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SYNTHESIS OF THE GLUCOSYL DONOR:
ADPglucose PYROPHOSPHORYLASE

. REGULATORY PROPERTIES

In the biosynthesis of starch and bacterial glycogen, the glucose donor,
ADPglucose, is formed from ATP and glucose-1-P via a reaction catalyzed
by ADPglucose pyrophosphorylase (ADPGlc PPase; glucose-1-P adenylyl-
transferase; E.C. 2.7.7.27). This reaction was first described by Espada
(1962) in soybean and was subsequently found in many plant tissues and
in bacterial extracts. ADPGlc PPases have been isolated from many plants
and bacteria, and their regulatory properties have been studied. Although
the major activators vary according to the source, they share a common
characteristic; The activator specificity of the enzyme is determined by the
major pathway of carbon assimilation in the organism. The relationship of
activator specificity of the ADPGIc PPase of the various organisms with
the pathways is summarized in Table I.

The reaction catalyzed by ADPGlc PPase is reversible, and it should be
noted that regulatory properties can be different in the two directions. For
example, pyrophosphorolysis is usually much less affected by allosteric
activators than is the synthesis of the sugar nucleotide (e.g., see Ghosh and
Preiss, 1966; Preiss ef al., 1967).

Enteric bacteria, such as Escherichia coli, assimilate glucose via glycolysis
and regulation of the glycolytic pathway is at the site of fructose-1,6-bis-P
synthesis (the phosphofructokinase step), and this is the major activator
for the E. coli ADPGlc PPase (Preiss, 1984; Preiss and Romeo, 1989, 1994).

For organisms where the predominant pathway is the Entner—Doudoroff
pathway, fructose-1,6-bis-P is not a major metabolite in glucose degradation
{(because glucose-6-P is converted first into 6-P-gluconate and then to 2-
keto,3-deoxy,6-P-gluconate); the activators for their ADPGlc PPase are
fructose-6-P and pyruvate (Preiss, 1969, 1984; Preiss and Romeo, 1989).

Rhodospirillum rubrum cannot metabolize glucose but grows anaerobi-
cally on pyruvate, lactate, or on CO,. Pyruvate has been shown to be a
product of CO, fixation, and it is also the sole activator of the R. rubrum
ADPGlIc PPase (Furlong and Preiss, 1969).
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TABLE 1
ACTIVATOR SPECIFICITIES OF ADPgLUCOSE PYROPHOSPHORYLASES (ADPGlc PPASE)
FROM DIFFERENT ORGANISMS®

Organisms Activator specificity Assimilation pathway
Enterobacteria Fructose-1,6-bis-P Glycolysis
Agrobacterium tumefaciens Fructose-6-P, pyruvate Entner—Doudoroff pathway
Rhodopseudobacter Fructose-1.6-bis-P, pyruvate, Glycolysis, Entner—Doudoroff,
spheroides fructose-6-P anaerobic photosynthesis
Rhodospirillum rubrum Pyruvate Anaerobic photosynthesis
Cyanobacteria, green 3-P-Glycerate Oxygenic photosynthesis

algae, higher plants

“Grouped according to carbon assimilation pathway.

Rhodobacter spheroides, a highly adaptable organism, can metabolize
glucose by glycolysis or, under other physiologic conditions, by the Entner—
Doudoroff pathway, and it can also assimilate CO, during anaerobic photo-
synthesis. It has an ADPGlIc PPase that is effectively activated either by
fructose-1,6-bis-P, fructose-6-P, or pyruvate (Greenberg et al., 1983) (i.e.,
its adaptability in carbon assimilation is associated with an ADPGIc PPase
with flexible activation specificity).

Cyanobacteria, green algae, and higher plants assimilate CO, during
photosynthesis to form 3-P-glycerate (3PGA). By 1982, ADPGlc PPases
from several plant species—13 from leaf and 9 from nonphotosynthetic
tissues—had been shown to be activated by 3PGA (Preiss, 1982b), which
in most cases increases the affinity for the substrates, ATP and glucose-1-
P, and reverses the inhibition caused by P;. Since 1982, ADPGlc PPases from
other nonphotosynthetic tissues have been studied (e.g., maize endosperm,
potato tuber, cassava root, rice endosperm), and these tissues were highly
dependent on the presence of 3PGA and were inhibited by P;. Some excep-
tions to this rule have been reported. In the ADPGlc PPases from pea
embryos (Hylton and Smith, 1992), barley endosperm (Kleczkowski et al.,
1993), and bean cotyledon (Weber et al., 1995), activation by 3PGA is not
as high, ranging between 1.5- and 3-fold. However, ADPGIc PPases are
usually much less affected by allosteric activators in the pyrophosphorolysis
direction than in the synthesis direction (Ghosh and Preiss, 1966; Preiss et
al., 1967). Activation for the “anomalous” enzymes would likely be higher
if assayed in the synthesis direction, which is, after all, the direction in
which the glucose donor is formed.

In the first studies of maize endosperm ADPGlc PPase, it was thought
that the enzyme was insensitive to 3PGA activation and P; inhibition (Dick-
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inson and Preiss, 1969a,b). It was found later, however, that if protease
inhibitors were added to the maize endosperm extracts, activity was then
very sensitive to activation by 3PGA and to inhibition by P; (Plaxton and
Preiss, 1987). It was also shown that if the activity of proteases was not
prevented, the size of the 54-kDa subunit was reduced to 53 kDa, a small
but reproducible change in size. Thus, partial proteolysis during enzyme
isolation can strongly affect ADPGlc PPase regulatory properties, and
proteolysis may be one reason behind the allosteric insensitivity found in
the atypical ADPGlc PPases.

Figure 1 illustrates how relatively small changes in the 3PGA and P;
concentrations can greatly affect the rate of ADPglucose synthesis, particu-
larly at low concentrations of 3PGA, where the activation is minimal, and
in the presence of P. At 1.2 mM P; and 0.2 mM 3PGA, ADPglucose
synthesis is inhibited by more than 95%. However, if the P; concentration
decreases 33% to 0.8 mM, and the 3PGA concentration increases 50% to
0.3 mM, there is an 8.5-fold increase in the rate of ADPglucose synthesis.
Conversely, at 0.4 mM 3PGA and 0.8 mM P, the rate of ADPglucose
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FIG. 1. Effects of P; and 3PGA on rate of ADPGlucose synthesis catalyzed by potato tuber
ADPGIc PPase. @, 3PGA curve done in the presence of 0.4 mM P; O, 0.8 mM P; 3, 1.2
mM P; B, 3PGA curve measured in the presence of 1.6 mM P;.
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synthesis is 7.5 nmol per 10 minutes. This is reduced to 2.2 nmol (70%
decrease) if the 3PGA concentration decreases 50%, to 0.2 mM. If the P;
concentration increases to 1.2 mM, the synthetic rate is then reduced to
0.65 nmol, which is a reduction in ADPglucose synthesis of 91%. The reason
that small changes in the effector concentrations produce such large effects
in the synthetic rate is due to the sigmoidal nature of the curves particularly
at the low concentrations of 3PGA.

il. PHYSIOLOGIC RELEVANCE OF THE ADPGIc PPase
REGULATORY PROPERTIES

In vivo and in situ experiments strongly indicate that the activation
by 3PGA and inhibition by P; observed in vitro are also physiologically
important. Many experiments have been cited in reviews (Preiss and Levi,
1980; Preiss, 1982a,b, 1988, 1991, 1996; Sivak and Preiss, 1995; Preiss and
Sivak, 1996) showing a direct correlation between the concentration of
3PGA and starch accumulation, and an inverse one between P, concentra-
tion and starch content. This is true for photosynthetic tissues, in which P;
and PGA concentrations within the chloroplast are good indicators of the
energy and carbon status, and in this way the ADPGlc PPase provides a
good regulatory mechanism for the flux of photosynthate into starch. It
has been found that the regulatory properties of the enzyme of nonphoto-
synthetic tissue, such as potato tuber and maize endosperm, are such that
the ADPGlc PPase is almost completely dependent on the presence of the
activator, but in these tissues it is still uncertain how 3PGA and P, can signal
the availability of carbon and energy for starch synthesis, since transport of
carbon in the amyloplast is via hexose-phosphates rather than by triose-
phosphates as seen in chloroplasts (Keeling ez al,, 1988; Heldt et al,, 1991;
Hill and Smith, 1991; Viola et al, 1991).

