8 mutant enzyme [32]. They had almost no
activation (1.5-fold) by Fru-1,6-P2, whereas this effector increased
the Vmax of the wild type enzyme by about 55-fold (Fig. 3). Table 1
gives further evidence that the only significant kinetic difference
exhibited by mutants W113A and Q74A, as well as the Ec-ins8
insertion, was insensitivity to the allosteric activator Fru-1,6-P2.
The kinetic parameters for substrates of the wild type ADP-Glc
PPase were affected by Fru-1,6-P2, which increases the affinity for
Glc1P (5-fold) and remarkably toward ATP (w35-fold). Conversely,
for the mutant enzymes the substrates’ S0.5 values were not
significantly reduced or they were even slightly increased by Fru-
1,6-P2 (Table 1). As a whole, results in Table 1 show that the kinetic
Fig. 3. Insensitivity toward Fru-1,6-P2 activation of the Q74A and W113A mutant ADP-
Glc PPases. Saturation curves for Fru-1,6-P2 for the wild type (C), Q74A (:), and
W113A (-) enzymes. Assays were performed using Assay A as specified under
“Materials and methods”, with the variable specified additions of Fru-1,6-P2. The
sample standard deviations for the wild type, Q74A and W113A curves were 1.94, 0.08
and 0.12 U/mg, respectively.
parameters for substrates of both, W113A and Q74A, mutants are
quite similar to those found for the wild type enzyme in the
absence of the allosteric regulator, and essentially identical to the
Ec-ins8 mutant enzyme.

To further explore on the functional relevance played by the
physicochemical characteristics of the side chains in positions 113
and 74 we replaced Trp113 by Leu or Tyr, and Gln74 by Glu or Asn.
Themutant enzymeW113L was activated only 3-fold by Fru-1,6-P2;
however, the mutation of Trp113 residue to Tyr resulted in an
enzyme activated nearly 15-fold (Fig. 4), which approximates to the
55-fold activation of the wild type ADP-Glc PPase. Also, the A0.5 for
Fru-1,6-P2 of themutantW113Ywas not significantly different from
the wild type (Table S2). This supports the idea that the presence of
an aromatic amino acid at this position is important. The mutant
Q74E was as insensitive as the Q74A enzyme to Fru-1,6-P2, whereas
Q74Nwas activated 35-fold, which indicates that an amide group at
this position is more important than size at this site for regulation
(Fig. 4). The A0.5 for Fru-1,6-P2 of the mutant Q74N slightly
increased when compared to the wild type (Table S2).

Additionally, we analyzed the behavior of the W113A and Q74A
mutant enzymes respect to regulation by AMP, which is the main
inhibitor of the E. coli ADP-Glc PPase. There is a cross-talk between
the inhibition caused by this metabolite and activation exerted by
Fru-1,6-P2, in a way that AMP is a better inhibitor when the acti-
vator is also present [2,3,5,12,13,19,36]. The enhanced inhibitory
effect of AMP in the presence of Fru-1,6-P2 was clear for the wild
type but not for the mutant enzymes, as illustrated by Table 2 and
derived Figure S2 (note the log scale for activity in the figure).
Therefore, the lack of activation explains the modest effect of the
inhibitor onW113A and Q74A enzymes. Overall, AMP causes similar
inhibition on the wild type and mutant enzymes, and the only
apparent difference is an indirect consequence of the absence of
Fru-1,6-P2 activation in the mutants (Table 2 and Figure S2).

To rule out the possibility that the mutations prevented the
binding of the activator rather than disrupting the putative
communication between the regulatory and active sites, we
assayed binding of Fru-1,6-P2 to wild type, W113A, and Q74A
enzymes by capillary zone electrophoresis (CZE) [21,22]. Fig. 5
shows that the CZE profile for the wild type enzyme was
different in the absence or in the presence of Fru-1,6-P2. The lower
migration time for the enzyme analyzed in the presence of the
activator agrees with the fact that binding of Fru-1,6-P2 to the
enzyme produces a change to a more negative net charge of the
activatoreprotein complex. Fig. 5 also illustrates that both mutant



Table 1
Apparent affinities for substrates of E. coliwild type, site-directed and Ec-ins8 mutant ADP-Glc PPases. Reactions were performed using Assay A, as described under “Materials
and methods”. Data are the mean of three identical and independent experiments � the mean difference of the triplicates.

