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ADP-glucose pyrophosphorylase (ADP-Glc PPase) is the enzyme responsible for the regulation of bacterial
glycogen synthesis. To perform a structure-function relationship study of the Escherichia coli ADP-Glc PPase
enzyme, we studied the effects of pentapeptide insertions at different positions in the enzyme and analyzed the
results with a homology model. We randomly inserted 15 bp in a plasmid with the ADP-Glc PPase gene. We
obtained 140 modified plasmids with single insertions of which 21 were in the coding region of the enzyme.
Fourteen of them generated insertions of five amino acids, whereas the other seven created a stop codon and
produced truncations. Correlation of ADP-Glc PPase activity to these modifications validated the enzyme
model. Six of the insertions and one truncation produced enzymes with sufficient activity for the E. coli cells
to synthesize glycogen and stain in the presence of iodine vapor. These were in regions away from the substrate
site, whereas the mutants that did not stain had alterations in critical areas of the protein. The enzyme with
a pentapeptide insertion between Leu102 and Pro103 was catalytically competent but insensitive to activation.
We postulate this region as critical for the allosteric regulation of the enzyme, participating in the commu-
nication between the catalytic and regulatory domains.

The biosynthesis of glycogen is an important strategy for
storage of energy and carbon surplus. It has been suggested
that the accumulation of glycogen in bacteria may give advan-
tages under starvation periods (55). The precise role of bacte-
rial glycogen is not completely clear, but its synthesis has been
associated with several processes, such as sporulation, differ-
entiation, growth, cariogenesis, biofilm formation, and viru-
lence (reviewed in reference 3). Here, with computational and
insertion mutagenesis studies, we sought to find important
regulatory regions in the enzyme that controls bacterial glyco-
gen metabolism.

Synthesis of bacterial glycogen uses ADP-glucose (ADP-
Glc) as the glucosyl donor for the elongation of the �-1,4-
glucosidic chain (29). The main regulatory step takes place at
the level of ADP-Glc synthesis, which is the first committed
step of the pathway (3) and is catalyzed by ADP-Glc pyrophos-

phorylase (ADP-Glc PPase) (ATP:�-D-glucose-1-phosphate
[Glc1P] adenylyltransferase) (EC 2.7.7.27): ATP � Glc1P N
ADP-Glc � PPi.

The reaction is freely reversible in vitro, but in the cell, the
hydrolysis of PPi and the use of the sugar nucleotide make it
practically irreversible in the direction of ADP-Glc synthesis
(29). Small effector molecules allosterically regulate most of
the ADP-Glc PPases. The activators are generally key metab-
olites that signal the presence of high carbon and energy levels
within the cell. Hence, when carbon and energy are in excess,
the synthesis of bacterial glycogen is maximal (29). The impor-
tance of the regulation of ADP-Glc PPase for the synthesis of
glycogen is illustrated by the direct relationship between the
affinity of this enzyme for the activator, fructose-1,6-bisphos-
phate (FBP), and the ability of the cell to accumulate glycogen
(46).

The allosteric behavior of this enzyme is very well docu-
mented (3), but its mechanism is still unknown and the regions
responsible are not clearly identified. The ADP-Glc PPase
from gram-negative bacteria is a homotetramer (�4), in which
each monomer is �50 kDa with two predicted domains (3). A
residue in the N terminus (Lys39) contributes to the binding of
FBP (17), but �150 residues of the C terminus are responsible
for activator selectivity (5). Recently, we found that these two
putative N and C domains interact strongly when they were
coexpressed as separate polypeptides (6).

Information about the arrangement of the N and C domains
would be crucial to understand the regulation of the ADP-Glc
PPase and bacterial glycogen synthesis. There are current ef-
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forts to obtain a three-dimensional structure of a bacterial
ADP-Glc PPase (11), but its atomic coordinates are not avail-
able yet. However, there are several crystal structures of other
nucleoside diphosphate sugar pyrophosphorylases (NDP-sugar
PPase), and recently, the structure of an inhibited form of the
small (S) subunit of a plant ADP-Glc PPase became available
(30). Here, we develop a homology model for Escherichia coli
ADP-Glc PPase and use it to predict important regulatory
regions by pentapeptide-scanning mutagenesis. This mutagen-
esis technique introduces a single fragment of five amino acids
at a random position in a protein (25). The local structure
compromised by the enzyme activity would be more likely
altered by this type of mutagenesis (short insertions) rather
than by single point mutations. In general, insertions in
surface-exposed loops are less harmful than insertions in
�-helices or �-sheets. However, insertions in loops close to
the active site also have very serious effects on protein
function. Analysis of the position of the insertion and their
phenotypic differences has provided important structure-
function relationship information for proteins with either
known, modeled, or unknown structure (1, 6, 9, 15, 24, 44).
In this study, we analyze the kinetic properties of E. coli
ADP-Glc PPase mutants that contained different pentapep-
tide insertions to locate important regions involved in ki-
netics and allosteric regulation.