If this activation mechanism is indeed important physiologically, its fail-
ure should have important consequences in vivo. This has been confirmed
by chemical mutagenesis in bacteria (Preiss, 1969, 1984, 1996), Arabidopsis
thaliana (Lin et al., 1988a,b), and in the green algae Chlamydomonas rein-
hardtii (Ball er al,, 1991). More recently, an allosterically altered ADPGIc
PPase has been reported in maize endosperm (Giroux et al., 1996). In the
Chlamydomonas system, starch-deficient mutants have been isolated and
characterized, and have been shown defective in the ADPGIc PPase, which
could not be effectively activated by 3PGA. The maize endosperm ADPGlc
PPase allosteric mutant is less sensitive to P; inhibition than the normal
enzyme and the mutant endosperm has 15% more dry weight than the
normal endosperm (Giroux et al, 1996). The Chlamydomonas starch-
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deficient and higher dry-weight maize endosperm mutants ADPGlc PPases
strongly suggest that the in vitro regulatory effects observed with the photo-
synthetic and nonphotosynthetic plant ADPGlc PPases are highly func-
tional in vivo, and that ADPGlc synthesis is rate limiting for starch synthesis.

ll.  SUBUNIT STRUCTURE

To study subunit structure, it is essential to determine the molecular
mass of the holoenzyme by gel filtration and/or sucrose density gradient
followed by determination of enzymatic activity. The size of the subunits
can be determined by sodium dodecyl phosphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Put together, this information will show whether
the enzyme is a monomer or a polymer and, if the latter, how many subunits
make up the holoenzyme and whether there is only one kind of subunit
or more than one kind.

Many bacterial ADPGlc PPases have been purified and in many their
subunit structure has been determined. Invariably the native enzymes are
tetrameric with only one kind of subunit, with a molecular mass ranging
from 49,000 to 54,000, according to the species.

In contrast, the plant enzyme consists of two related but different subunits
with masses in the 50,000 to 60,000 range. The “small” subunits have
molecular masses of about 50,000 to 54,000, whereas the other, “large”
subunits have molecular masses of 51,000 to 60,000. Although the difference
in mass between the two subunits in one enzyme can be small, it is still
convenient to designate them as small and large; they differ in many other
characteristics, and this is discussed as follows.

The potato tuber, spinach leaf, and maize endosperm enzymes have small
subunit masses of 50,000, 51,000, and 54,000, respectively, and large subunit
masses of 51,000, 54,000, and 60,000, respectively. The small and large
subunits have about 50 to 60% identity with each other and have about 30
to 40% identity with the procaryotic ADPGlc PPases.

An ADPGlIc PPase that is well studied with respect to structural proper-
ties is the spinach leaf enzyme (Morell er al., 1987, 1988; Ball and Preiss,
1994). This enzyme has a molecular mass of 206,000 and is composed of
two different subunits, with molecular masses 51,000 and 54,000. These
subunits, which can be separated by chromatography after denaturating
the holoenzyme with urea, can be distinguished not only by their molecular
masses but also with respect to amino acid composition, amino-terminal
sequences, peptide patterns on high-performance liquid chromatography
(HPLC) of their tryptic digests, and antigenic properties. The polyclonal
antibody prepared against the 51-kDa subunit reacted very strongly, in
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immunoblots, with the 51,000 subunit, but weakly with the 54,000 subunit.
Conversely, antibodies raised against the large subunit reacted only weakly
with the small subunit and strongly with the large. Thus, on the basis of
the protein chemistry and immunologic analyses, the two subunits are
distinct and probably are the products of two genes.

Preiss e al. (1990) showed that the maize endosperm ADPGIc PPase,
which has a molecular mass of 230,000, could react with the antibody
prepared against the native spinach leaf enzyme in immunoblot experi-
ments. In SDS gel electrophoresis of endosperm extracts or of the highly
purified enzyme, two polypeptides of 55 and 60 kDa reacted with the
antiserum raised against the spinach holoenzyme. The resuits were different
when antibodies raised against the separate subunits (large or small) were
used. The antibody prepared against the spinach leaf large subunit cross-
reacted mainly with the endosperm large subunit and to a small extent
with the 55-kDa subunit. The antibody against the spinach leaf small subunit
antibody cross-reacted well with the endosperm 55-kDDa subunit and weakly
with the 60-kDa subunit. The maize endosperm starch-deficient mutants,
shrunken 2 (sh 2) and brittle 2 (bt 2), were also studied. In immunoblotting
experiments and while using antibodies against the native or subunit anti-
bodies of the spinach leaf enzyme, the mutant b 2 endosperm lacked the
55-kDa subunit and the mutant sk 2 endosperm lacks the 60-kDa subunit.
These results indicate that the maize endosperm ADPGlIc PPase is com-
posed of two immunologically distinctive subunits, and that the sh 2 and bt
2 mutations cause reduction in ADPGic PPase activity (and the consequent
deficiency in starch content) through the lack of one of the subunits. Thus,
the sh 2 gene would be the structural gene for the 60-kDa, large subunit,
whereas the bt 2 gene would be the structural gene for the 55-kDa, small
subunit.

An ADPGIc PPase cDNA clone, isolated from a maize endosperm library
(Barton ez al., 1986), hybridized with the small subunit cDNA clone from
rice (Anderson ez al., 1989). This maize ADPGlc PPase cDNA clone hybrid-
izes to a transcript that is present in maize endosperm but absent in bt 2
endosperm. Thus, the bt 2 mutant appears to be the structural gene of the
55-kDa subunit of the ADPGIc PPase. These data also indicate that the
nonphotosynthetic tissue ADPGlc PPase is also composed of two subunits
and, on the basis of immunoreactivity, there is homology between the large
and small subunits in the leaf enzyme with the subunits of a reserve tissue
enzyme, respectively.

The potato tuber ADPGlc PPase has been highly purified and, by two-
dimensional polyacrylamide gel electrophoresis, two polypeptides could be
distinguished by their slight differences in molecular mass, 50,000 and
51,000, and in net charge (Okita er al, 1990). The tuber small subunit is
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reactive with the antibody prepared against the spinach leaf small subunit.
The antiserum prepared against the spinch leaf large subunit, however,
does not react with either potato tuber enzyme subunit. The potato tuber
enzyme is composed of two distinct subunits and is not a homomer as
initially thought (Sowokinos and Preiss, 1982).

The ADPGIc PPase of A. thaliana is composed of two subunits, with
molecular masses of 51,000 and 54,000. One A. thaliana mutant, TL25,
lacks both subunits of the ADPGlc PPase (it is thought that the mutation
affects a regulatory locus), whereas another mutant, T1.46, lacks the large,
54-kDa subunit only. The TL46 mutation provides further evidence that
the larger subunit is a necessary component of the native ADPGlc PPase
for optimal activity since the mutant has only 7% of the wild-type activity.
The mutant synthesizes starch at 9% of the rate displayed by the wild type
in high light, and at 26% of the wild-type rate measured at low light (Neu-
haus and Stitt, 1990).