Substrate Fru-1,6-P2 Wild type W113A Q74A Ec-ins8

(mM) S0.5 (mM) nH S0.5 (mM) nH S0.5 (mM) nH S0.5 (mM) nH

ATP 0 11 � 4 1.3 5.8 � 1.2 1.1 7.6 � 2.1 1.0 7.2 � 1.8 1.1
2 0.32 � 0.02 2.3 2.5 � 0.3 1.5 9.8 � 4.0 1.1 7.1 � 2.0 1.2

Glc1P 0 0.21 � 0.05 0.6 0.33 � 0.07 1.3 0.41 � 0.08 1.2 0.44 � 0.07 0.8
2 0.04 � 0.01 1.1 0.41 � 0.04 1.0 0.47 � 0.07 1.0 0.42 � 0.02 1.4

Mg2þ 0 5.0 � 0.5 2.0 4.8 � 0.2 2.2 3.0 � 0.3 2.4 2.8 � 0.2 4.3
2 2.4 � 0.1 3.6 3.7 � 0.6 2.5 4.0 � 0.1 2.3 4.6 � 0.5 1.9
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enzymes exhibited similar CZE profiles between them and
compared with the wild type, which indicates that they still bind
Fru-1,6-P2. The interaction of Fru-1,6-P2 with wild type and mutant
ADP-Glc PPases was further evaluated by measuring dissociation
constants through affinity capillary electrophoresis. By this proce-
dure, we determined KD

0 values of 25 mM (nH ¼ 1.0), 71 mM
(nH¼ 1.1), and 80 mM (nH¼ 1.2) for the binding of the effector to the
wild type, W113A, and Q74A mutant enzymes, respectively. The
apparent dissociation constant determined for the wild type
enzyme is in good agreement with A0.5 values of about 50 mM
reported for the E. coli ADP-Glc PPase from activation kinetic
measurements [2,12,13,19,36] (see also Table S2). Based on binding
and kinetic parameters, above 1 mM concentration of Fru-1,6-P2
the mutant enzymes are saturated with the activator but no acti-
vation was detected. These results suggest that what is altered in
theW113A and Q74A enzymes is the propagation of the signal after
binding of the allosteric regulator to produce activation, rather than
the proper interaction of the latter with the protein.

The most dramatic effect observed in the mutant enzymes was
the decrease in activation. Interestingly, the Fru-1,6-P2 binding
affinity was 3-fold lower for both the W113A and Q74A mutants
when compared to the wild type. According to the concertedmodel
of allosterism [37], it is actually expected that these mutations
slightly affect the KD

0 for the activator, even if the only role of the
mutated residues was to trigger the activation without a direct
interaction with the ligand. To explain this behavior, we developed
a simplified scheme inwhich there are two enzyme forms, an active
closed form and a less active and open form (R and T, respectively,
according to the concertedmodel nomenclature [37]). The activator
Fig. 4. Different responses to Fru-1,6-P2 of mutant ADP-Glc PPases having variable
characteristic mutated residues. Activation by Fru-1,6-P2 was analyzed for the wild
type (C), and mutant enzymes W113L (A), W113Y (;), Q74E (+), and Q74N (:). The
activity of the enzymes was determined using Assay A as described under “Materials
and methods”. The sample standard deviations for the wild type, W113L, W113Y,
Q74E and Q74N curves were 2.16, 0.25, 0.35, 0.003 and 0.82 U/mg, respectively.
(A) binds to the R form to yield a RA complex, and also to the T form
to yield a TA complex, but with much less affinity (Scheme S1). The
KD

0 of the wild type enzyme is determined by all the bound species
(TA and RA complexes). In our model, for the mutants where the
activation was abolished (i.e., disrupted the transition from T to R),
the KD

0 will be only determined by the binding of the activator to
the T form. Then, the ratio between the KD

0 for the mutants and the
wild type should be given by 1 þ 1/L0, where L0 is the equilibrium
constant between forms TA and RA (Scheme S1). The ratio we
observed, which was w3 (71 and 80 mM for the W113A and Q74A
mutants, respectively, and 25 mM for the wild type) could be easily
explained by an L0 value ofw0.5, which implies that the closed and
open forms in saturated concentration of activator might still be in
a dynamic equilibrium (2/3 as RA and 1/3 as TA forms).