MATERIALS AND METHODS

Materials. �-D-[U-14C]glucose-1-phosphate was purchased from Amersham
Pharmacia Biotech (Piscataway, NJ). 32PPi was purchased from NEN Life Sci-
ence Products (Boston, MA). Glc1P, ATP, ADP-Glc, and inorganic pyrophos-
phatase were purchased from Sigma Chemical Co. (St. Louis, MO). All other
reagents were purchased at the highest quality available.

Mutagenesis. Random insertion of a single 15-bp fragment per plasmid
(pETEC) was performed by the method of Hayes et al. (24) as modified by Biery
et al. (7) with the commercial GPS-LS linker-scanning system from New England
Biolabs. We followed directions according to the manufacturer with some mod-
ifications. The 15-bp fragment comprises 10 bp left by a transposon and 5 bp
duplicated from the plasmid at the site of the insertion. This 15 bp could insert
in any of the three possible frames. The acceptor plasmid, pETEC, is a derivative
of pET24a (Novagen) with the E. coli ADP-Glc PPase gene subcloned between
NdeI and SacI restriction sites (5). We incubated pETEC with the ori�

transprimer donor (pGPS4) and transposase to introduce a single copy of a
transposon (Transprimer, consisting a cassette with a 15-nucleotide fragment
flanked by transposable elements) with resistance to chloramphenicol. With this
reaction mixture, we transformed E. coli XL1-Blue cells (Stratagene) and ob-
tained 140 colonies resistant to both kanamycin and chloramphenicol. Plasmid
DNA was extracted from each colony, digested with NdeI and SacI, and analyzed
by agarose gel electrophoresis. We selected 23 colonies that yielded plasmids
with a �2.7-kb NdeI-SacI fragment: �1.4-kb transprimer plus �1.3-kb ADP-Glc
PPase coding region. Colonies yielding �1.3-kb fragments were discarded. The
inserted transprimer contained two flanking PmeI sites. To remove it, the se-
lected plasmids were digested with PmeI and religated. After this step, only the
15-bp fragment remained inserted in the plasmids. These constructs were trans-
formed into XL1-Blue cells, and kanamycin-resistant/chloramphenicol-sensitive
(non-transprimer-containing) colonies were picked. Plasmids were purified and
digested with PmeI and ApaI restriction enzymes (PmeI cuts in the insertion, and
ApaI cuts �1 kb upstream of the NdeI site). Agarose gel electrophoresis analysis
allowed us to map the insertions and verify that a single copy was introduced
in the gene. Localization of the 15-bp inserts was further confirmed by DNA
sequencing. Two plasmids were discarded because they did not contain 15-bp
insertions in the ADP-Glc PPase coding region. Twenty-one colonies were
selected for expression and further analysis of the mutated ADP-Glc PPase
genes.

Structure prediction analysis. Secondary structures were predicted with the
PHD program (49) and the PSIPRED method (32), available on the Predict-
protein server (http://www1.embl-heidelberg.de/Services/sander/predictprotein/)

and on the PSIPRED server (38) (http://bioinf.cs.ucl.ac.uk/psipred/), respec-
tively. Threading analysis and fold recognition was performed with the
GenTHREADER program (31, 39) and by comparison to a library of hidden
Markov models on the Superfamily server (20) (http://supfam.org). E values
returned by these methods were the theoretically expected number of false hits
per sequence query.

In the initial steps of homology modeling, we used the SWISS-MODEL server
(23, 53) (http://www.expasy.ch/swissmod) and the program Modeler 7v7 for the
final models (51). The known atomic coordinates of chain A of the dTDP-glucose
pyrophosphorylase (dTDP-Glc PPase) (dTTP:�-D-glucose-1-phosphate thymi-
dylyltransferase) (EC 2.7.7.24) from E. coli complexed with thymidine and Glc1P
(Protein Data Bank accession number 1H5R) and complexed with dTTP and Mg2�

(accession number 1MC3) were used as templates. Ligands Glc1P and deoxyribose
triphosphate were modeled from accession numbers 1H5R and 1MC3, respectively,
using Modeler 7v7. Deoxyribose triphosphate is the common moiety between
dTTP and ATP, substrates of the template and the target, respectively. Sequence
alignment was performed manually considering information gathered from pre-
diction of secondary structure, hydrophobic clusters, and conserved residues
among the NDP-sugar PPase family (3, 16). We avoided gaps in secondary
structure elements and in buried regions (52). In loops, deletions were placed
between residues of the template that are close in space (31, 49). The model was
checked with three-dimensional profiles using the program Verify3D (12) (http:
//www.doe-mbi.ucla.edu/Services/Verify_3D/), and the alignment was corrected
iteratively according to the profiles. The Ramachandran plot (48) of the model
was checked with the program PROCHECK (35) (http://biotech.embl-ebi.ac
.uk:8400/).

A model of the E. coli ADP-Glc PPase based on the structure of the S subunit
from the potato tuber ADP-Glc PPase was built using as template the known
coordinates of the monomer complexed to ATP (chain C of the structure
given accession number 1YP3 deposited in the Protein Data Bank). Loops
between residues 427 to 431 and 369 to 372 were further refined with the
program MODLOOP (13, 14). In the models based on the dTDP-Glc PPase
and on the ADP-Glc PPase from potato tuber, we considered that the loop
between residues Pro260 and Ala270 was not reliable because insertions longer
than eight residues are generally not possible to model with confidence with
the current methods (52). However, this loop was far from the insertions and
the important regions analyzed in this work. Pictures of models were pre-
pared with the program DeepView Swiss-PdbViewer (www.expasy.org
/spdbv/) (23). Pictures were labeled and rendered with the program POV-Ray
(www.povray.org).

