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Abstract

We studied the functional role of the Escherichia coli ADPglucose pyrophosphorylase’s N-terminus in allosteric regulation, and the
particular effects caused by its length. Small truncated mutants were designed, and those lacking up to 15-residues were active and highly
purified for further kinetic analyses. NA3 and NA7 did not change the kinetic parameters with respect to the wild-type. NA11 and NA15
enzymes were insensitive to allosteric regulation and highly active in the absence of the activator. Co-expression of two polypeptides
corresponding to the N- and C-termini generated an enzyme with activation properties lower than those of the wild-type [C.M. Bejar,
M.A. Ballicora, D.F. Gémez Casati, A.A. Iglesias, J. Preiss, The ADPglucose pyrophosphorylase from Escherichia coli comprises two
tightly bound distinct domains, FEBS Lett. 573 (2004) 99-104]. Here, we characterized a NA15 co-expression mutant, in which the allo-
steric regulation was restored to wild-type levels. Unusual allosteric effects caused by either an N-terminal truncation or co-expression of
individual domains may respond to structural changes favoring an up-regulated or a down-regulated conformation rather than specific

activator or inhibitor sites’ disruption.
© 2006 Elsevier Inc. All rights reserved.
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ADPglucose pyrophosphorylase (EC 2.7.7.27; ADPGlc
PPase) catalyzes the reaction: ATP + GlclP <= ADPGIc
+ PPi, in the presence of a divalent cation (physiologically
Mg”"). Although reversible in vitro, the reaction occurs
mainly in the direction of ADPGlIc production in vivo,
actually being this the limiting step in the pathway of gly-
cogen and starch synthesis in bacteria and plants, respec-
tively [1-3]. ADPGIc PPase is a regulatory enzyme, and
the activity is allosterically modulated by key intermedi-
ates of the major carbon assimilatory route in the
different organisms. Its characterization from many
sources allowed for establishing distinctive structural
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and regulatory properties for this protein. For example,
the enzyme from Escherichia coli is a homotetramer (sub-
unit molecular mass around 50 kDa) mainly activated by
fructose-1,6-bis-phosphate (FBP) and inhibited by AMP;
whereas that found in plants is a ~200 kDa heterotetr-
amer (o,B,) activated by 3P-glycerate and inhibited by
inorganic orthophosphate [1-3]. On the basis of their dif-
ferent regulatory properties and considering their biologi-
cal origin as well as structural characteristics, ADPGlc
PPases were grouped in nine different classes [2,3].

The relevance of starch as a natural polymer and raw
material for food and non-food industries makes
ADPGIc PPase a protein with particular interest in bio-
technology [1]. It has been clearly established that
manipulation of the starch content in plants requires to
manage levels of activity of the enzyme within plastids
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in specific tissues [1,4]. For these technological purposes,
the understanding of the enzyme’s regulatory mecha-
nisms is a key issue.

Characterization of amino acids involved in binding
of activator for the ADPGIc PPase from E. coli and
Agrobacterium tumefaciens performed by chemical mod-
ification and site-directed mutagenesis allowed for point-
ing out the relevance of the protein’s N-terminus (N-t)
in allosteric regulation [5-8]. More recent studies per-
formed with chimeric enzymes from these bacteria have
indicated the involvement of the N-t together with the
C-terminus (C-t) domain (and the interaction between
them) in determining the specificity and affinity for the
activator [9]. Also, the role of the C-t domain in regu-
lation and its tight interaction with the catalytic region
of the protein have been evidenced for the E. coli
enzyme [10].