IV. STRUCTURE-FUNCTION RELATIONSHIPS

The researcher who wants to elucidate the mechanism of action and the
regulation of an enzyme has many methodological tools at his disposal,
and more become available every year.

Chemical modification can supply information on the amino acids in-
volved in the active and regulatory sites. The amino acid sequences obtained
by Edman degradation of the proteins purified from different tissues and
species, and/or by cloning followed by deduction of amino acid sequences,
can be compared. This exercise will point out the amino acid sequences
well conserved in enzymes from different sources, which are likely to be
essential for enzyme function. Using site-directed mutagenesis, the amino
acids deemed to be crucial are replaced by others, and the effect of these
changes on the properties of the enzyme are studied. To achieve this objec-
tive, E. coli is transformed with the mutated gene in a suitable vector, the
overexpressed enzyme is purified, and its properties are compared with
those of the enzyme obtained from bacteria transformed with the nonmu-
tated gene.

Chemical mutagenesis, followed by screening for starch with iodine re-
agent, can help identify amino acids crucial for binding or catalysis in an
approach similar to that used for the ADPGlic PPase of E. coli. In plants,
chemical mutagenesis has been used with A. thaliana, (Lin et al., 1988a,b),
with C. reinhardtii (Ball et al., 1991), and with the potato enzyme expressed
in E. coli (Greene et al., 1996). As for any methodology intending to identify
a crucial amino acid, the effect of the mutation in a single amino acid must
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be specific for a particular substrate or modulator. A generalized effect
indicates that the amino acid in question affects the general conformation
of the enzyme.

V. FUNCTION OF THE HIGHER PLANT ADPGic PPase SUBUNITS

After discovering that the plant native ADPGlc PPases were tetrameric
and composed of two different subunits, the next step was to determine
why the two subunits were required for optimal catalytic activity. Since the
enzyme must contain ligand binding sites for the activator (3PGA), inhibitor
(P)). sites for the two substrates (ATP and glucose-1-P), as well as a catalytic
site. it is possible that these sites could be located on different subunits.

Two cDNAs encoding the mature large subunit and small subunits of
the potato tuber (Solanum tuberosum L.) ADPGlc PPase have been ex-
pressed in E. coli (Iglesias et al,, 1993; Ballicora et al, 1995). The large
subunit and small subunits could be expressed separately as well as together.
As seen in Table II, considerable activity of ADPGlc PPase is obtained
when the cDNA of the large subunit is expressed along with the cDNA of
the small subunit enzyme in an E. coli mutant devoid of ADPGlc PPase
activity. The purified recombinant enzyme, containing both the large and
small subunits, has a specific activity of 64 umol - min~! - mg~' when
measured in the presence of the activator (3 mM 3PGA). If the large sub-
unit is expressed alone, little activity is observed. However, expression of the
small subunit alone leads to significant ADPGlc PPase activity (Ballicora et
al., 1995). This homomeric (four small subunits) enzyme has been puri-

TABLE II
COMPARISON OF THE PROPERTIES OF TRANSGENIC ADPGlc PPASES wiTH THE
PROPERTIES OF THE POTATO TUBER ENZYME”

Iys (mM)
Ags
Enzyme source (mM) at025mM,3PGA at3.0mM, 3PGA
Potato tuber (Sowokinos and Preiss, 1982)  0.40 0.12 0.33
pMLaughi0 + pMON17336 (large and 0.16 0.07 0.63
small subunits)
pMLaugh10 (small subunit only) 2.40 — 0.08

7 The kinetic constants of the recombinant enzyme purifted from E. coli were measured (Balli-
cora e al.. 1995) and they coincided with the data obtained with the native potato tuber enzyme
{Sowokinos and Preiss, 1982). Ays and | s are concentration of activator PGA needed for 50%
of maximal activation and concentration of inhibitor P, giving 50% inhibition, respectively.
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fied almost to homogeneity with a specific activity of 50 umol - min~! -
mg~! when measured in the presence of a high concentration (4 mM) of
3PGA. As shown in Table II, the enzyme composed exclusively of small
subunits has a lower apparent affinity (Ags = 2.4 mM) for the activator,
3PGA, than the heterotetramer. The enzyme with only the small subunit
is also more sensitive to P; inhibition (Ips of 0.08 mM in the presence
of 3 mM 3PGA) as compared with the heteromeric enzyme (Iys value of
0.63mM ). The K, values for the substrates and Mg *2 are essentially the same
whether the enzyme is composed of only one subunit, the small subunit, or
two subunits, small and large. In every case the native enzyme is a tetra-
mer—a homotetramer in the case of the small subunit alone and a heterote-
tramer in the case of the large and small subunits (Ballicora et al., 1995).

These data suggest that the small subunit is primarily involved in catalysis;
it has substantial activity in the absence of the large subunit if the concentra-
tion of 3PGA, the activator, is high. The large subunit, when expressed
alone, has little activity, but if expressed with the small subunit, the resulting
enzyme has similar regulatory kinetic constants as does the native potato
enzyme. This suggests that the prime function of the large subunit would
be to regulate the activity of the small subunit, increasing the apparent
affinity for the activator, and decreasing the affinity for the inhibitor P;.
This information agrees with results obtained with A. thaliana, in which
the mutant ADPGlc PPase lacking the large subunit had activity but its
affinity for the activator, 3PGA, was lower and the affinity for P; was higher
than for the wild-type heterotetrameric enzyme (Li and Preiss, 1992).

The small subunit of the higher plant ADPGIc PPases is highly conserved
(85-95% identity), whereas the large subunit is less conserved (50-60%
identity; Smith-White and Preiss, 1992). The higher heterogeneity seen
in the large subunit sequence probably reflects different demands in the
modulation of the small subunit sensitivity to allosteric activation and inhibi-
tion posed by different demands of the tissue and species. Expression of
large subunits would differ during development or in different plants and
tissues (e.g., leaf, stem, guard cells, tuber, endosperm, root, embryo), provid-
ing the resulting ADPGlc PPases with differing sensitivities to regulators.

VI. IDENTIFICATION OF THE SUBSTRATE BINDING SITES

Chemical modification can be used to obtain information on the catalytic
mechanism and on the catalytic site of the enzyme of interest. One goal in
the design of affinity labels for enzymes is to determine the catalytically
important residues. First, the affinity label has to behave as an analogue of
the substrate (or of the activator or inhibitor) by competition experiments.
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Second, the enzyme is covalently bound to the affinity label in conditions
chosen according to the enzyme in question and the chemical nature of
the analogue, so as to decrease nonspecific labeling. Third, the labeled
enzyme is subjected to proteolysis and the radioactive peptide(s) are iso-
lated by HPLC. The labeled peptide(s) are then sequenced, providing
information about the domains of the enzyme involved in the interaction
with the substrate (or with the modulators).

Chemical modification studies on ADPGlc PPase have involved the use
of the following affinity labels:

1. Pyridoxal-S-phosphate (PLP), an analog of 3PGA or phosphorylated
sugars that can be covalently bound to the enzyme by reduction with
NaBH4

The photoaffinity substrate analogs, 8-azido-ATP and 8-azido-ADPglu-
cose. When ultraviolet (UV) light (257 nm) irradiates 8-azido com-
pounds, a nitrene radical is formed, which can react with electron-rich
residues and inactivate the enzyme.