DNA methods. The Macromolecular Structure, Sequencing, and Synthesis Facil-
ity at Michigan State University performed the automated DNA sequencing.

Protein methods. Protein concentration during enzyme purification was mea-
sured by using bicinchoninic acid reagent (54) from Pierce Chemical Company
(Rockford, IL), with bovine serum albumin as the standard. Interfering sub-
stances were removed by precipitation (2).

Expression and purification of mutant enzymes. For expression of the wild-
type and mutated ADP-Glc PPases, E. coli BL21(DE3) cells (Novagen) were
transformed with pETEC or its mutated derivatives. Transformed cells were
grown in 1 liter of Luria-Bertani medium, induced, harvested, and sonicated in
buffer A (50 mM HEPES, pH 8.0, 5 mM MgCl2, 0.1 mM EDTA, 10% sucrose)
as described previously (5), except that the initial screenings were performed
with 50-ml cultures. The purification was performed at 0 to 4°C. The crude
extract was applied onto a 12-ml DEAE-Sepharose column (Pharmacia) equil-
ibrated in buffer A and eluted with a linear NaCl gradient (10 column volumes,
0 to 0.5 M). The purest fractions were pooled, desalted, and concentrated. The
enzymes were monitored by pyrophosphorolysis activity.

Iodine staining. The procedure for iodine staining (22) was modified as follows
for cells growing in liquid media. Transformed E. coli BL21(DE3) cells with
wild-type or mutated pETEC were inoculated onto 3 ml of Luria-Bertani me-
dium and grown at 37°C until they reached an optical density at 600 nm of �0.8.
We added 1 mM isopropyl-�-D-thiogalactopyranoside and incubated the cells at
room temperature for 30 min with shaking. We added glucose to a final concen-
tration of 0.2% (wt/vol) and extended the incubation for 1 h. An aliquot of 0.1 ml
was withdrawn and centrifuged in a 1.5-ml microcentrifuge tube at 14,000
rpm for 5 min. Supernatant was carefully aspirated to remove all liquid,
leaving a compact pellet at the bottom of the tube. The microcentrifuge tube
was turned upside down, and an iodine crystal was positioned in the cap of the
tube (base), and the tube was closed. In 5 min, iodine vapor stained the cell
pellet (top).

Enzyme assays. (i) Pyrophosphorolysis direction. The formation of [32P]ATP
from 32PPi and ADP-Glc was measured as described previously (43). The stan-
dard aqueous reaction mixture contained 50 mM HEPES buffer (pH 8.0), 7 mM
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MgCl2, 1 mM 32PPi (300 to 1,500 cpm/nmol), 2 mM ADP-Glc, 10 mM NaF, and
0.2 mg/ml bovine serum albumin, plus enzyme in a total volume of 0.25 ml.
Unless otherwise stated, the reaction mixture contained 1.5 mM FBP. After 10
min of incubation at 37°C, the reaction was terminated by the addition of 3 ml
of cold 5% trichloroacetic acid. The [32P]ATP formed was bound to activated
carbon (15% Norite A in 100 mM PPi). After washing the ATP-bound carbon
with cold 5% trichloroacetic acid, [32P]ATP was hydrolyzed by the addition of 1
N HCl and boiling for 10 min. The released radioactivity was measured in a
scintillation counter.

(ii) Synthesis direction. The synthesis of ADP-[14C]Glc from [14C]Glc1P and
ATP was measured by the method of Yep et al. (56). The standard aqueous
reaction mixture contained 50 mM HEPES buffer (pH 8.0), 7 mM MgCl2, 0.5
mM [14C]Glc1P (800 to 1,000 cpm/nmol), 1.5 mM ATP, 1.5 U/ml inorganic
pyrophosphatase, and 0.2 mg/ml bovine serum albumin, plus enzyme in a total
volume of 0.2 ml. Unless otherwise stated, the reaction mixture contained 1.5
mM FBP. Reaction mixtures were incubated for 10 min at 37°C, and the reac-
tions were terminated by heating in a boiling water bath for 1 min. The ADP-
[14C]Glc was then converted to [14C]glycogen by the addition of glycogen syn-

thase (from E. coli) and nonradioactive glycogen as a primer. Glycogen formed
was precipitated and washed, and the radioactivity was measured in a scintilla-
tion counter.

(iii) Unit definition. In the above enzyme assays of pyrophosphorolysis direc-
tion and synthesis direction, one unit of enzyme activity is equal to 1 �mol of
product, either [32P]ATP or [14C]ADP-Glc, formed per minute.