The importance of the N-terminal region for the alloste-
ric activation and inhibition of the E. coli ADPGlc PPase
was evidenced by characterization of truncated enzymes
[11,12]. The enzyme lacking 10 to 13 amino acids from
the N-t and 2 amino acids from the C-t after treatment with
proteinase K is almost independent of the need of FBP for
maximal activity and is insensitive to inhibition by AMP
[12]. These results were confirmed by engineering a recom-
binant truncated enzyme with 11 amino acids deleted from
the N-t and 2 from the C-t [11]. The unusual regulatory
properties of this truncated ADPGIc PPase justified a more
detailed characterization of the actual role the N-t exten-
sion has in enzyme activation and its interaction with the
C-t of the protein. We aimed to analyze here the structural
bases determining the enzyme regulatory properties and
how the length of the N-t affects the protein ability to
arrange specific 3D conformations. We also addressed the
question of how the N-t communicates with other domains
involved in regulation. As a result, the present work pro-
vides us with a more complete understanding of the rela-
tionship between structure, function, and regulation of
the ADPGlc PPases.

E. coli ADPGlc PPase mutants employed
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Materials and methods
Construction of N-terminal truncated enzymes
Escherichia coli N-terminal truncated forms (EcNA3, EcNA7,

EcNALl1, EcNALS, EcNA19, and EcNA22) were encoded by pETEC [9]
derivatives and were obtained using the following forward primers, which
introduced an Ndel site (in italics):

EcNA3: 5" ATG GTT CAT ATG GAG AAG AAC GATCACT ¥
EcNA7: 5" GAG AAG CAT ATG CAC TTA ATG TTG GCG C 3’
EcNALl: 5" CAC TTA CAT ATG GCG CGC CAG CTG CCA 3’
EcNA15: 5" GCG CGC CAT ATG CCA TTG AAA TCT GTT 3’
EcNAI19: 5" CCA TTG CAT ATG GTT GCC CTG ATA CTG G 3/
EcNA22: 5" TCT GTT CAT ATG ATA CTG GCG GGA GGA C 3/

The T7 terminator was used as reverse primer. The fragments were
sub-cloned in pET24a vector between Ndel-Sacl sites to form pETEC-
NA3, pETEC-NA7, pETEC-NAl1l, pETEC-NALS, pETEC-NAI19, and
pETEC-NA22.

EcNA15-CA108 coding DNA was amplified by PCR from pETEC-
NA15 with the downstream primer used to construct ECCA108 [10], which
introduced a Sacl site right after the codon corresponding to amino acid
323. The amplified coding region was then cloned as Ndel-Sacl fragment
in pMABS. The plasmid coding for E. coli ADPGlc PPase C-terminal
residues 328-431, pMABG6-Ecsys 431, was previously obtained [10]. All
constructs were verified by DNA sequencing. The constructs used here are
schematically shown in Fig. 1.

Expression of the recombinant enzymes

N-terminal truncated enzymes encoded by pETEC derivative vectors,
were expressed in E. coli BL21(DE3) cells as previously described [9].
EcNA15-CA108 + Ecszg 43, were co-expressed in an ADPGlc PPase defi-
cient-E. coli B strain, AC70R1-504 [13], as described for EcC-
A108 + Ecszg 431 [10]. In small-scale expression assays, single colonies of
the pETEC-derivatives transformants were grown in 50 ml Luria broth
medium at 37 °C with 50 pg/ml kanamycin up to ODggy = 0.8. The
expression was induced at room temperature (23-25 °C) for 4 h by addi-
tion of 1 mM final concentration of IPTG. For the co-expression of the
pMAB-derivative plasmids, cells were grown in the same conditions but
adding 50 pg/ml kanamycin plus 70 ug/ml spectinomycin and carrying out
induction with 1 mM final concentration of IPTG and 5 pg/ml nalidixic
acid for 16 h. In both cases, after induction, cells were chilled on ice and
harvested by centrifugation. Cell pastes were resuspended in 3 ml buffer A
(50 mM Hepes, pH 8.0, 5mM MgCl,, 0.1 mM EDTA, and 10% w/v

