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ABSTRACT. Treatment of ADP-glucose pyrophosphorylase (EC 2.7.7.27) from the cyanobacteraloaena

PCC 7120 with phenylglyoxal in 50 mM Hepes, pH 8.0, at°5resulted in a time- and concentration-
dependent loss of enzyme activity. Phosphate, the inhibitor, protected the enzyme from inactivation most
effectively, while 3-P-glycerate, fructose-1,6;Pyridoxal-P, and ATP plus magnesium were also good
protectors. After incubation with 2 mM phenylglyoxal for 1 h, the modified enzyme had a 10-fold lower
apparent affinity for phosphate in the absence of the activator, 3-P-glycerate, than that of the wild-type
enzyme. This result has implicated the involvement of an arginine residue at the allosteric sites, most
probably the inhibitor-binding site, of ADP-glucose pyrophosphorylase from the cyanobactenalvaena

PCC 7120. In order to identify the arginine residue, five arginine residues, which are conserved in all
higher-plant and cyanobacterial enzymes but not in enteric bacterial enzymes, were individually converted
to alanine by site-directed mutagenesis. The mutant enzymes, R66A, R105A, R294A, and R385A, were
purified, and the properties of these mutants were compared with the wild-type enzyme. Substitution of
argininé®* with alanine resulted in an enzyme with more than 100-fold or 40-fold lower affinity for the
inhibitor, phosphate, in the absence or presence of 3-P-glycerate, respectively. This mutation had no or
lesser impact on the kinetic constants for the substrates and the activator, 3-P-glycerate.

ADP-glucose pyrophosphorylase (ATDPD-glucose-1- Previous chemical modification with pyridoxal-P and
phosphate adenylyltransferase, EC 2.7.7.27) is a key enzymesite-directed mutagenesis studies have shown that the ac-
in the biosynthesis of glycogen in bacteria (Preiss & Romeo, tivator-binding site of theE. coli ADP-glucose pyrophos-
1989) and starch in plants (Preiss, 1991; Preiss & Sivak, phorylase, Ly®, is near the N-terminus (Parsons & Preiss,
1996). This enzyme catalyzes the conversion of glucose-1978; Gardiol & Preiss, 1990), while those of the cyano-
1-P and ATP to ADP-glucose and pyrophosphate){PP bacterial enzyme fromAnabaena Lys®*®? and Ly, are
(Shen & Preiss, 1964). close to the C-terminus (Sheng et al., 1996; Charng et al.,

ADP_g|ucose pyrophosphory|ase is Subject to allosteric 1994) Studies on the SpinaCh leaf enzyme have shown that
regulation (Preiss & Romeo, 1989). There are significant Lys**’, which corresponds to L§¥in Anabaenais involved
differences between the bacterial and higher-plant enzyme.in binding of the activator, 3PGA (Morell et al., 1988; Ball
The enzyme from enteric bacteria is activated by fructose- & Preiss, 1994). Studies oR. coli, Synechocystisand
1,6-B (FBP) and inhibited by AMP (Preiss et al., 1966), spinach leaf enzymes using an arginine-specific reagent,
whereas the enzyme from higher plants is mainly activated Phenylglyoxal, suggested that there is also an essential
by 3-P-glycerate (3PGA) and inhibited by orthophosphate arginine residue involved in the allosteric activation and
(P) (Ghosh & Preiss, 1965; Sanwal et al., 1968). In addition, inhibition (Carlson & Preiss, 1982; Iglesias et al., 1992; Balll
the bacterial enzyme is homotetrameric in structure (Haugen& Preiss, 1992).
et al., 1976), while the higher-plant enzyme is heterotet- There are five arginine residues, AfgArg'®, Arg'’,
rameric with two different subunits (Preiss, 1991). Arg?, and Arg®, conserved in the higher plant and

Cyanobacteria have metabolic properties similar to chlo- cyanobacterial enzymes put not in !Eecoh ADP—qucose
roplasts of higher plants (Aitken, 1988), but synthesize pyrophosphorylase. Alanine scanning of the five conserved

glycogen as the major carbohydrate reserve (Shively, 198g),2r9inine reidues was therefore done to determine whether
in"a similar manner to what is observed in bacteria. The ON€ Of more of the arginine residues were important for P
cyanobacterial ADP-glucose pyrophosphorylase is regulated™MPition.