Calculation of kinetic constants. The kinetic data were plotted as initial
velocity (v) versus effector concentration ([S]). A modified Hill equation (26),
v � Vmax[S]n/(S0.5

n � [S]n), where n is the Hill coefficient and the constant S0.5

is the amount of substrate needed to obtain 50% of the maximum activity (Vmax),
was fit to the data to obtain the optimum parameters. Fitting was performed by
the Levenberg-Marquardt nonlinear least-squares algorithm provided by the
computer program Origin 5.0 (47). The activation curves were fitted with a
similar modified Hill equation v � v0 � (Vmax � v0)[S]n/(S0.5

n � [S]n). The
parameter v0 is the activity in the absence of activator, and S0.5 was replaced by
A0.5, which is the amount of activator needed to obtain 50% of the maximal
activation (Vmax � v0). The change in activation is the ratio Vmax/v0, the ratio
between the activities in the presence and absence of saturated concentrations of

FIG. 1. Homology models of E. coli ADP-Glc PPase. Models were built as described in Materials and Methods. (A) The model was built on
the known structure of dTDP-Glc PPase representing the N-terminal (catalytic) domain of the E. coli ADP-Glc PPase. Residues R32, K42, Y114,
D142, and K195 are depicted as balls and sticks, and the protein structure is in a Richardson-style ribbon diagram. Yellow spheres represent
pentapeptide insertions that disrupted the enzyme activity. Dark spheres are insertions that did not abolish the activity and stained with iodine.
An orange sphere depicts an insertion that eliminated the activation by FBP. Modeled Glc1P is in red and deoxyribose triphosphate in blue. The
oversized blue sphere in the deoxyribose triphosphate molecule represents where the adenine moiety would be covalently bound. The purple dot
represents a modeled Mg2�. (B) Selected elements of the structure in panel A are shown at a different angle. (C) Stereo diagram of the model
with the N and C domains of the E. coli ADP-Glc PPase was based on the S subunit from the potato tuber enzyme. The protein structure is in
a Richardson-style ribbon diagram, and the substrate ATP is in a space-filling representation. Yellow spheres represent insertions in the C domain
that abolished the activity. White spheres are insertions that introduced stop codons. The purple structure is expressed as a separate polypeptide
initiated in Met328 when a stop codon was introduced with insertion 117. The orange sphere represents insertion 8 that abolishes the effect of
activator FBP. The orange loop is between residues Gln105 and Gly116; the Gln105-Gly116 sequence interacts with the adenine moiety of the ATP
and is just after insertion 8. Side chains and C-� depicted are from residues that when subjected to mutagenesis altered the allosteric properties
of either the enzyme from E. coli or A. tumefaciens.
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FBP. In all cases, the deviations by the Levenberg-Marquardt method were less
than 15% (47).

RESULTS

Homology modeling. A homology model of the E. coli ADP-
Glc PPase between residues 20 and 293 was obtained and
correlated with the experimental structural information avail-
able. The dTDP-Glc PPase from E. coli was selected as a
template because of the several lines of evidence that support
the idea that NDP-sugar PPases share a common fold in their
catalytic domain (3, 4, 16). The identity between the sequence
of the E. coli ADP-Glc PPase and dTDP-Glc PPase is 23%
(52/226 aligned residues). For that number of aligned residues
(226 residues), 23% identity lays in the blurred limit of the
“safe homology modeling zone” that practically guarantees
that two sequences fold into the same structure (33). However,
a very important factor in the template selection was that these
two proteins share a very similar “environment” as defined
previously (52). Template and query proteins catalyze the
same chemical reaction, the pyrophosphorolysis of a nucleo-
side diphosphate sugar, using one identical substrate (Glc1P)
and the other very similar (ATP and dTTP). In addition, fold
recognition programs detected very significant hits with the
dTDP-Glc PPases. The structure of the E. coli ADP-Glc PPase
was detected to belong to the same superfamily of the NDP-
sugar PPases by comparison to a library of hidden Markov
models (20). This detection was very significant, with an E
value of 5.2 � 10�61. The GenTHREADER program also
detected the dTDP-Glc PPases as the best candidate for ho-
mology modeling with an E value of 4 � 10�4, which is highly
significant and assures confidence.

The consistency of the model with biochemical data is cru-
cial (52), and in this regard, the locations of important residues
were in good agreement with the experimental information
collected so far. For instance, residues Asp142 and Lys195,
which are the catalytic residue and Glc1P binding site (16, 27),
overlap very well with the equivalent Asp111 and Lys163 from
the template dTDP-Glc PPase. In the model, Tyr114 is located
close to the ATP in the substrate site, which is in good agree-
ment with previous chemical modification data (36, 37) (Fig.
1A). The 100% conserved residues in all sequenced bacterial
enzymes having experimentally assayed catalytic activity are
close to the substrate site (not shown). Therefore, the structure
obtained was considered a good model of the catalytic domain
organization and spatial arrangement of important residues.
Since the model was based on dTDP-Glc PPase, which is not a
regulated enzyme and is always present in an active conforma-
tion, the model most probably reflects the active form of the
ADP-Glc PPase (Fig. 1B).