N-terminus Catalytic domain C-terminus Activity FBP-activation
(~10-40 a.a) (-250a.2.) (~110aa)
Wild-type [ I +
EoNA3 — e +
EGNAT — e B '
EcNALI T
EcNALS C I -
EcNAL9 M - na
EcNA22 [ 00 - na
EcCAL08 — | - na
Ecyg i — . na
ECCAIOS + sy [ I : X
EeNAISCAI08 O ] ¢ »
+ Ecugan

Fig. 1. Summary of E. coli ADPGIc PPase constructs studied and their activation properties. (a) The mutant enzymes were fully active in the absence or at
low concentration of the activator FBP. (b) Affinity for the activator was lower than the wild-type enzyme. na, non-applicable.
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sucrose). All subsequent protein purification steps were conducted at
0-4 °C. Cells were disrupted by sonication, centrifuged for 15 min at
15,000g, and the supernatants (crude extracts) were stored at —80 °C.
Dilutions of the samples (2-fold and 10-fold) were tested for activity in the
pyrophosphorolysis direction as described below.

Purification of N-truncated ADPGlc pyrophosphorylase mutants

Recombinant E. coli BL21(DE3) were grown in 1-2 L and induced
as described above. The cell pastes were resuspended in 15-30 ml of
buffer A, sonicated, and the lysates were cleared by centrifugation.
The resulting crude extracts were applied to a DEAE-Fractogel column
(EMD Chemicals Inc) and eluted with a linear NaCl gradient
(0-0.5M). The active fractions were pooled and precipitated with a
30-60% ammonium sulfate cut. After centrifugation, the pellet was
resuspended in buffer A and desalted on Bio-Rad 10 DG chromatog-
raphy columns equilibrated with the same buffer. The desalted samples
were individually applied to a Mono Q HR 10/10 (FPLC, Pharmacia)
column, equilibrated with buffer A, and eluted with a linear NaCl
gradient (0-0.5 M). The purest fractions (as assessed by SDS-PAGE)
were pooled and concentrated using Centricon-30 devices (Amicon
Inc.). After this step, EcNA3, EcNA7, and EcNA15 were >95% pure.
EcNA1l MonoQ active fractions were pooled, concentrated by 80%
ammonium sulfate precipitation, applied to a phenyl-Superose (FPLC,
Pharmacia) column, and eluted with a decreasing gradient of ammo-
nium sulfate (1.2-0.0 M). The active fractions were pooled and con-
centrated with Centricon-30 devices.

Purification of co-expressed EcNA15-CA108 + Eczog 431

Over-expression and purification were carried out as described for
EcCA108 + EC323431 [10]

Protein assay

Protein concentration in the crude extracts and in the subsequent
purification steps was measured using the bicinchoninic acid reagent [14]
(Pierce Chemical Co.), with BSA as the standard. Protein concentration of
the purified enzymes was determined by UV absorbance at 280 nm using
an extinction coefficient of 1.0 ml mg~' cm™! [15).

Protein electrophoresis and immunoblotting

Purification of the recombinant proteins was monitored by SDS—
PAGE as described by Laemmli [16], using 4-15% Tris—HCl pre-cast
gradient polyacrylamide gels (Bio-Rad). Perfect™ protein markers were
used as molecular mass standards. Following electrophoresis, protein
bands were either visualized by staining with Coomassie brilliant blue
R-250 or electroblotted onto a Protran™ nitrocellulose membrane. The
membrane was then treated with affinity-purified anti-E. coli B strain
AC70R1 ADPGIc PPase IgG [15]. The resulting antigen—antibody com-
plex was visualized by treatment with alkaline phosphatase-linked goat
anti-rabbit IgG and then stained with BM purple AP-substrate precipi-
tating reagent (Roche Molecular Biochemicals).