by 3PGA a|_1d Pike the higher—plgnt enzyme (Levi.& I_Dre_iss, MATERIALS AND METHODS

1976; Iglesias et al., 1991), but is homotetrameric similar to

the Escherichia coli((E. col)) enzyme (Iglesias et al., 1991). Materials. Phenylglyoxal was purchased from Sigma.
Stock solutions were prepared in 50 mM Hepd&OH (pH

8.0). [7+“C]Phenylglyoxal (27.0 mCi/mmol) was from
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Bacterial Strains and Media. E. cofitrain TG1 [K12, The plasmids recovered in the last step of the mutagenesis
A(lac-pro), supE, thi, hsdD5/ffaD36, proAB*, lacl, were screened by dideoxy sequencing (Sanger et al., 1977)
lacZAM15] was used for site-directed mutagenesis and in the regions of the desired mutations. The entire coding
grown in LB medium. E. coli mutant strain AC70R1-504, regions of these mutant alleles were sequenced to verify that
which is deficient in ADP-glucose pyrophosphorylase activity there were no unintended mutations.

(Carlson et al.,, 1976), was used for expression of the Expression and Purification of the Wild-Type and Mutant
AnabaenaDP-glucose pyrophosphorylase gene (Charng et Enzymes.The wild-type enzyme was purified as previously
al., 1992) and grown in enriched medium containing 1.1% described (lglesias et al., 1991; Charng et al., 1992) with
K.HPQO, 0.85% KHPO, 0.6% yeast extract, and 0.2% some modification. Frozen cells were thawed into the

glucose, pH 7.0. extraction buffer containing 20 mM KiPpH 7.5, 5 mM
Modification of ADP-Glucose Pyrophosphorylase with DTT, and 1 mM EDTA (about 5 mL of buffer/g of cells).
Phenylglyoxal. ADP-glucose pyrophosphorylase (Qu1) The cell paste was sonicated for four 1 min intervals (1 min

in 50 MM Hepes-NaOH (pH 8.0) was incubated in the dark ©N iceé between two sonications). The homogenate was
at room temperature with different concentrations of phen- centrifuged at 10 000 rpm for 10 min. The supernatant was
ylglyoxal, as indicated in the figure legends. The reactions @bsorbed onto a DEAE-Sepharose Fast-Flow column (about
were started by the addition of enzyme and stopped by the0-03 mL bed volume/mg of protein) that had been equili-

addition of 10 mM arginine. In protection experiments, Prated with 20 mM K-Pbuffer, pH 7.5, containing 2 mM
substrates or allosteric effectors were added before theDTT- After the column was washed, the enzyme was eluted

addition of enzyme. When necessary, the reaction mixturesWith @ linear gradient consisting of 5 bed volumes of the

were passed through Sephadex G-50 before assaying fo@bove buffer in the mixing (_:hamber and 5 bed volumes of
activity. 50 mM K-R, pH 6.0, containing 2 mM DTT and 0.3 M KCI

. in the reservoir chamber. Fractions of 9 mL were collected,
Incorporation of [4C]Phenylglyoxal to ADP-Glucose

. and those containing activity were pooled. Ammonium
Pyrophosphorylase.One hundred micrograms of ADP- . . o )
glucose pyrophosphorylase in 50 mM Hepd&aOH (pH sulfate was added into the sample with stirring to a final

. . concentration of 50% saturation (35 g/100 mL). After
8.0) was mqubated with 4 ml\/ll‘[C]phenngIyoxaI .(11 000 centrifugation at 8000 rpm for 20 min, the pellet was put on
cpm/nmol) in a volume of 10@L. The incubation was