3. Phenyiglyoxal, for the identification of arginine residues

2%

These studies have provided information on the catalytic and regulatory
sites of the spinach and cyanobacterial ADPGlc PPases, and on the role
of the large and small subunits (Morell et al., 1988; Smith-White and Preiss,
1992; Ball and Preiss, 1994; Charng et al., 1994).

In addition, residues that chemical modification suggested were involved
in substrate binding have been subjected to site-directed mutagenesis (Ku-
mar et al., 1989; Hill er al., 1991; Charng et al, 1994, 1995; Sheng et al.,
1996). These studies have provided information on the catalytic and regula-
tory sites of the spinach ADPGIc PPase and on the role of the large and
small subunits. They have also shown that many of the studies initiated
with the bacterial ADPGIc PPases are highly relevant for studies on the
higher plant enzyme (Kumar er al, 1988; Hill et al., 1991; Charng et al,
1994; Sheng er al.,, 1996).

In the ADPGIc PPase from E. coli, the Lys residue 195 has been identified
as the binding site for the phosphate of glucose-1-P (Hill et al,, 1991), and
tyrosine (Tyr) residue 114 has been identified as involved in the binding
of the adenosine portion of the other substrate, ATP (Lee and Preiss, 1986).
When the amino acid sequence of the E. coli enzyme is aligned with those
from the plant and cyanobacterial ADPGIlc PPases, the identity ranges
from 30 to 33% {Smith-White and Preiss, 1992). Sequence identity is much
higher when only the ATP and glucose-1-P binding sites (Table II) are
compared with the corresponding sequences of the plant and cyanobacterial
enzymes, suggesting that those sequences are still important in the plant
enzyme, probably having the same function.
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TABLE III

CONSERVATION OF THE SEQUENCE OF THE E. coli ADPGlc PPAsE
BINDING SITES FOR Glc-1-P* AND ATP? IN THE ENZYMES FROM
OTHER ORGANISMS®

53

Organism Glc-1-P site ATP site
Prokaryotes
E. coli IIEFVEKP-AN WYRGTADAV
S. typhimurium *oRYkkhk Kk kK Ahkhkkkkok
Anabaena V*D*S** *KGE KRQFFFA ;K
Synechocystis *TD*S** *OGE HEQk kk k%
Plant small subunit
Spinach leaf, 51 kDa KRRk Pk *KKGE KRQ*kokk ok k
Potato tuber, 50 kDa *% ok k A***(OGE *EQR A KA Ak
Maize endosperm, 54 kDa *k ok kA% ¥ *KGE HEQEHE KR
Rice seed LATAR S S AL 3 (el 0] KFQR KA KAk
A thaliana *kk ok p** FRGE KEQRH Rk kR R
Wheat endosperm ko ok gk * RGE KEQF Kk A%
Plant large subunit
Spinach leaf, 54 kDa VLS*S***KGD KEQER XK
Potato tuber, 51 kDa VVQ*A** *KGF HEQA* ok kk
Maize endosperm, 60 kDa VLQ*F***KGA *PQ¥***GT
A. thaliana V*SFS** *KGD FRQF KKK K],
Wheat endosperm VVQ*S*Q*KGD *ER* %% *

“Data from Hill ez al. (1991).

b Data from Kumar et al. (1988).

¢ For references to sequences, see Smith-White and Preiss (1992) for the
plant enzymes; Charng et al. (1992) for Anabaena; Kakefuda er al. (1992) for
Synechocystis; and Ainsworth et al. (1993) for the wheat endosperm small
subunit. Lys-195 and Tyr-114 of the E. coli enzyme belong to the Glc-1-P
and ATP binding sites, respectively. * signifies the same amino acid as in the
E. coli enzyme.

The binding site for pyridoxal phosphate in the small subunit was isolated,
revealing a lysine (Lys) residue close to the C terminus, which may be
important for 3PGA activation (Morell et al., 1988). When PLP is covalently
bound (Fig. 2), the plant ADPGlc PPase no longer requires 3PGA for
activation; and the binding of PLP is prevented by the allosteric effectors,
3PGA and P;. These observations indicate that the activator analog, PLP,
is binding at the activator site. In addition, Preiss ef al. (1992) and Ball and
Preiss (1994) showed that three Lys residues of the spinach leaf large
subunit are also involved or are close to the binding site of pyridoxal-P
and, presumably, to the activator, 3PGA (Table IV). The chemical modifi-
cation of these Lys residues by pyridoxal-P was prevented by the presence
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FIG. 2. Chemical modification is one of the tools used to identify the amino acid residues
involved in the binding of a substrate, activator. or inhibitor. In the case of the ADPglucose
pyrophosphorylase (ADPGic PPase), the allosteric sites can be modified using pyridoxal-5-
phosphate (PLP). PLP forms a Schiff base with an e-amino group of a Lys residue. This Schiff
base is converted to a stable secondary amine by reduction with NaBH,. The modified enzyme
no longer requires activator for catalysis, indicating that a Lys residue participates in the
binding of the activator. This evidence is supported by the fact that modification of the enzyme
with PLP can be prevented if an allosteric effector (i.e.. 3PGA or P)) is present when the
enzyme is incubated with PLP.

of 3PGA during the reductive pyridoxylation process and, in the case of
the Lys residue of site 1 of the small subunit and site 2 of the large subunit,
P; also prevented them from being modified by reductive pyridoxylation.
Thus, it is believed that the most important sites involved are sites 1 and
2. Similar results were obtained with the Anabaena ADPGlc PPase (Charng
et al., 1994). Chemical modification of the enzyme with PLP caused the
cyanobacterial enzyme no longer to require activator for maximal activity;
chemical modification was prevented by 3PGA and P;. The modified Lys
residue was identified as Lys-419 and the sequence adjacent to that residue
is similar to that observed for site 1 sequences in the higher plants. Site-
directed mutagenesis of Lys-419 to either Arginine (Arg), Alanine (Ala),
Glutamine (Gln), or glutamic acid (Glu) produced mutant enzymes (ex-



SYNTHESIS OF THE GLUCOSYL DONOR

TABLE IV

PLANT AND CYANOBACTERIAL ADPGlc PPASE ACTIVATOR BINDING SITES?

Activator site 1

Activator site 2

Potato tuber, 50 kDa SGIVTVIKDALIPSGIII IKRAIIDKNAR
Spinach, 51 kDa (small) SGIVTVIKDALIPSGTVI IKRAIIDKNAR
Maize, 54 kDa GGIVTVIKDALLPSGTVI IRRAIIDKNAR
Wheat seed (small) SGIVTVIKDALLPSGTVI IKRAIIDKNAR
Anabaena SGIVVVLKNAVITDGTII QRRAIIDKNAR
Synechocystis NGIVVVIKNVTIADGTVI IRRAIIDKNAR
Spinach, 54 kDa (large) SGITVIFKQATIKDGVV IKDAIIDKNAR
Potato, 51 kDa (large) SGIIIILEKATIRDGTVI IRKCIIDKNAK
Maize, 60 kDa (large) SGIVVILKNATINECLVI TRNCIIDMNAR
Wheat seed (large) SGIVVIQKNATIKDGTVV TQNCIIDKNAR
Barley endosperm (large) SGIVVIQKNATIKDGTVV ISNCIIDMNAR
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“The sequences listed in one-letter code are from Smith-White and Preiss (1992).
The sequences of the barley endosperm enzyme are from Villand et al (1992). The
Lys residues underlined indicate they are covalently modified by pyridoxal-P and the
chemical modification of the Lys residue is prevented by 3PGA and P;, or site-directed
mutagenesis has identified them to be involved in binding the activator. The numbers
441 and 417 correspond to the Lys residues in the potato tuber ADPGlc PPase small
subunit. Site 1 is present both in the large and in the small subunits of the plant ADPGlc
PPase, whereas site 2 is only in the large subunit even though similar sites are observed
in the small subunit.

pressed in E. coli) with lowered affinities, 25- to 150-fold lower than that
of the wild-type enzyme. No other kinetic constants, such as affinity for
substrates and the inhibitor, P;, were affected, nor was the heat stability or
the catalytic efficiency of the enzyme affected. These mutant enzymes,
however, were still activated to a great extent at higher concentrations of
3PGA, suggesting that an additional site was involved in the binding of
the activator. The Lys-419 in the Arg mutant was chemically modified
with the activator analog, PLP, and Lys 382 was the amino acid that was
reductively phosphopyridoxylated. Modification of Lys-382 in the Arg mu-
tant also caused a dramatic alteration in the allosteric properties of the
enzyme, which could be prevented by the presence of 3PGA or P; during
the chemical modification process. Therefore, Lys-382 was identified as the
additional site involved in the binding of the activator and, as seen in Table
1V, the adjacent sequence about Lys-382 in the Anabaena enzyme is similar
to that seen for site 2.