Enzymatic activity assays

Assay A: pyrophosphorolysis. Formation of [3*PJATP from [*’P]PP; in
the direction of pyrophosphorolysis at 37 °C was determined by the
method previously described [17]. Unless otherwise indicated, the reaction
was carried out for 10 min in a mixture that contained 50 mM Hepes (pH
8.0), 7mM MgClL, 1.5mM [**PJPP; (1500-2500 cpm/nmol), 2 mM
ADPGIc, 2 mM FBP, 4 mM NaF, and 0.05 mg/ml BSA, plus enzyme in a
total volume of 250 pl.

Assay B: synthesis. Formation of ['*CJADPglucose from ['*C]GIcIP in
the synthesis direction was determined at 37 °C by the method of Yep and
co-workers [18]. The reaction was carried out for 10 min in a mixture

containing 50 mM HEPES (pH 8.0), 7mM MgCl,, 0.5mM [*C]GlcIP
(~1000 dpm/nmol), 1.5 mM ATP, 2mM FBP, 0.0015 U/ul pyrophos-
phatase, and 0.2 mg/ml BSA, plus enzyme in a total volume of 200 pl.

One unit of enzymatic activity is equal to 1 pmol of product, either
[*PJATP or ['*CJADPGlIc, formed per min at 37 °C.

Kinetic characterization

Kinetic data were plotted as specific activity (nmol min~' mg~") 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™ 5.0. Hill plots were used to calculate the Hill
coefficient ny; and the kinetic constants that correspond to the activator,
substrate or inhibitor concentrations giving 50% of the maximal activation
(Ag.s), velocity (So.s), and inhibition (I s).

Results and discussion

Purification and characterization of E. coli ADPGIlc PPase
N-terminal truncated forms

To evaluate in detail the structural role of the N-t exten-
sion in allosteric regulation, small deletion mutants of the
ADPGIc PPase from E. coli were designed (Fig. 1) and test-
ed. EcNA3, EcNA7, EcNAll, EcNA1S5, EcNA19, and
EcNA22 truncated proteins were over-expressed in E. coli
BL-21 and purified in small-scale. ECNA3, EcNA7, and
EcNAIS5 were enriched to >95% and EcNAL11 to 60-70%
purity (Table 1). As shown in Table 1, the four mutants
had specific activities comparable to that of the purified
wild-type enzyme. Thus, the N-t comprising at least 15
amino acid residues of the E. coli ADPGlc PPase is not
essential for catalytic activity. Conversely, deletions of
19- and 22-residues from the N-t significantly decreased
the activity of ADPGIc PPase in the crude extracts. In fact,
enzymatic activity of ECNA19 measured by the pyrophos-
phorolysis assay was two orders of magnitude lower than
that of the wild-type (also in the crude extract), whereas
the activity of EcNA22 was negligible (Table 1).

Table 1
Specific activities of wild-type and N-terminal truncated E. coli ADPGlc
PPases

Sample Specific  Purity (%) FBP-activation  Activation-fold
activity kinetics
(U/me) Aos (WM)  ny
Ec wild-type 131 90 364+1.7 21 295
EcNA3 94 >95 523+56 1.8 235
EcNA7 65 >95 88.7+39 29 220
EcNALll 98 60-70 — — 1.0
EcNAILS 105 >95 — — 1.2
Ec wild-type* 24 20-30 — — —
EcNA19° 0.5 15-20 — - —
EcNA22° <0.005  15-20 — — —

Specific activities and FBP-activation kinetics were determined by the
pyrophosphorolysis assay. Purity of the samples was estimated from SDS—
PAGE gels.

% Determined in crude extracts [9].

® Determination in crude extracts.
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Fig. 2. N-terminal E. coli ADPGlc PPase sequence and predicted secondary structures. Residues 1 to 18 are predicted to be a loop. Ser' is predicted to be
at the N-terminal end of a B strand in which Leu®? resides. The Gly-rich loop (in grey) is similar to P-loop-like motif present in protein kinases and

nucleotide-binding sites.