. X . ice for 30 min and resuspended in 1.2 M ammonium sulfate,
carried out in the dark at room temperature. At different pH 7.5 (about 0.1 mL/mg of protein). After centrifugation,
times, aliquots of 1gL were removed, mixed with 2L of the new pellet was dissolved in buffer A (about 0.5 mL/mg
100 mM arginine, and after 5 min put on ice. The volume . protein) for Mono Q [20 mM Bis-Tris-propane, 5 mM
of each sample was brought to ],[D[_)wnh 50 mM Hepes- K-P, 1 mM EDTA, 10% sucrose (w/v), and 2 mM DTT,
NaOH (pH 8.0), and 1Q.L was withdrawn to check the 1, 7 51 and dialyzed against the same buffer. After dialysis,
enzyme activity. One milliliter of cold 10% (w/v) trichlo- the sample was applied to a Mono Q HR16/10 column
roacetic acid was added to the remaining,00f sample equilibrated with buffer A. The column was washed with

followed by 1 h OT incupation onice. The precip_itate Was 100 mL of buffer A and eluted with two linear KCI gradients
collected by centrifugation at 12 000 rpm for 15 min, washed (50 mL, 0-0.1 M; 200 mL, 0.£0.3 M) in buffer A
twice with 1 mL of cold 10% trichloroacetic acid, and  practions of 5 mL were collected, and those containing

gissglvzd ‘.” 4?9"‘ Offs(;? Na,zCOr, in 0.1 N IEaOH. Two h activity were pooled. The pooled sample was concentrated
undred microliters of this sample was used to measure they, 5 fina| concentration about 2 mg/mL in an Amicon

protein concentration with a micro bicinchoninic acid reagent concentrator fitted with a YM-30 membrane.

kit frqm Pierce. The radioactivity was determined by The R66A and the R294A enzymes were purified to
counting the other 200L of the sample in 5 mL of Safety homogeneity as the wild-type enzyme. The purification
Solve. procedure for the R105A and the R385A enzymes was the
Site-Directed MutagenesisSite-directed mutagenesis was same as for the R294A enzyme except that after the
performed according to the method of Sayers et al. (1988) pellet was resuspended in 1.2 M ammonium sulfate, pH 7.5,
using thein vitro mutagenesis kit from Amersham Corp. and centrifuged, the new pellet was dissolved in 50 mM
Plasmid pAnaE3a was used for both site-directed mutagen-Hepes-NaOH, 2 mM DTT, pH 8.0 (about 0.5 mL/mg of
esis and gene expression (Charng et al., 1992, 1994, Shengrotein).
etal.,, 1996). The mutant enzymes with alanine substitution Enzyme Assay (A) Assay |. Enzymatic activity was
at positions 66, 105, 171, 294, and 385 were designated asneasured in the pyrophosphorolysis direction at °&7
R66A, R105A, R171A, R294A, and R385A, respectively. according to Preiss et al. (1966) during enzyme purification.
The oligonucleotides used for conversion of arginine to The reaction mixtures contained 80 mM Hep&&aOH

alanine are shown below: buffer (pH 7.0), 2 mM ADP-glucose, 8 mM Mgg&12 mM

[32P]PR (about 15008-3000 cpm/nmol), 4 mM 3PGA, 4 mM

R66A 5'~ TCTCTCAATGC PCACATTGCC-3' NaF, 50ug of bovine serum albumin, and enzyme in a total
volume of 250uL.

R105A 5’- GATGCTGTAGC TCAGTATCTC-3”" (B) Assay Il. Enzymatic activity was measured in the
ADP-glucose synthesis direction at 3€ according to the

R171A 5'~ AACTCTGGAGC TGTCATTGAT-3' method of Preiss et al. (1966). (A) Activated conditions: The
synthesis of ADP#‘C]glucose from }*C]glucose-1-P and

R294A 5'- ACCCGCGCTGC TTACTTACCA-3' ATP was measured in the presence of activator, 3PGA. The