In the ADPGlc PPases of Anabaena and higher plants, there are five
highly conserved Arg residues that are not present in the enteric bacterial
ADPGIc PPases. As discussed previously, the regulatory characteristic of
enteric bacteria are different from those of cyanobacteria and higher plants;
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for example, the enteric ADPGlc PPases are not inhibited by P;, but by 5-
AMP. Phenylglyoxal inactivation of the spinach enzyme can be prevented
by 3PGA or by P;, which is evidence that one or more Arg residues are
present in the allosteric sites of the spinach leaf enzyme. Both subunits of
the spinach leaf enzyme were labeled when ['*C]phenylglyoxal was used
(Ball and Preiss, 1992). Thus, Arg residues may also be involved in the
binding of the allosteric ligands, particularly P;. Site-directed mutagenesis
was used to find out whether these five Arg residues were in some way
responsible for the different regulatory properties. All five conserved Arg
residues in the Anabaena ADPGlc PPase—that is, Arg 66, 105, 171, 294,
and 385 were mutagenized to Ala (Sheng and Preiss, 1998). As shown in
Tabie V, the Arg 294 Ala mutation resulted in a mutant enzyme with a
much lower affinity for the inhibitor, phosphate, measured in the absence
or presence of 3PGA. This mutation had no (or little) effect on the kinetic
constants for the substrates or for the activator, 3PGA (Sheng and Preiss,
1998), and it can be concluded that Arg 294 of the Anabaena enzyme is
involved in the binding of P;. The activator, 3PGA, and the inhibitor, P;,
probably bind to different sites, although there could be some overlapping.
Another effect of the site-directed mutagenesis was that the purified
mutant enzyme Arg 294 Ala had a 3-fold higher specific activity than
the wild-type enzyme, suggesting that with disappearance of the inhibitor
binding site there was also a conformational change, resulting in an enzyme
with a higher catalytic efficiency. These results not only clarified another
aspect of the structure—function relationships of the ADPGIc PPase, but
also resulted in the creation of an enzyme that might be useful in the
development of transgenic crops with higher starch production.

TABLE V
EFFECT OF SITE-DIRECTED MUTAGENESIS OF SEVERAL AMINO ACIDS ON THE RESPONSE
OF THE Anabaena ADPGlIc PPase 1o 3-PGA

WT R66A R105A R294A R385A

3-P-glycerate
lo.s Py (mM) — 0.055 0.26 0.077 52 0.062
+ 1.0 0.58 0.89 38 0.87
Vimax (unit®/mg) - 6.9 4.8 438 11 0.63
+ 60 44 79 170 13

“ One unit of enzyme activity is defined as the amount of enzyme required to form 1 umol
of ADP-glucose/min at 37°C (assay in the direction of synthesis).
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As discussed previously, cDNA clones encoding the putative mature
forms of the large and small subunits of the potato tuber ADPGIc PPase
have been expressed together, using two different compatible vectors, in
an E. coli mutant deficient in ADPGlc PPase activity (Iglesias et al., 1993;
Ballicora et al, 1995; Table II). This expression system was then used
for site-directed mutagenesis experiments aiming to test whether the Lys
residues in the potato tuber ADPGIlc PPase have a role in activation, as
suggested by the chemical modification (with pyridoxal-P) experiments of
the spinach enzyme.

As shown in Table VI, site-directed mutagenesis of Lys 441 of the potato
ADPGic PPase small subunit to Glu and Ala results in mutant enzymes
with lower affinity, 30- to 83-fold, respectively, for 3PGA (Ballicora et al,
1996; Preiss et al, 1996). A conservative mutation to arginine resulted in
only a two-fold increase in Ay, indicating that the positive charge of the
cationic amino acid is important for the binding of the activator. Mutagene-
sis of Lys residue 417 in the large subunit (the residue homologous to the
Anabaena Lys residue 382 and to site 2 of the spinach leaf large subunit
Lys residue modified by PLP) was also done. When Lys 417 was replaced
by either Ala or Glu, the affinity for 3PGA decreased (Table V) but the
increase in Agys was only 3- to 13-fold and not as high as seen with the
mutations of the small, 50-kDa subunit Lys 441 residue. When both Lys
residues in the large (51-kDa) and small subunits were mutated, the de-
crease in affinity or increase in A,s was additive. Thus, Lys residues in
both subunits seem to contribute to the binding of the activator.

TABLE VI
SITE-DIRECTED MUTAGENESIS OF LYS RESIDUES AT THE BINDING SITE FOR THE
ALLOSTERIC ACTIVATOR IN THE SUBUNITS OF THE POTATO TUBER ADPGIc PPasE.
EFFECT ON THE SENSITIVITY OF THE HOLOENZYME TO THE ACTIVATOR, 3PGA“

ADPGlc PPase subunits

Large Small 3PGA Ags (mM) Ratio of Ags mutant/Agys wt
Wild-type Wild-type 0.10 1
K417A Wild-type 0.3 3
K417E Wild-type 13 13
K417A K441A 6.0 60
K417E K417E No activation 0
Wild-type K441R 0.18 1.8
Wild-type K441A 32 32
Wild-type K441E 8.3 83

% Data from Preiss ef al. (1996) and unpublished results of M. A. Ballicora and J. Preiss.
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Random mutagenesis has also been used to determine whether other
sequence regions or amino acids in the large subunit are important for the
allosteric function (Greene et al, 1996a,b). In one study (Greene et al,
1996b), the Asp residue 416 (413 in the special notation used by Greene
et al.} was mutated to an Ala residue and the affinity for 3PGA decreased
about 6-fold, similar to the decrease observed when Lys 417 was mutated
to Ala (Ballicora et al., 1996; Table IV). In a second mutant isolated via
random mutagenesis, Leu had replaced the proline residue 52 (Greene
et al, 1996a). The mutant enzyme’s affinity for 3PGA was substantially
decreased; the Ay s being increased 45-fold in mutant P52L., suggesting that
a region of the large subunit N-terminal may also be involved in the forma-
tion of the allosteric activator binding site.

Giroux et al. (1996) described the effect of a single gene mutation in the
sh 2 locus of maize (coding for the large subunit of the ADPGIc PPase),
which increases seed weight by 11 to 18% without changing the proportion
of the seed weight taken by starch. The direct effect of the mutation is the
addition of two amino acids, tyrosine and serine, that seem to decrease the
sensitivity of the ADPGIc PPase to inhibition by phosphate. This change
in regulatory properties was found in the ADPGlc PPase measured in the
seed extract and in the enzyme expressed in E. coli. When the researchers
placed the two extra amino acids in the corresponding position of the potato
tuber ADPGlc PPase, expressed in E. coli, they observed a similar decrease
in sensitivity to P;.