In addition, W113A, Q74A, as well as the Ec-ins8 enzymes,
exhibited no response to pyridoxal-phosphate (PLP), which is an
analogue of Fru-1,6-P2. Early chemical modification experiments of
the E. coli ADP-Glc PPase with PLP identified Lys39 as involved in
activator binding [23,24]. As previously reported [19], when
present in the assay medium PLP activated the wild type enzyme to
the same degree and with higher affinity than Fru-1,6-P2; however,
it failed to affect the activity of the W113A and Q74A mutants
(Fig. 6). At low concentrations, PLP can be covalently linked by
reduction with NaBH4, thus modifying a residue involved in acti-
vator binding (Lys39) [23,24]. We performed reductive phospho-
pyridoxylation of the wild type as well as the W113A and Q74A
enzymes under conditions to specifically modify Lys39. The wild
type ADP-Glc PPase phospho-pyridoxylated migrated faster in CZE
because of a more negative charge (Fig. 7), and in agreement with
previous reports [23,24] this form of the enzyme was more active
and less sensitive to further activation by Fru-1,6-P2 (Table 3).
Interestingly, after reductive phospho-pyridoxylation, both
mutants (W113A and Q74A) migrated faster in CZE (Fig. 7), but they
exhibited no significant changes in activity (Table 3). This strongly
supports the model in which the mutant enzymes have altered the
translation of the regulatory signal, as they can be covalently
modified by PLP at Lys39 but this binding is ineffective in terms of
activation.
Table 2
Effect of AMP and Fru-1,6-P2 on the activity of E. coliwild type, site-directed and Ec-
ins8 mutant ADP-Glc PPases. Activity was determined using Assay A at standard
concentrations of substrates as detailed under “Materials and methods”, without
further additions or in the presence of the stated concentrations of AMP and/or Fru-
1,6-P2. Data are themean of two identical and independent experiments� the mean
difference of the duplicates.

Effector Activity (U/mg)

Wild type W113A Q74A Ec-ins8

Control 1.08 � 0.12 1.45 � 0.05 1.93 � 0.02 0.49 � 0.01
AMP 0.5 mM 0.72 � 0.11 0.63 � 0.05 1.05 � 0.08 0.32 � 0.03
Fru-1,6-P2 2.5 mM 47.6 � 1.30 1.12 � 0.09 1.60 � 0.08 0.43 � 0.05
AMP 0.5 mM þ Fru-1,

6-P2 2.5 mM
3.60 � 0.18 0.61 � 0.03 0.82 � 0.02 0.34 � 0.01



Fig. 5. Electropherograms of wild type and mutant Q74A and W113A ADP-Glc PPases.
The wild type, mutant W113A, and mutant Q74A enzymes were run in CZE as specified
under “Materials and methods” in the absence (solid lines) or in the presence (dashed
lines) of 2.5 mM Fru-1,6-P2. Small peaks appearing before 30 min correspond to
hydrocaffeic acid used as a running marker.

Fig. 7. Different CZE motility of ADP-Glc PPases modified by PLP. The wild type and
mutant enzymes were analyzed by CZE in their native state (solid lines) or after
reductive phospho-pyridoxylation (dashed lines). The latter modification treatment
was performed as detailed under “Materials and methods”.
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4. Discussion

Many pioneer studies established key structure to function
relationships between ADP-Glc PPases from different sources.
Those identified distinct domains involved in the binding of
substrates [34,35,38], allosteric effectors [19,23,24,36,39], as well as
critical residues for catalysis [33,38]. The recent crystallographic
resolution of the homotetrameric ADP-Glc PPases from potato
tuber [6] and A. tumefaciens [7] provided key information about the
different domains involved in enzyme activity and regulation. The
enzyme has two major domains: a catalytic N-terminal a/b region,
and a C-terminal b-helix domain, characteristic of this regulatory
pyrophosphorylase. In addition, the tight interaction between the
N- and C-terminal domains is critical for determining specificity
and affinity for the allosteric activator [11e13]. However, the
specific inter-domain interactions that determine the allosteric
effect have never been established.

In the present study we identified a dynamic mechanism for the
allosteric regulation of the E. coli ADP-Glc PPase, in which the
propagation of the allosteric signal involves three loops adjacently
located in the three dimensional structure of the enzyme. Using
models of the E. coli enzyme we hypothesized that binding of the
activator in a loop located near the N-terminus stabilizes an active
conformation facilitating the relative movement of another loop
from an open to a closed state. The first loop includes Lys39, which is
an activator binding residue [23,24,36], together with other
Fig. 6. Different sensitivity to activation by PLP of the wild type and mutant ADP-Glc
PPases. Activity assays in the ADP-Glc synthesis direction were performed with the
addition of the specified concentrations of PLP for the wild type (C), Q74A (:), and
W113A (-) enzymes. Determinations of enzyme activity were done using Assay A, as
described under “Materials and Methods”. The sample standard deviations for the wild
type, Q74A and W113A curves were 1.88, 0.08 and 0.11 U/mg, respectively.
arginine important for regulation [39], and the second one contains
Tyr114, which is involved in ATP binding [34,35]. It can be visualized
that the binding of the activator to Lys39 could promote the
formation and stabilization of the closed conformation. Thus, the
regulation of the enzyme would be determined by positioning of
loops, where a conformational change induced by the substrates
and facilitated by the activator turns the open form to amore active
closed conformation. These two loops hypothesized to be involved
in allosteric activation are interfaced by a third loop in which Gln74

is present. This residue is absolutely conserved in all ADP-Glc
PPases known so far and must play a critical role in facilitating
the communication between the loops through hydrogen bonding.
This type of mechanism has been observed in other enzymes
[40e42], as a closed arrangement of loops approximates substrates
and catalytic residues, conferring key features to an environment
suitable for productive catalysis.