Results shown in Table 1 were consistent with the
predicted secondary structures of ADPGlc PPase [19]
and with the 3D model previously proposed [2]. This
model was also validated with the data derived from
the crystal structure of an inhibited form of the homo-
tetrameric (small subunit) enzyme from potato tuber
[20]. In the structural model, the N-terminal tail is a
loop preceding a B strand starting at Ser'® (Fig. 2). Fol-
lowing that, B strand is a glycine-rich loop similar to the
P-loop motif present in protein kinases and nucleotide-
binding sites. The 19- and 22-residue N-terminal dele-
tions may cause destabilization of the local secondary
structure (including the glycine-rich loop) that propa-
gates to other important regions in the overall protein
structure. Kinetic analysis of EcNA3, EcNA7, EcNAIIL,
and EcNA15 showed that removal of up to 7-residues
from the N-terminus does not significantly alter the
FBP-activation properties of the enzyme. EcNA3 and
EcNA7 mutants behaved in ways similar to the wild-type
enzyme, which is activated 20- to 30-fold by the specific
effector (Fig. 3 and Table 1). On the other hand,
EcNAI11 behaved as reported previously [11,12] and as
EcNA15. Both mutant enzymes were highly active even
in the absence of FBP, showing almost no activation
(Fig. 3 and Table 1). Additionally, EcNAIS5 was tested

Specific Activity (Units / mg)

0 L 1 I 1 L 1 /L 1
7

/ .
0 100 200 300 1000 2000

FBP (uM)

Fig. 3. FBP activation of wild-type and the N-terminal truncated E. coli
ADPGIlc PPases. (O) Wild-type, (@) NA3, (A) NA7, (l) NA1l, and (O0)
NAI1S5. Saturation plots were determined by the pyrophosphorolysis
reaction.

for its ability to be inhibited by AMP (Fig. 4). Because
it has been demonstrated that inhibition of the E. coli
ADPGIc PPase by AMP requires the presence of at least
traces of FBP in the medium [21], we performed inhibi-
tion kinetics at two different activator concentrations: 30
and 130 pM (Figs. 4A and B, respectively). A similar
lack of sensitivity of EcNALS for this inhibitor was also
exhibited by the EcNAIl mutant [11,12]. Results sug-
gested that deletion of 11- or 15- residues from the
N-t induces spatial arrangements favoring a more active
conformation of the enzyme and possibly disrupting the
AMP site.

120

80

40

Pl
T

80

40

0 ' 100 ' 200 ' 300
AMP (uM)

Fig. 4. AMP inhibition kinetics of wild-type and mutants E. coli ADPGlc
PPases. All determinations were obtained by synthesis assay in the
presence of (A) 30 or (B) 130 uM FBP. (O) Wild-type, (C0) NAI1S5, (A)
EcCA108 + EC328_431, and (V) EcNA15CA108 + EC328431.
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Characterization of EcNAI5-CA108 + Ec3rg 431

To evaluate the opposite effects on FBP-activation
caused by an N-terminal deletion [11,12] and by a nick sep-
arating the catalytic domain and the C-t [10], ECNA15C-
A108 + Ec3n5 431 Wwere co-overexpressed and purified as
described in Materials and methods. As illustrated in
Table 2, after the Green A affinity chromatography the
co-expressed proteins were purified to at least 90%. The
EcNAI15C-A108 + Ec3yg 431 co-expression product showed
a specific activity comparable to those of the EcC-
A108 + Ecspg 341 [10], the EcNA1S5, and the wild-type
enzymes (Table 2). Two protein bands of the expected
molecular sizes (i.e., ~35 kDa and ~12 kDa) were observed
in SDS-PAGE and Western blot (data not shown) of
purified EcNA15C-A108 + Ecspg 431. Interestingly, the
kinetic properties of this co-expressed protein were
comparable to those of the wild-type enzyme regarding
affinity for the substrate ATP, affinity for the activator
FBP, and inhibition by AMP (Table 3).