VIl. CLONING OF THE ADPGIc PPase GENES AND COMPARISON
OF THEIR SEQUENCES

Many cDNA or genomic clones for the small subunit ADPGlc PPase
gene of rice endosperm (Krishnan et al,, 1986; Anderson ez al,, 1989, 1990),
maize endosperm (Barton et al., 1986), spinach leaf (Preiss et al,, 1989), A.
thaliana (B. Smith-White and J. Preiss, unpublished results, 1998), and
potato tuber (Anderson et al, 1990; Nakata et al,, 1991) have been isolated.
In addition, a cDNA clone for the maize endosperm ADPGIc PPase large
molecular subunit (Sh 2 locus) has also been isolated (Barton et al., 1986).
Olive et al. (1989) isolated cDNA clones from wheat leaf and wheat endo-
sperm, which are now considered to represent the large subunit gene of the
ADPGic PPase, as suggested by the deduced amino acid sequence.

Although the isolation of the spinach leaf large subunit cDNA clone
has not been reported, the major portion of the spinach leaf large subunit
(54 kDa) has been sequenced by the Edmann degradation technique (B.
Smith-White and J. Preiss, 1992). Since 1991, many other ADPGlc PPase
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genes, either genomic or represented by a cDNA, have been isolated from
many plants and different tissues, and they are too numerous to cite here.
Figure 3 shows the deduced amino acid sequences of 45 subunits of ADPGl¢
PPases obtained from the EMBL nucleotide sequence library and
GenBank.

At the DNA level, the isolated genes are dissimilar. For example, in
wheat leaf and wheat endosperm, there is only 55.7% identity (Olive et al.,
1989) and, on the basis of Southern blot hybridization analyses and restric-
tion enzyme mapping, it is concluded that there are at least two distinct
gene families in wheat. For spinach leaf and rice endosperm, there is only
approximately a 50% identity (B. S. White and J. Preiss, unpublished re-
sults, 1998).

Good identity is observed in comparing amino acid sequences of similar
subunits of the ADPGlc PPase from the different plants, and this is expected
since the spinach leaf lower-molecular-weight subunit antibody reacts well
with the equivalent subunits of maize endosperm (Plaxton and Preiss, 1987;
Preiss et al., 1990), rice seed (Krishnan et al., 1986; Anderson et al., 1989),
Arabidopsis leaf (Lin et al., 1988a,b), and potato tuber (Okita et al., 1990)
enzymes. The lower-molecular-weight antibody does not react well with
the higher-molecular-mass subunit of the ADPGlc PPase of these various
plants. Therefore, it was not expected that much homology would be seen
between the lower- and higher-molecular-weight subunits. However, there
appears to be some identity (approximately 40-60%) between the large
and small subunits of the higher plant ADPGIc PPase (Fig. 3).

Because of the relatively low but certain homology between the two
subunits of the ADPGIc PPase, it can be speculated that they may have
arisen originally from the same gene. The bacterial ADPGIc PPase is a
homotetramer composed of only one subunit (Preiss, 1984). The cyanobac-
terial ADPGlIc PPase has 3PGA as an allosteric activator and P; as an
inhibitor, similar to the enzyme from higher plants (Levi and Preiss, 1976),
and unlike the bacterial enzymes (e.g., fructose-1,6-biphosphate is the acti-
vator in enteric bacteria). Both bacterial (Preiss, 1984; Preiss and Romeo,
1989) and cyanobacterial (Iglesias et al., 1991) ADPGIc PPases are homotet-
rameric, unlike the higher plant enzymes, indicating that regulation by
3PGA and P; (a good signaling system for a photosynthetic organism) is
not related to the heterotetrameric nature of the higher plant enzyme. It
is possible that during evolution there was duplication of the ADPGIc
PPase gene, and divergence of the genes then produced two different genes
coding for the two peptides, both of which were required for optimal activity
of the native higher plant enzyme.

Asindicated in the preceding, one can tentatively assign catalytic function
to the small subunit of the ADPGIc PPase. The extensive identity and
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cDNA, Lycopersicon esculentum, fruit
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cDNA, Oryza sativa, strain L.C.V., Biggs M201, endosperm
cDNA, Oryza sativa, strain L.C.V. Biggs M201, leaf

c¢DNA, RT PCR, Hordeum vulgaris, cv Bomi, endosperm (S39537)
c¢DNA, Triticum aestivum, cv. Chinese Spring, leaf

cDNA, Hordeum vulgaris, cv Bomi, starchy endosperm

cDNA, Hordeum vulgaris, cv Bomi, leaf

c¢DNA, RT PCR, Arabidopsis thaliana

c¢DNA, Zea mays, endosperm, brittle-2 locus

c¢DNA, Zea mays, leaf

cDNA, Arabidopsis thaliana, above-ground (B. Smith-White, pers. comm.)
c¢DNA, Arabidopsis thaliana, above-ground (B. Smith-White, pers. comm.)
c¢DNA, RT PCR, Arabidopsis thaliana
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¢DNA, RT PCR, Hordeum vulgaris, cv Bomi, 4 week seedling, (839540)
c¢DNA, Solanum tuberosum, cv. Desiree {3112 Ebstorf}, tuber
genomic PCR, Spinacia oleracea (B. Smith-White, pers. comm.)
c¢DNA, Pisum sativum, cv. sugar snap, cotyledons

c¢DNA, Solanum tuberosum, cv. Russett Burbank, tuber

cDNA, RT PCR, Arabidopsis thaliana

cDNA, Beta vulgaris, cv. Zuchtlinie 580026, tap root

cDNA, Solanum tuberosum, cv. Desiree {3112 Ebstorf}, leaf
cDNA, RT PCR, Arabidopsis thaliana
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c¢DNA, Zea mays, embryo

c¢DNA, Zea mays, endosperm, shrunken-2 locus

ONLYSMLL - residue found only in small subunit class, diagnostic for class membership
ALLSMALL - residue found in all members of small subunit class,

ONLYLRGE - residue found only in large subunit class, diagnostic for class membership
ALLLARGE - residue found in all mem of large subunit class,

ALLPLANT - residue found in all plant proteins.

Uppercase - no exceptions, lowercase - one or two exceptions

FIG. 3.
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FIG.3. Alignment of the primary structures of ADPGlc PPase proteins from various plants. The sequences were obtained from either GenBank or EMBL
nucleotide sequence library, except for Zea mays brittle 2 (obtained from L. C. Hannah) and Arabidopsis thaliana large and small subunits (B. S. White and
J. Preiss, unpublished results, 1998). Alignment of the sequences was done essentially as described by Smith-White and Preiss (1992). The small subunit
sequences are shown in the top and the large subunit in the bottom. Also shown are five diagnostic classes that have been formulated for residues in the
sequence, which are residues in sequences found only in the small subunit, residues found in all members of the small subunit class sequences, residues
found in sequences present only in the large subunit, residues found in all members of the large subunit class, and residues found in all plant ADPGlc PPases.
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similarity in sequence between the small subunits isolated from different
plants and tissues supports this view. In the case of the large subunit, in
which amino acid sequences have less similarity to what is observed for the
small subunits, it is possible that the different large subunits lend different
regulatory properties for the heterotetrameric ADPGlc PPases of different
species and/or tissues. Thus, because the different sequences of the large
subunit reflect their occurrences in different plant tissues (e.g., leaf, stem,
guard cells, tuber, endosperm, root) (Smith-White and Preiss, 1992), it is
possible that these sequence differences render the isolated enzyme from
different tissues to have different allosteric properties.