Recently, the crystal structure of one of the subunits of a
plant ADP-Glc PPase, the tetrameric form (S4) of the S (cat-
alytic) subunit from potato tuber, was solved (30). This subunit
has 32% identity with the E. coli enzyme, which implies that it
could be a good template for modeling the relative positions of
the N and C domains (Fig. 1C). However, the crystal structure
was obtained in the presence of sulfate (30), an allosteric
inhibitor of that enzyme, which made it unsuitable for model-
ing the active conformation of the E. coli enzyme. On the other
hand, from this crystal structure it was shown that the S subunit

from the potato tuber ADP-Glc PPase and dTDP-Glc PPase
(accession numbers 1H5R and 1MC3, see Materials and Meth-
ods) share a common fold in their catalytic domains (4) despite
binding different substrates. The latter confirms that the cho-
sen templates with active conformations were appropriate for
modeling the enzyme from E. coli.

Screening of pentapeptide-scanning mutants. To perform a
structure-function relationship study of the E. coli ADP-Glc
PPase, we investigated the effects of pentapeptide insertions at
different positions in the enzyme and analyzed the results
based on the homology model. All the mutated plasmids on the
coding region were sequenced to find the exact locations of the
15-bp insertions (Fig. 2). Fourteen of the insertions encoded
five amino acid residues extra in the polypeptide sequence.
The other seven insertions (ins4, ins19, ins37, ins78, ins98,
ins117, and ins126) created a stop codon that generated trun-
cated versions of the enzyme (Fig. 2). In the first screening,
cells of E. coli BL21(DE3) transformed with the mutated plas-
mids were grown in liquid media, spun down, and tested for
their ability to synthesize glycogen (iodine staining) as de-
scribed in Materials and Methods. Under the assayed condi-
tions, only colonies with substantial ADP-Glc PPase activity
synthesized enough glycogen to stain brown or black. The
colonies that contained mutated enzymes with no detectable
activity stained light yellow. A further test on crude extracts,
performed in the pyrophosphorolysis direction, revealed that
many of the insertions disrupted the ADP-Glc PPase activity.
In addition, the activity assay in the absence of the activator
FBP revealed that the Ins8 enzyme had defective allosteric
properties and was insensitive to activation (Fig. 3 and 4).

Mutant Ins117 enzyme deserved comprehensive analysis,
which has been published elsewhere (6). At first, it was thought
to be a truncated ADP-Glc PPase, but further studies demon-
strated that it produced a “nicked” version of the enzyme.
Because of a Met-coding codon located closely downstream of
the inserted stop codon, the C terminus was still coexpressed
and formed a hetero-oligomeric active enzyme (6). The en-
zymes Ins53, Ins35, Ins140, Ins37, Ins136, Ins4, Ins19, Ins133,
Ins98, and Ins115 did not stain with iodine, and they did not
have significant activity in crude extracts over the background.
Except for these inactive mutants, all enzymes were partially
purified to analyze the apparent affinities for substrates and
activator and obtain more accurate kinetic information.

Insertions that produced defective allosteric properties.
Ins3 and Ins65 enzymes were not very active in crude extracts
compared to the control (Fig. 3), whereas the cells carrying
them failed to positively stain with iodine. After purification,
these forms showed a decreased apparent affinity for FBP. In
the pyrophosphorolysis direction, Ins3 and Ins65 enzymes dis-
played 26- and 37-fold-higher A0.5s for FBP than that of the
wild-type enzyme, respectively (Table 1).

The most dramatic effect of all the insertions was obtained
with ins8. FBP increases the substrate apparent affinities in the
wild type, but it had only very small effects on the S0.5 values
exhibited by the Ins8 enzyme for Glc1P, ATP, ADP-Glc, and
PPi (Table 2). The main difference between this and other
mutants with defective regulatory properties was that the ac-
tivity of Ins8 enzyme in the absence of activator was similar to
that exhibited by the wild type under the same assay condi-
tions. FBP had no detectable effect on the Ins8 enzyme when
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assayed up to 10 mM (data not shown). Ins8 also had a low
affinity for ATP, similar to what observed with the wild type
assayed in the absence of FBP, but this may be an indirect
effect from the lack of activation of the mutant. FBP increases
the apparent affinity of the wild-type ADP-Glc PPase for ATP
or ATP-Mg (Table 2 and Fig. 4), but Ins8 enzyme was com-
pletely insensitive to FBP, either to increase the catalytic rate
or to increase the apparent affinity for ATP or ATP-Mg (Table
2 and Fig. 4). The lack of allosteric properties of the Ins8
enzyme was additionally supported by results obtained with
respect to the inhibition exerted by AMP. It has been reported
that ADP-Glc PPase from E. coli is inhibited by AMP, with
studies showing interaction between the inhibitor and the ac-
tivator FBP (18). For instance, 0.5 mM AMP inhibited the
wild-type enzyme by about 30% or 90% when assayed in the
ADP-Glc synthesis direction in the absence or in the presence
of FBP (2.5 mM), respectively. The same concentration of
AMP inhibited the Ins8 enzyme only about 20%, regardless of
the presence of the allosteric activator, further indicating that
the region surrounding Leu102 plays a critical role in the reg-
ulation of the enzyme.