This hypothesis was tested by site-directed mutagenesis of the
E. coli ADP-Glc PPase. Replacing Gln74 to Ala74, which has a side
chain that cannot form hydrogen bonds, yields an enzyme
completely insensitive to activation (Fig. 3). Moreover, the low
affinity for ATP of this mutant is similar to the one observed with
the wild type enzyme in absence of activator (Table 1). Since the
binding of activator Fru-1,6-P2 was confirmed by CZE (Fig. 5), the
communication between the loops must have been disrupted. In
fact, the importance of hydrogen bonds of Gln74 was confirmed by
Asn replacement, as it was substantially sensitive to activation,
unlike the Ala mutant (Fig. 4). The Asn residue is one methylene
shorter than Gln, but is still capable of forming two hydrogen
bonds. On the other hand, mutation to Glu, which can accept a H-
bond but cannot donate one at a neutral pH, renders an enzyme
form that is insensitive to activation (Fig. 4). The N of the Gln74 side
chain donates a hydrogen bond to the backbone oxygen of the
Table 3
Activity and response to Fru-1,6-P2 of E. coli wild type and mutant ADP-Glc PPases
before and after reductive phospho-pyridoxylation. The wild type and mutant
enzymes were reductively phospho-pyridoxylated as specified under “Materials and
methods” and their activity was determined using Assay B. Data are themean of two
identical and independent experiments � the mean difference of the duplicates.

Modification Wild type W113A Q74A

None Activity (U/mg) 1.4 � 0.5 1.2 � 0.3 3.1 � 0.5
Activity þ Fru-1,
6-P2 (U/mg)

63 � 10 1.9 � 0.3 3.8 � 0.5

Activation (fold) 44 1.6 1.2

Reductive
pyridoxylation

Activity (U/mg) 12 � 2 0.87 � 0.02 1.6 � 0.1
Activity þ Fru-1,
6-P2 (U/mg)

49 � 5 1.2 � 0.5 1.7 � 0.2

Activation (fold) 4.1 1.4 1.1
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highly conserved Trp113. Replacement of the side chain in position
113 should not interfere in the hydrogen bond formation since the
acceptor is an atom of the backbone. However, mutation of Trp113 to
Ala113 also abolishes the sensitivity to activation (Fig. 3). A bulky
hydrophobic residue (Leu) cannot effectively replace Trp, but an
aromatic one (Tyr) could partially do it. Therefore, the importance
of this Trp113 may be related to its aromatic ring. We postulate that
the role of Trp113 is to anchor the loop in a conformation where the
backbone can interact with Gln74. Molecular dynamic experiments
to prove this hypothesis are underway. In other tetrameric
enzymes, it was proposed that the transition from open to closed
conformations not only induces an increase in catalytic activity of
one subunit, but also could drive an inter-subunit signal that
stabilizes a general activated state in the whole tetramer [41e43]. It
was observed in the crystal structure of the ADP-Glc PPase from
potato tuber that the loop containing the homologous version of
Trp113 is near the inter-subunit interface [6]. It is certainly possible
that this allosteric signal will propagate through the whole
tetramer.

The roles of conformational changes and motion in proteins are
gainingmomentum, because of the relevance they have for enzyme
catalysis and allosteric regulation [42e48]. The current view is that
proteins are in constant motion [49] and that intrinsic dynamic
properties are responsible for signaling and allostery [43,47].
Protein dynamics include conformational changes involving two
main processes: domain motion, where two rigid domains joined
by a flexible hinge move relative to each other; and loop motion,
meaning the movement of flexible loop surface to different
conformations [45]. These conformational changes are triggered by
binding of substrates or allosteric effectors and they fulfill different
roles in catalysis, mainly orienting groups to favor binding and
positioning of substrates as well as removal of water and trapping
of activated intermediates [42,45,46,48]. Here, we propose a regu-
latory mechanism in which the interaction of the allosteric acti-
vator with the enzyme communicates the regulatory signal
through conformational changes of loops containing the residues
Trp113 and Gln74. This is a universally conserved motif present in all
ADP-Glc PPases, even in the ones with different allosteric proper-
ties and very low sequence identity. For that reason, it is tempting
to speculate that this family of enzymes may have a common
allosteric trigger that links a conserved catalytic site to a divergent
allosteric site. This may be a very effective evolutionary mechanism
to activate metabolically diverse enzymes.
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