Saturation kinetics for the FBP-activation (Fig. 5) and
AMP inhibition (Fig. 4) indicated that the EcNAIS5SC-
A108 + Ecspg 431 co-expressed enzyme recovered the sensi-
tivity for the allosteric effectors that was, respectively, lost
or decreased in the EcNAIS or EcC-Al108 + Ecssg 43;
mutant enzymes. Thus, the opposite effects in FBP-activa-
tion caused by an N-terminal deletion and by a nick sepa-
rating the C-t and the catalytic domain seemed to
compensate when these structural modifications were com-

Table 2
Specific activities of wild-type and mutants E. coli ADPGlc PPases

Sample Specific activity (U/mg) Purity (%)
Pyrophosphorolysis  Synthesis

Wild-type® 131 54 90

EcCA108* <0.001 <0.0001  50-60

EcCA108 + EC328 4313 132 43 >95

EcNALS 105 62 >95

EcNA15CA108 + Ec3yg 431 86 30 90

Specific activities were determined in purified samples. Purity of the
samples was estimated from SDS-PAGE gels.
# Data obtained from [10].
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Fig. 5. FBP-activation kinetics of wild-type and mutants E. coli ADPGlc
PPases. All determinations were obtained by synthesis assay. (O) Wild-
type, () NAI1S, (A) EcCA108 + Ecizga31, and (V) EcNAILSC-
A108 + EC328431.

bined in the same protein. Assuming that an allosteric
enzyme in solution is present as a mixture of conformations
with different levels of activities, a 15 N-terminal residue
truncation may induce the same structural change as the
allosteric activator, which drives the equilibrium between
enzyme species towards the more active one. In contrast,
the structure arrangement generated when the catalytic
domain and the C-t are co-expressed as individual polypep-
tides may favor a less active conformation. Combination of
these two modifications in EcNA15-CA108 + Ec3og 431
might have compensated their opposite kinetic effects,
making this mutant enzyme more similar to the wild-type
enzyme. It is noteworthy that this mutant was also sensitive
to AMP inhibition, eliminating the above suggestion of a
possible AMP site disruption caused by deletion of 15
N-terminal residues. It is more likely that ECNALIS is locked
in a more active conformation that cannot be reversed by
the inhibitor.

Integration of our biochemical results involving the
N-terminal extension with actual structural data remains

Table 3
Kinetic parameters of wild-type and mutants E. coli ADPGlc PPases
Enzyme ATP FBP activation AMP inhibition
So.s (LM) nu Ao s (LM) i 30 uM FBP 130 uM FBP

Iy s (M) ny Iy s (LM) ny
Ec wild-type* 301.1 £ 14.1 1.9 92.14+0.5 2.1 38+04 1.1 94.0 +9.9 2.7
EcCA108 + Ecspg 431" 1410.2 + 51.4 2.9 3274+ 155 2.0 97+1.9 1.2 40.7 £2.6 1.6
EcNA15CA108 + Ecaog 431 494.6 +33.4 1.6 459 +8.1 1.6 9.4+0.7 1.6 206 + 24 0.9
EcNAILS nd nd 6.9+0.6 2.0 ni — ni —

All determinations were obtained by synthesis assay.
nd, not determined.

ni, no inhibition was observed when assayed up to 300 pM concentration of AMP.

# Data obtained from [10].
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to be done since the only ADPGlc PPase crystal structures
available lack a solved diffraction pattern corresponding to
the first 11 N-terminal amino acids. The structural data
point to the flexible character of this region of the enzyme
which agrees with its suggested regulatory role as ““alloste-
ric switch.” It would be very valuable to obtain direct
structural information of all the mutants analyzed in the
present work. They would provide with a series of snap-
shots of the various conformations achieved by the enzyme
in the different activated states, allowing for a better under-
standing of the allosteric regulatory mechanism.
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