FIG. 2. Insertions in the E. coli ADP-Glc PPase gene. White triangles represent insertions that lead to transformed colonies that did not stain
with iodine. Black triangles represent insertions in colonies that synthesized glycogen as detected by brown or black staining of the cells. The black
line indicates a loop Gln105-Gly116 that is predicted to interact with ATP. The black circle indicates Tyr114, which was shown to be close to the ATP
site. ins19 was not included in the figure, because it is equivalent to ins4; they had the same sequence.

FIG. 3. Effect of FBP on the activity of different insertion mutants
in crude extracts. Insertion mutants were expressed, and crude extracts
were obtained as described in Materials and Methods. Aliquots were
assayed in the pyrophosphorolysis direction as described in Materials
and Methods in the presence of 1.5 mM FBP (white bars) or in the
absence of activator (black bars). WT is the wild-type enzyme ex-
pressed with pETEC, and the control is pET24a without insert.
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Insertions in the ATP subdomain. The N-terminal (cata-
lytic) domain of the ADP-Glc PPase model has a central large
open pocket that binds the nucleotide and sugar phosphate
(Fig. 1A). The pocket can be divided into two sides or lobes as
has been described for other pyrophosphorylases (8). The first
lobe consists of residues 1 to 142 and encompasses residues

interacting with the nucleotide (defined here as the ATP sub-
domain; Fig. 1A, left half). The second lobe contains residues
143 to 276 and encompasses residues interacting with the sugar
moiety (Glc1P subdomain; Fig. 1A, right half). Analysis of the
insertions was grouped according their locations in these two
subdomains.

Ins68 and Ins136 enzymes had characteristics that were dif-
ferent from each other despite the close proximity of the in-
sertions. Ins68 enzyme stained with iodine, whereas Ins136
enzyme had no detectable activity and did not stain. This
agrees with the location of insertion 136 at position 140, only
two residues apart from Asp142, which has been previously
described as having a critical role in catalysis (16). Even though
insertion 68 was five residues upstream from insertion 136, it
did not disrupt catalysis, and the apparent affinity for sub-
strates was not seriously compromised. On the other hand,
Ins68 enzyme was significantly more dependent on the activa-
tor FBP (Table 1). Insertion 68 may cause spatial arrange-
ments which favor a more inhibited conformation of the en-
zyme because the apparent affinity for FBP decreased 5- and
10-fold in the synthesis and pyrophosphorolysis directions, re-
spectively (Table 1). These results suggest a certain degree of
tolerance to the structural modification of the insertion posi-
tion and agree with the E. coli ADP-Glc PPase model. In the
model, insertion 68 was away from the substrate site and at
the N end of a �-sheet, whereas insertion 136 directly faced the
substrate site at the C end of the same �-sheet near a catalytic
residue and directly facing the substrate site (Fig. 1B).

Ins53 enzyme had negligible activity, in agreement with the
fact that the insertion was in a loop in direct contact with the
substrate site (Fig. 1B). In addition, insertion 53 fell two resi-
dues after Lys42, which is equivalent to a residue (Lys43) that is
critical for activity in the S subunit of the potato tuber ADP-
Glc PPase (2). Ins35, Ins140, and Ins115 enzymes, with no
detectable activity, all had insertions located in �-helices (Fig.
1A). Moreover, insertion 140 was just before His83 (Fig. 1C),
an important residue for the stability of the enzyme (28).

FIG. 4. Effect of FBP on the apparent affinity for ATP-Mg. En-
zyme assays in the synthesis direction of the wild-type enzyme (WT)
and Ins8 enzyme were performed as described in Materials and Meth-
ods. The concentration of MgCl2 was 7 mM in the absence of ATP.
Variations of ATP were accompanied by equimolar additions of MgCl2
to ensure saturating concentration of free Mg2� (7 mM). The concen-
tration of FBP was 1.5 mM (white circles), whereas the control reac-
tion mixtures (black triangles) did not contain FBP.

TABLE 1. Activation by FBP of the insertion mutants in the direction of ADP-Glc synthesis and pyrophosphorolysis

Enzymea

FBP activation of insertion mutant in the direction ofb:

ADP-Glc synthesis Pyrophosphorolysis

A0.5 (mM) n Activation (fold) Vmax (U/mg) A0.5 (mM) n Activation (fold) Vmax (U/mg)

Wild type 0.065 1.8 50 10.1 0.025 1.7 9.9 18.7
Ins3 0.95 1.5 	200c 0.11 0.650 1.9 	100c 0.10
Ins8 N/Ad N/A N/A 0.43e N/A N/A N/A 1.29e

Ins22 0.43 1.2 35 5.81 0.270 1.5 12 9.20
Ins27 0.25 1.8 60 6.44 0.060 1.8 15 6.03
Ins65 1.10 1.9 	200 0.20 0.930 1.7 	100 0.15
Ins68 0.31 2.3 	200 0.63 0.210 1.8 	100 0.30
Ins78 0.77 1.9 150 0.23 0.330 1.6 40 0.26
Ins104 0.30 1.4 45 4.32 0.081 1.9 18 7.45
Ins119 0.51 1.7 	200 4.10 0.250 2.1 25 10.80
Ins126 0.81 1.7 135 0.43 0.330 1.7 37 0.54

a Enzymes were partially purified and assayed as indicated in Materials and Methods.
b Deviations of the four parameters, A0.5, n, activation (fold), and Vmax, were lower than 15%. A0.5 is the amount of activator needed to obtain 50% of the maximal

activation. Vmax is the maximum activity. The Hill coefficient is n. Activation (fold) is the ratio between the activities in the presence and absence of saturated
concentrations of FBP as defined in Materials and Methods.