reaction mixture contained 100 mM HepddaOH buffer
R385A 5'- AACAATGCCGCTATCGGTCAC~3' (pH 8.0), 0.5 mM {“C]glucose-1-P (about 1000 cpm/nmol),
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2.5 mM ATP, 10 mM MgC}, 2.5 mM 3PGA, 50ug of 100
bovine serum albumin, 0.15 unit of inorganic pyrophos- H
phatase, and enzyme in a final volume of 2@0. (B) 80 &
Unactivated conditions: The assay in the absence of activator 6ol
was the same as described above except that 3PGA was X
omitted and the amount of ATP was 5 mM in the reaction 40+
mixture. For assay of the R66A and the R294A enzymes, 20 .
the reaction conditions were identical to wild-type, except \9
that 1.0 mM [4C]glucose-1-P was used to obtain maximal o T 20 30 a0 50
activity. [Phenylglyoxal], mM
_ Kinetic Characterization. Kinetic data were plotted as  Fgyre1: Inhibition of AnabaenaADP-glucose pyrophosphorylase
initial velocity versussubstrate or effector concentration. by phenylglyoxal. Enzyme (0.6M) was incubated fo2 h with
Saturating concentrations of substrates and effectors werephenylglyoxal. Activity was measured in the presen® and
determined to ensure that maximal velocity was attained. @bsence®) of 2.5 mM 3PGA (assay 1), and 100% activity was
Data were replotted as double-reciprocal plots to determine?heeaggts 'feggzgziﬁﬁpﬁéﬁozf tfvc\)lgmseedpgre;tioer;g;,rir;sé%?;tlveIy.
Vmax Kinetic constants from hyperbolic plots were also
determined by double-reciprocal plots. Sigmoidal plots were by phenylglyoxal when the incubation was carried out in
replotted as Hill plots to obtain kinetic constants (Hill, 1913; Hepes buffer (pH 8.0) at room temperaturema@ hperiod
Atkinson et al., 1965). The expression la§u(Vmax — v) (Figure 1). The 3PGA-activated and unactivated activities
= Ny log [activator or substrate} log Aos (OF Sos) Was yere affected by phenylglyoxal in a similar pattern. Loss
used for activator and substrate plofémax is the velocity ot onsyme activity with time was measured at various
of the reaction at saturating concentrations of activator or . centrations of phenylglyoxal. The inactivations of both
substrate, and is the velocity of the enzyme reaction. FOr i ated and unactivated enzyme activity followed pseudo-
sigmoidal inhibition, the data were plotted according to the .t order kinetics (Figures 2A and 3A). The orders of
Hill equation (Taketa & Pogell, 1965): log\l — v)/v] = inactivation were determined (Figures 2B and 3B) according
Ny log [inhibitor] — log los, whereVo is the velocity inthe ) oy et al. (1963). Then values were 0.95 and 0.90,
gb;e_nce of |nh|b|t0r. and IS the_ veIOC|ty.|n. the presence ,Of respectively. This suggested that the loss of enzyme activity
inhibitor. ny, the Hill |nteract|on'coeff|C|ent, and kinetic o\ ited from at least one molecule of phenylglyoxal binding
constants,Ags, S5 and los, which correspond to the per enzyme subunit
concentration of activator, substrate, or inhibitor giving 50% Protection of Enzy.me Aty by Substrates and Allosteric
of maximal aptivation, Ve'OCiFV’ and inhibition,.res.pectively, Effectors. The effects of substrates and allosteric effectors
were determined from the Hill plqts. All the I_<|net|c param- - the inactivation by phenylglyoxal are seen in Table 1.
eters calculated from double-reuprocal or H'I.l plots were in The protection against inactivation was indicated by the
g?gdr;rgre(grgsgﬁa\g'tg t\?\?ei? d%btalqggok;yv\tllhsigg ae(r:% Trﬁggerincrease in the time required for half-inactivation. For
prog . i 9 - P . both 3PGA-activated and unactivated activity ppoved to
nonlinear iterative least-squares fitting to the Hill equation. be the most effective at protecting the enzyme from inac-
I_Drotein.Assay_.l?rotei_n concentration was determined py tivation by phenylglyoxal, while 3PGA and other acti-
using bicinchoninic acid reagent (Smith et al., 1985) with \5¢0r5 fructose 1,6-bisphosphate and pyridoxal-P, were also
bovine .serum albumin a§ the standard. ] very good protectors. The substrate ATP plus?Mgad a
Protein Electrophoresis and ImmunoblotingSDS- gimilar protection against inactivation as 3PGA, whilg PP
PAGE was performed according to Laemmli (1970). Fol- had a lesser effect. All the other substrates had no or
lowing electrophoresis, proteins on the gel were visualized yery Jittle protection against the inactivation by phenyl-
by staining with Coomassie Brilliant Blue R-250 or elec- glyoxal.
troblotted onto a nitrocellulose membrane according to Effect of Modification with Phenylglyoxal on Enzyme
Burnette (1981). After 'electrpt')lotting,.nitroce]lulqse MEM-  Kinetics. Modification with phenylglyoxal made the enzyme
branes were treated with affinity-purified anti-spinach leaf |,oq sensitive to;Ro inhibition (Figure 4). When the enzyme
ADP-qucose_ pyroph_osphorylase 19G (More_ll et ‘_"ﬂ" 198_7)’ was assayed in the presence of 3PGA|ghéncreased from
and the antigenantibody complex was visualized via .93 mM for the unmodified enzyme to 1.7 mM for the
treatment with alkaline phosphatase-linked goat anti-rabbit enzyme incubated with 2 mM phenylglyoxalfb h (Figure
IgG followed by staining with BM purple AP-substrateé  4ay" \when the enzyme was assayed in the absence of
precipitating reagent (from Boehringer Mannheim GmbH). activator, the modified enzyme had & about 0.27 mM,
Thermal Stability. The purified enzymes were diluted 0 \yhjch was 10-fold higher than that of the unmodified
the same concentration, 0.2 mg/mL, in 50 mM HepaOH enzyme, 0.026 mM (Figure 4B).
(pH 7|'0) contalﬁlng 1dr}19/mL poyme serum albgm;]n. Lhe Inactivation of the enzyme with 1 and 2 mM phenylglyoxal
samples were heated for 5 min in a 60 water bath an for 1 h resulted in an enzyme withy 5 values of 0.12 and
then immediately placed on ice. The activities of these 0.22 mM, respectively, 2- and 4-fold higher than that of the
heated enzymes were assayed in the pyrophosphorolysi%nmodiﬁed enzyme, 0.058 mM
direction as described above. . '