Vill.  HYDROPHOBIC CLUSTER ANALYSIS

Preparation of single crystals followed by X-ray diffraction analysis can
picture accurately the structure of a protein at a high, atomic resolution.
Computing advances have accelerated the process of converting a diffrac-
tion pattern into a molecular model. However, crystallization is far from
a routine procedure, as the conditions required by a particular protein can
only be found by screening a multitude of media (now available commer-
cially) known to favor crystallization. Obtaining a crystal is a hit-or-miss
business with no theory; the proteins whose structures have been revealed
so far have not been chosen for their interest but because of their propensity
to crystallize. Sometimes good crystals can be grown, but they do not
diffract because they have very large unit cell dimensions or they decay
rapidly in the X-ray beam. Some proteins are easier to crystallize than
others, and the ADPGlc PPase from E. coli and Anabaena are among the
more difficult ones. One factor affecting crystallization is the high degree
of hydration of the molecule, and so far only small crystals have been
obtained, and these were unstable under X-ray diffraction (Mulichak et
al., 1988).

Until good crystals have been obtained, there are other avenues for
obtaining information about the structure of proteins that are difficult to
crystallize. As observed by Kendrew when he solved the structure of the
myoglobin, the main driving force for folding water-soluble globular protein
molecules is to pack hydrophobic side chains into the interior of the mole-
cule, thus creating a hydrophobic core and a hydrophilic surface. The main
chain in the interior is arranged in secondary structures to neutralize its
polar atoms through hydrogen bonds. There are two main types of second-
ary structure: alpha- («-) helices and beta- (8-) sheets. Protein structures
are built up by a combination of secondary structural elements, a-helices,
and B3-strands. These form the core regions—the interior of the molecule—
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and are connected by loop regions at the surface. Schematic diagrams where
these structures are highlighted are useful; in addition, e-helices and 8-
strands that are adjacent in the amino acid sequence are usually adjacent
in the tertiary structure.

Hydrophobic cluster analysis (HCA) is a technique that displays the
clusters of hydrophobic amino acids present within the primary sequence.
It has been used to align amino acid sequences, to predict secondary struc-
tures, and to help find similar structures in proteins with a low homology
(Lemesle-Varloot et al.,, 1990). The amino acids are plotted as an a-helix
and the representation is duplicated to avoid cutting off clusters with the
“wrapping” that occurs when one turn of the helix is completed. In the
original method, hydrophobic amino acids are highlighted and encircled to
signal the presence of a hydrophobic cluster. This technique was applied
to the ADPGlIc PPase from E. coli (Ballicora et al.,, 1996) and, since the
technique is most useful when homologous proteins are compared, the
sequence of the enzyme from a cyanobacteria (Anabaena) was also ana-
lyzed. The modification by Rost and Sander (1993) of the original technique
facilitates the identification of clusters and, in the case of ADPGIc PPases
from E. coli and Anabaena, it stresses the similarities between the two
proteins. Proline and glycine are known “‘breakers” of helices and sheets,
and a cluster is not drawn when one of these amino acids is included in it.
From the hydrophobic analysis using the profile neural network (PHD)
program, it is clear that the ADPGIc PPases from E. coli and Anabaena
are identical in the position of many clusters, and in some others the
differences are small. There are some insertions and deletions in the se-
quence, but they do not alter the general pattern of the clusters because,
in these insertions, the analysis shows no buried amino acids. This suggests
that the small insertions seen among ADPGlc PPases are not part of the
“core” of the protein. Analysis of higher plant ADPGlc PPases show a
similar pattern of clusters. For example, even though the homology in
amino acid sequence is lower between the enzyme from E. coli and the
small and large subunits of the potato tuber enzyme, all the clusters present
in the bacterial enzyme are also present in both subunits of the plant
ADPGIc PPase. This indicates that the ADPGlc PPases from different
sources share a common folding pattern, despite a different quaternary
structure (heterotetramer in plants, homotetramer in bacteria) and a differ-
ent specificity for the activator.

If the ADPGIc PPases from different sources have similar three-
dimensional structures, the structure of one should help predict the second-
ary structure of another. The sequence of enzymes from E. coli and Ana-
baena, and also from the two subunits of the potato tuber enzyme, were
analyzed using the PHD program. One general structure that fits all of
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these proteins was predicted (Fig. 4). The ADPGlIc PPase is an o/f protein,
but some parts of it are mainly beta, such as the C-terminal and the domain
denoted as 3. To verify whether the model is valid, it was tested against
the biochemical data available, including the results of partial proteolysis
that is, trypsin treatment of the Anabaena and the E. coli enzymes (Y. Y.
Charng and J. Preiss, unpublished results, 1992) and proteinase K (M. Wu
and J. Preiss, unpublished results, 1997) digestion of the E. coli enzyme.
The peptides obtained by protease treatment were analyzed (Fig. 5). Ex-
posed loops would be more sensitive to proteolysis, and the protease studies,
which actually cut in sites predicted as loops by the model, confirm the
structure proposed. The only exception is the a-helix predicted near the
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FIG. 4. Profile neural network (PHD) prediction of the secondary structure of the ADPGlc
PPase. The structure shown was obtained by applying the program to the sequences of ADPGlc
PPases from E. coli and Anabaena, and the two subunits of the potato tuber ADPGlc PPase.
Section | contains the Fru-1.6-BP activator site KRAKPAYV in a loop as well as R67. Section
2 has the putative ATP binding site, Y114, in a loop area between a 8-strand and an a-helix
starting at GTAD. The Glc-1-P binding site is also seen in a loop among a series of predicted
B-strands. The topology between regions 1 and 2 cannot be ascertained (dotted line).
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FIG. 5. Controlled digestion of the ADPGIc PPase from E. coli by protease K. The full
segment PO represents the sequence of the native enzyme; the amino acid residues known to
be imiportant in enzyme function, binding of the substrates, or of the allosteric ligands are
shown. Protease K cleaves first the more accessible peptidic linkages 181 to 182 and 192 to
193, inactivating the enzyme and originating the peptides P1 and P2. Cleavage also occurs at
the N-terminal side of the polypeptide at the 4-5, 8-9, and 11-12 bonds, giving rise to peptides
P3, P4, and P5. When the enzyme is incubated with the protease in the presence of ADPGlc,
fructose-1,6-bis-P and Mg**, the internal peptide bonds are protected, and only degradation
at the N-terminal is observed.

C-terminal of the Anabaena enzyme. Since this is an insertion (20 aa) that
is absent in E. coli, and it is not predicted as buried in Anabaena, most
likely this helix is not part of the core and is part of a loop. It is also worth
noting that most of the conserved amino acids known to have roles in the
binding of substrates (E. coli Y114, K195) and activators (E. coli K39,
Anabaena K382, K419) are located in loops or are very close to loops.
The residues P295 and G336 that are involved in areas important for the
regulation of the E. coli enzyme (Preiss and Romeo, 1989, 1994; Preiss,
1996) are also in loops.

A common supersecondary structure (“motif”’) seen in nucleotide bind-
ing proteins in general (Rossman et al.,, 1974) is also present in this model—
that is, the glycine loop in the domain 1, which would bind the phosphates
of the ATP, and the region 2, with three B-sheets and a-helices compatible
with a Rossmann fold. It is likely that regions 1, 2, and 3 form a catalytic
domain, composed of a typical /B structure where the substrates bind on
the top of the model as depicted in Fig. 4. The prediction of the secondary
structure of the ADPGlc PPase in region 1 + 2, is identical to the accepted
structure of the oncogenic protein H-Ras (p21), which is used as one of the
folding models for nucleotide phosphate binding GTP (Tong et al., 1991).