c These values (	200 and 	100) indicate that the enzymes showed very low activity in the absence of FBP.
d N/A, not applicable (activation by FBP was negligible, and constants could not be determined).
e Activity in the presence of 2.5 mM FBP was not significantly different from activity in the absence of activator.
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Insertions in the Glc1P subdomain. Enzyme forms Ins27
and Ins104 had insertions at neighboring positions. Both mu-
tants stained with iodine, and their kinetic properties were not
very different from those of the wild-type enzyme. The appar-
ent affinity for FBP decreased only two- to fivefold in both
cases (Table 1). The apparent affinities for Glc1P in the ab-
sence of activator were lower for both Ins27 and Ins104 en-
zymes, but FBP corrected this problem (Table 2). The biggest
difference was the apparent affinity for ADP-Glc in the pres-
ence of the activator, which was fourfold lower for Ins27 and
fivefold lower for Ins104. This area seemed to be tolerant of
insertions and not very critical for enzyme function. Inser-
tions 22 and 119 are closer to the Glc1P subdomain but are
in loops away from the substrate site (Fig. 1A). The main
effect of these insertions was a decrease of less than 1 order
of magnitude in the apparent affinity for FBP (Table 1). In
the absence of activator, the apparent affinity for Glc1P was
10-fold lower for the Ins22 enzyme, with the other kinetic
parameters not significantly different from those of the wild
type (Table 2).

Analysis of inserted stop codons. Most insertions that cre-
ated a stop codon (ins37, ins4, ins19, ins98, ins78, and ins126)

generated enzymes that produced colonies that failed to stain
with iodine. The exception was ins117, which generated a
nicked enzyme rather than a truncated enzyme (6). A trun-
cated enzyme at this point was inactive, but coexpression of a
translated C terminus (Met328-Arg431; Fig. 1C) restored activ-
ity (6). Cells with Ins78 and Ins126 enzymes did not stain, but
their extracts had very low but detectable activity (Fig. 3). A
residual coexpression of the C terminus (Met328-Arg431) must
be contributing to this detected activity because a plain trun-
cation in this region renders an inactive enzyme (6). Proteins
with ins78 and ins126 insertions were purified and character-
ized (Tables 1 and 2), revealing properties for both proteins
that were similar to those reported for Ins117 enzyme (6). The
main difference between the wild-type enzyme and both Ins78
and Ins126 enzymes was that the apparent affinity for FBP
decreased 12- to 13-fold (Table 1). This agrees with the data
previously reported for Ins117 enzyme. Truncated enzymes
Ins37, Ins4, Ins19, and Ins98 were even shorter versions than
the truncated inactive enzyme examined by Bejar et al. (6).
They were also inactive, confirming that both the N domain
(residues 1 to �320) and C domain (residues �328 to 431) are
needed to produce an active enzyme.

TABLE 2. Kinetic parameters of the insertion mutants in the presence and absence of FBP in the direction of
ADP-Glc synthesis or pyrophosphorolysis

Enzymea FBP concn (mM)

Synthesisb: Pyrophosphorolysisb:

Glc1P ATP ADP-Glc PPi

S0.5 (mM) n S0.5 (mM) n S0.5 (mM) n S0.5 (mM) n

Wild type 0 0.19 0.8 2.20 1.5 0.36 1.8 0.75 1.4
1.5 0.038 1.0 0.35 1.7 0.10 2.0 0.21 1.2

Ins3 0 N/Ac N/A N/A N/A N/A N/A N/A N/A
1.5 0.090 1.2 0.45 1.9 0.18 1.6 0.35 1.3

Ins8 0 0.440 0.8 7.20 1.1 0.29 1.4 0.77 1.1
1.5 0.220 1.4 7.10 1.1 0.38 1.3 0.48 1.2

Ins22 0 2.10 1.0 1.70 0.6 0.57 1.7 0.70 1.6
1.5 0.060 1.3 0.93 1.6 0.35 1.8 0.23 1.8

Ins27 0 1.70 1.2 1.10 1.8 0.70 1.9 0.81 1.4
1.5 0.069 1.5 1.00 2.3 0.39 1.7 0.18 1.5

Ins65 0 N/A N/A N/A N/A N/A N/A N/A N/A
1.5 0.15 1.3 0.55 2.0 0.17 1.3 0.15 1.4

Ins68 0 N/A N/A N/A N/A N/A N/A N/A N/A
1.5 0.12 1.1 0.84 3.5 0.17 2.1 0.11 0.8

Ins78 0 0.25 1.0 1.85 1.8 0.35 1.5 0.85 1.3
1.5 0.050 1.3 0.44 1.5 0.12 1.5 0.24 1.1