Stoichiometry of Modification. Stoichiometry of the
RESULTS modification by phenylglyoxal was examined by measuring
the [“Clphenylglyoxal incorporation during enzyme in-
Inactivation of ADP-Glucose Pyrophosphorylase by Phen- activation. Figure 5 shows the incorporation of phenyl-
ylglyoxal. ADP-glucose pyrophosphorylase was inactivated glyoxal into the enzyme followed a linear correlation with
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Ficure 2: Kinetics of inhibition of ADP-glucose pyrophosphorylase activity by phenylglyoxal. (A) The loss of activity with time when
enzyme (0.5¢M) was incubated with the following concentrations of phenylglyoxal: 0, 0.4, 0.8, 1.5, and 2.4 mM. The activity was measured
under activated conditions (assay Il1A), and 100% activity was 8.9 nmol of ADP-glucose formed per 10 min. The data represent the mean
of two separate experiments. (B) Determination of the order of the reaction.
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Ficure 3: Kinetics of inhibition of ADP-glucose pyrophosphorylase activity by phenylglyoxal. (A) The loss of activity with time when
enzyme (0.5«M) was incubated with the following concentrations of phenylglyoxal: 0, 0.4, 0.8, 1.5, and 2.4 mM. The activity was measured
under unactivated conditions (assay IIB), and 100% activity was 6.9 nmol of ADP-glucose formed per 10 min. The data represent the mean
of two separate experiments. (B) Determination of the order of the reaction.

the loss of enzyme activity. At full inactivation, about 8 stoichiometry (Takahashi, 1968), and the enzyme is a
mol of phenylglyoxal was incorporated per mole of en- tetramer, this corresponds to 1 arginine residue modified
zyme. Since phenylglyoxal reacts with arginine in a 2:1 per subunit.
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Table 1: Effect of Substrates and Allosteric Effectors on
Modification of AnabaenaADP-Glucose Pyrophosphorylase by
Phenylglyoxal

concentration tos (Min)

substrate/effector (mM) +3PGA —-3PGA
none 36 39
MgCl, 2 41 41
ATP + 10 mM MgClh 2 240 375
ADP-glucoset 10 mM MgCh 2 85 70
glucose-1-P 2 50 60
PR 2 180 70
P 2 370 700
3-P-glycerate 2 220 300
fructose 1,6-bisphosphate 2 220 220
pyridoxal-P 0.05 210 145

a2 Enzyme was incubated with 2 mM phenylglyoxal in the presence
of different ligands at the stated concentrations. Aliquots were removed
at different times, and the modifications were stopped with 10 mM
arginine. Activity of the modified enzyme was assayed in the presence
and absence of 3PGA.
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Ficure 4: Inhibition of ADP-glucose pyrophosphorylase hyFhe
enzyme was incubatedrfd h in theabsence®) or presenceQ)
of 2 mM phenylglyoxal. After incubation, enzyme activity was