In region 2, the loops on the N side of the B-sheets (C end of the helices)
have no amino acids conserved in all the sequences of the ADPGIc PPases
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known. This is compatible with the idea that the binding of ATP is located
in the other side of the /8 structure. For topological reasons, these loops
would not be accessible to the substrate and, as a consequence, evolutionary
pressure to conserve the amino acids in these loops is lower than in the
loops located at the C end of the B-sheets.

IX. TRANSCRIPTION

Reeves et al. (1986) determined the levels of the wheat gliadin and
ADPGlIc PPase polypeptides, and of their respective mRNAs, using gliadin
c¢DNAs and antibody to the spinach leaf ADPGIc PPase during wheat
endosperm development. The mRNA contents for these proteins accumu-
lated coordinately during endosperm development. Gliadin mRNA could
be detected at 1% of the maximum level as early as 3 days after flowering
(DAF). The mRNA levels for both the gliadins and ADPGIc PPase reached
a maximum at about 14 DAF. Thereafter, the mRNA for the ADPGlc
PPase decreased whereas the gliadin mRNAs decreased only after 18 DAF.
The pyrophosphorylase enzyme increased to a maximum together with its
mRNA until 14 to 18 DAF, and then decreased. In contrast, there seemed
to be a delay in the expression of the gliadin proteins, and the maximum
level was not reached until 31 DAF. Thus, there may be additional levels
of control at the translational level since the gliadin proteins were not
observed until several days after the appearance of the nRNA. Even though
the mRNA levels of the ADPGlc PPase and gliadins appear to be regulated
in the same manner, at the translational or posttranslational levels there
may be different regulation modes for the two protein families.

The developmental pattern of the ADPGIc PPase gene was determined
by Northern and dot blot hybridization analyses (Anderson er al, 1991).
The gene is transcribed at the highest level during early development, about
5 to 7 DAF, attaining a level of about 0.2% of the total mRNA, which
declines during the later periods of seed development. This pattern of
transcription is consistent with the rate of starch accumulation, which is at
its highest 7 to 9 DAF (Perez et al., 1975).

The developmental expression of the gene encoding the potato 50-kDa
subunit was studied, and the pattern of accumulation of the corresponding
mRNA closely followed ADPGIc PPase activity. Thus, the gene appears
to be regulated at the transcriptional level for the wheat. It is evident that
the regulation of starch synthesis during development in wheat, rice seeds,
and potato tuber is similar. There is a close correlation in the activity of
ADPGIc PPase and the starch synthetic rate-—results that are consistent
with the view that gene expression regulates the rate of starch accumulation.
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Thus, regulation of ADPGlc PPase, at both the transcriptional level and
by allosteric control of the enzyme, modulates the rate of ADPglucose
synthesis and starch synthesis.

Northern blot analysis of mRNA isolated from potato leaf, stolon, and
tuber against cDNA for the small subunit, indicated that the ADPGlc PPase
gene is expressed in the tuber and leaf, but not in the stolon tissue. Thus,
regulation at the transcriptional level during tuber development occurs in
a tissue-specific manner (Anderson ez al, 1990). The size of the mRNA
transcripts are 1.8 kb, both in leaf and tuber, on the basis of Northern blot
hybridization, suggesting that the same gene may be expressed in both
tissues. Conversely, in rice (Krishnan et al., 1986) and wheat (Olive e al,
1989), different genes seem to be encoding the same type of subunit ex-
pressed in different parts of the plant (leaf or endosperm). Further analysis
is needed to determine if the same or different genes are expressed in
different tissues, and whether the situation is different for the large and
small subunits and for different species.

In this decade, several authors have reported evidence of changes in
ADPGlc PPase and other starch and carbohydrate enzyme expressions
brought about by increased availability of sugar (for review, see Koch,
1996). The sugar-inducible enzymes (‘‘feast genes™) can be phosphorylase
(St. Pierre and Brisson, 1995), ADPGIc PPase (Miiller-Réber et al., 1990;
Krapp and Stitt, 1995), granule-bound starch synthase, branching enzyme
(Kobmann e al., 1991), sucrose synthase (Sus 1) (Miiller-Réber et al., 1990;
Karrer and Rodriguez, 1992; Koch et al., 1995), invertase (Kobmann et al,
1991), and sucrose-P synthase (Hesse et al., 1995). Examples include those
found to be repressible (“famine genes” induced by sugar starvation or
depletion), the a-amylase (Karrer and Rodriguez, 1992), and another
sucrose synthase isozyme, sh 1 (Koch et al, 1992).

X. GENOMIC DNA

Treatment of the rice genomic DNA with EcoR1, BamH 1, and Hind
IIT produced two or three bands of DNA fragments ranging from 3 to
5 kb, which hybridized in Southern blots with the rice ADPGlc PPase
cDNA. Based on the cDNA copy standards run on the same gel, it was
concluded that there are about three gene copies per haploid genome, and
the ADPGlc PPase genes are organized in a small family that could be
divided into at least two groups on the basis of the restriction fragments
obtained (Krishnan et al, 1986).

Using the cDNA clone for the small subunit of the rice ADPGlc PPase
(Krishnan et al,, 1986) as a probe, the genomic DNA corresponding to the
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small subunit of ADPGlc PPase was isolated (Anderson et al., 1991) and
its structure was determined by nucleotide sequencing. A comparison of the
genomic nucleotide sequence with the isolated cDNA sequence revealed
a complex gene structure with 10 exons and 9 introns in a size of about
6 kb. The exon sizes are in a range of 99 to 293 base pairs (bp) and the in-
tron sizes range from 84 to 1435 bp. The first intron was the largest, with
1435 bp. The intron splice sites, with the exception of intron 2, contain GT/
AG borders and are similar to the splice site consensus sequences (Mount,
1982; Brown, 1986). The intron-2 site did not follow the GT/AG rule
(Breathnach and Chambon, 1981) but did show some similarity to the splice
site consensus sequences. Thus it is possible, as suggested by Aebi et al.
(1987). that the overall splice site sequence rather than the particular bases
are necessary for correct splicing. The transcription start point is 30 bp
downstream of the TATA box and the polyadenylation site was 188 bp
downstream of the stop codon. The TATA or Hogness box is a nearly
universal sequence, about 25 bp upstream from the transcription start site,
reading TATAAAT, and is probably a site of binding for transcription
factors.

In Southern blot analysis, only nuclear DNA hybridized with the tuber
cDNA corresponding to the potato tuber ADPGIc PPase small subunit,
indicating that the gene encoding the enzyme is localized in the nucleus.
It is estimated that there are one to two gene copies per haploid genome,
and digestion of the potato nuclear DNA with the restriction enzymes
EcoR1 and Hind Il yielded two or three hybridizable fragments totaling
3.6 (EcoR1) or 6.7 kb (Hind I11) in size. The structure of a genomic clone
encoding the analogous rice endosperm small subunit-specific gene has
been determined and is almost 6.5 kb in size (Anderson er al., 1991). This
rice endosperm gene is interrupted by 9 introns, indicating a structure that
is more complex than that of most plant genes. The estimated length of
the potato tuber small subunit PPase gene suggests that it may have a
complex exon/intron structure, which is a complexity also observed in two
other genes involved in starch metabolism—sucrose synthase (Werr et
al., 1985) and the granule-bound starch synthase (from maize endosperm;
Klosgen et al., 1986), which have 16 and 14 exons, respectively. The multiple
introns present in the ADPGIc PPase, and other genes coding for enzymes
of starch metabolism, may have a role in gene expression as in the case of
the alcohol dehydrogenase gene (Callis er al., 1987).