Ins104 0 2.55 1.2 1.00 1.2 0.75 1.6 0.90 1.2
1.5 0.069 1.4 1.35 3.6 0.53 1.7 0.22 1.4

Ins119 0 N/A N/A N/A N/A 0.47 0.8 0.33 1.6
1.5 0.15 1.4 1.49 2.2 0.19 1.4 0.32 1.3

Ins126 0 0.24 0.9 2.75 1.8 0.34 1.9 0.75 1.2
1.5 0.030 1.2 0.27 2.0 0.15 1.6 0.27 1.1

a Enzymes were partially purified and assayed as indicated in Materials and Methods.
b Deviations of the two parameters (S0.5 and n) were lower than 15%. S0.5 is the amount of substrate needed to obtain 50% of the maximum activity (Vmax). The

Hill coefficient is n, as defined in Materials and Methods.
c N/A, not applicable (the activity of the enzyme was negligible in the absence of FBP).
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DISCUSSION

Interaction between the C and N domains was postulated to
be important for allosteric regulation of ADP-Glc PPase from
E. coli (5, 6). Here, a homology model of the enzyme highlights
an interface with important regulatory residues between those
domains (Fig. 1C). It has been reported that mutation of these
residues changes the allosteric properties of the E. coli enzyme.
Lys39 binds to pyridoxal 5
-phosphate, an analog of FBP and
an activator of the enzyme (45). Mutation of this residue de-
creases the apparent affinity for FBP (17). Replacement of
Ala44 and His83 yields enzymes with lower affinities for the
activator (28, 41). On the other hand, mutation of Gly336 and
Pro295 generates mutants in a preactivated state with higher
apparent affinities for FBP (40, 42). Arg40 and Arg52 are equiv-
alent to two important residues for activation of the Agrobac-
terium tumefaciens enzyme by fructose 6-phosphate (19). The
presence of all these residues between the N and C domains
indicate that this interface plays a critical role in the interaction
of the enzyme with the activator. Not only residues in the
N-terminal domain play a role in the interaction with the
activator, but residues in the C terminus must interact too.
Construction of chimeric enzymes demonstrated that the C
terminus determines the specificity for activation by FBP (5).
Also, other studies have shown that changes in amino acids
located in the C terminus of the plant enzyme produce a shift
in the activator preference from 3-phosphoglycerate to FBP
(50) and that a motif outside the pyrophosphorylase domain is
involved in subunit interaction (10).

Insertion of five amino acids has been shown to be very
useful in mapping important regions in several proteins and
uncovering hidden structure-function relationships (1, 9, 15,
24, 44). In this work, regions of E. coli ADP-Glc PPase con-
taining insertions can be classified based on their effects. In-
sertions that generated mutant enzymes that did not stain with
iodine and exhibited impaired activity fell at regions with lower
tolerance for structural modifications, like secondary structure
elements or functionally important loops. In contrast, inser-
tions that generated mutants staining with iodine and display-
ing significant activity were in regions with better tolerance for
local structural alteration and away from the substrate site.
Overall, these results agree with the predicted structural model
and validate it. The most interesting insertions were those
affecting the allosteric behavior of the enzyme. In agreement
with the idea that the C terminus is important for regulation,
Ins3 and Ins65 enzymes had significantly reduced affinity for
FBP. These insertion mutants have low activity in crude ex-
tracts because of the very low expression level, as detected by
immunoblotting (not shown).

The most interesting insertion mutant was the Ins8 enzyme,
which exhibited no activation of the ADP-Glc PPase from E.
coli (Fig. 4). In the models, this insertion is at the end of a
�-sheet and just before a loop (Gln105-Gly116) that is proposed
to interact with the substrate ATP (Fig. 1C) in the same way as
observed in the crystal structure of the S subunit of the potato
tuber ADP-Glc PPase (30). This loop contains Tyr114, which
reacts with a photoreactive 8-azido-adenosine derivative of
ATP, indicating that this residue is very close to the adenosine
binding site. In addition, mutation of Tyr114 decreases the
apparent affinity for ATP (34).

One of the main roles of FBP on the E. coli ADP-Glc PPase
is to increase the apparent affinity for ATP and Mg2� (21).
Insertion 8 completely disrupts this effect, indicating that the
area surrounding Leu102 is critical for allosteric activation and
strongly suggesting that the loop Gln105-Gly116 is involved in
the mechanism. This area is not in the interface between the N
and C domains but is in a neighboring loop (Fig. 1C). The
involvement of the loop Gln105-Gly116 in both the interaction
with ATP and the activation by FBP explains why mutations on
Tyr114 also affected the apparent affinity for FBP (34). Inser-
tion 8 may be blocking the binding of the activator or, most
probably, interrupting the communication between the alloste-
ric site (interface between N-C domains) and the substrate
(ATP) site. This insertion brought the focus of attention to the
region around Leu102 to find key residues that trigger the
allosteric activation after binding of FBP. Alanine-scanning
mutagenesis of this region combined with binding experiments
could elucidate important details of the mechanism of regula-
tion of ADP-Glc PPase. Those experiments are under way.
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