Biochemistry, Vol. 36, No. 42, 199713081

180

]
1504 /\
A
[
> 1204
> \ A
= v
((é 90—~\\\
.\
T A\
= 60 |~
(= v —
2 T -
s 304
. -—
ol e o —
0.0 0.4 08 1.2 16 2.0
[Pil, mM

Ficure 6: B inhibition of the wild-type ®), the R66A @), and

the R294A ¢) enzymes in the crude extract. Enzyme activity was
assayed in the pyrophosphorolysis direction (assay 1), and 100%
activity was 20.6, 7.7, and 5.9 nmol of ATP formed per 10 min,
respectively. The data represent the mean of two separate experi-
ments.

the R385A enzyme was expressed less than the wild-type
enzyme based on the result of immunoblotting. The apparent
sizes of the mutant enzymes were the same as that of the
wild-type enzyme. The R171A enzyme could not be
identified by immunoblotting, and the activity in the crude
extract could not be detected, while the amount of the
expression plasmid in the cells was similar to that of the
wild-type enzyme.

Screen for Alanine-Substituted Mutant Enzymes with
Altered R Inhibition. Enzymatic activity in the crude extract
was measured in the pyrophosphorolysis direction (assay
[). The R66A and the R294A enzymes were less sensitive
to R inhibition than the wild-type enzyme (Figure 6). The
inhibition of the R105A enzyme and the R385A enzyme by

assayed under activated (A) or unactivated (B) conditions (assayP, was similar to that of the wild-type enzyme (data not

I), and 100% activity was 9.1 and 8.3 nmol of ADP-glucose formed
per 10 min, respectively. The data represent the mean of two
separate experiments.

100
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% initial activity
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mol ["“C]phenyiglyoxal / mol enzyme

FiGUrRe 5: Incorporation of J4C]phenylglyoxal into ADP-glucose
pyrophosphorylase. Enzyme was incubated with 4 miKC]F
phenylglyoxal for different times. Aliquots were assayed for
incorporated radioactivity and 3PGA activated activity (assay IIA).
The data represent the mean of two separate experiments, and 100
activity was 14.3 nmol of ADP-glucose formed per 10 min.

Expression of the Mutant EnzymeBhe expression of the
mutant enzyme was confirmed by resolving the crude extract
proteins with SDSPAGE. AnabaenaADP-glucose pyro-
phosphorylase was identified by immunoblotting with anti-
body prepared against the spinach leaf ADP-glucose pyro-

shown).

Purification of the Mutant EnzymesThe R66A and the
R294A enzymes were purified to greater than 90% homo-
geneity, while the R105A and the R385A enzymes were
purified to greater than 50% and 80%, respectively, as
estimated by SDSPAGE with about fug of protein.

Kinetic Characterization of the R294A Enzymin the
synthesis direction, the apparent affinity for decreased
dramatically when Ar§?* was replaced with alanine (Table
2). Thelgs of the wild-type enzyme was 0.055 mM, and
the enzyme was inhibited 100% by 0.4 mMiR the ab-
sence of 3PGA, while the remaining activity of the R294A
enzyme was more than 60% at 4 mM (Pigure 7A). In
the presence of 3PGA, thgs of the wild-type enzyme was
1.0 mM, and the enzyme was 100% inhibited by 2 mM P
while B seemed to have no effect on the R294A enzyme up
to 4 mM (Figure 7B).

The R294A enzyme was totally inhibited at 100 mM, and

0kl;le apparent affinity for Pwas 5.2 mM or 38 mM in the

absence (Figure 7A) or presence (Figure 7B) of 3PGA,
respectively. The inhibition by;@f the R294A enzyme may

in large part be due to high ionic strength. Thus, KCI was
tested as an inhibitor (Figure 8). KCI had very little effect
on enzyme activity of the wild-type enzyme comparedito P
at lower ionic strength but inactivated the enzyme at high
ionic strength (Figure 8A). The effect of KClI on R294A

phosphorylase that has been shown to be reactive with theenzyme activity was less than & low ionic strength but

Anabaenanzyme (Iglesias et al., 1991; Charng et al., 1992).
The R66A, the R105A, and the R294A enzymes were
expressed at a level similar to the wild-type enzyme, while

similar to R at high ionic strength (Figure 8B). This
suggested that the inhibition of & high concentration was
mainly due to the high ionic strength.
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Table 2: Kinetic Parameters of thfnabaenaWild-Type, R66A, R105A,

R294A, and R385A Enzymes

wild-type R66A R105A R294A R385A
3-P-glycerate S5 lo.s Aos (Nh)

ATP, mM - 1.440.1(1.2) 1.8+ 0.1 (1.4) 1.6+ 0.1 (1.8) 1.2+ 0.1 (1.5) 2.2£0.1(1.3)

+ 0.11+0.01 (1.2) 0.44k 0.02 (1.6) 0.74k 0.01 (1.8) 0.13k 0.01 (1.3) 0.13t 0.01 (1.3)
glucose-1-P, mM - 0.043+0.001 (0.9) 0.094: 0.004 (1.0) 0.07@ 0.008 (1.0) 0.1H 0.01 (0.9) 0.038t 0.05 (0.8)

+ 0.034+ 0.004 (0.9) 0.042:0.003 (1.0) 0.071 0.007 (1.1) 0.024- 0.003 (1.0)  0.022: 0.001 (1.0)
Mg2*, mM - 6.4+ 0.1 (6.7) 7.0+ 0.1 (10.4) 7.3:0.1(7.4) 6.6£ 0.2 (6.2) 6.2+ 0.1 (7.5)

+ 3.0+ 0.3(4.2) 3.8£0.1(5.9) 45+ 0.1(4.1) 3.4+ 0.1(4.7) 3.4+ 0.1 (4.6)
P, mM - 0.055+ 0.002 (1.8)  0.26: 0.01 (1.5) 0.0720.002 (1.4) >5.24+0.2(0.6) 0.062+ 0.002 (1.6)

+ 1.0+ 0.02 (6.0) 0.58t 0.01 (3.1) 0.89: 0.01(4.0) >38+1(2.9) 0.87+ 0.01 (5.0)
3-P-glycerate, mM 0.056 0.005 (1.0)  0.087 0.002 (1.4)  0.064- 0.02 (1.4) 0.03G: 0.001 (1.6)  0.042- 0.01 (1.4)
Vimax (Unit/mgP) - 6.9+ 0.3 4.8+0.1 4.8+0.1 11+1 0.63+0.01

+ 60+ 4 44+ 2 79+ 2 170+ 2 13+ 1

aData represent the meain standard deviation of two independent experimeh@ne unit of enzyme activity is expressed as the amount of
enzyme required to form Amol of ADP-glucose/min at 37C assayed in the synthesis.
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Ficure 7: Effect of R on the enzyme activity of the wild-typ@®j

Ficure 8: Effect of R (®) and KCI @) on the enzyme activity of

and the R294A @) enzymes. One hundred percent activity was the wild-type (A) and the R294A enzyme (B). Enzyme activity
6.5 and 12.0 nmol of ADP-glucose formed per 10 min, respectively, was assayed in the absence of 3PGA (assay 1IB). One hundred
when enzyme activity was assayed in the absence (A) of 3PGA percent activity was 6.5 and 12.2 nmol of ADP-glucose formed
(assay IIB). When enzyme activity was assayed in the presenceper 10 min for the wild-type enzyme and 13.2 and 14.1 nmol of
(B) of 3PGA (assay lIA), 100% activity was 5.4 and 11.6 nmol of ADP-glucose formed per 10 min for the R294A enzyme. The data

ADP-glucose formed per 10 min, respectively. The data representrepresent the mean of two separate experiments.

the mean of two separate experiments.

In the presence of saturating 3PGA, Wig.« value of the
R294A enzyme was about 3-fold higher than that of wild-
type, while in the absence of the activator, Me. value
was about 2-fold higher. The apparent affinities for the
substrates, ATP, glucose-1-P, and Wgand the activator,
3PGA, were all relatively unaffected by the mutation at
position 294 (Table 2), indicating that the conformation of
this R-binding site was relatively unchanged.

Kinetic Characterization of the R66A, R105A, and R385A
Enzymes.The apparent affinity for Pof the R66A enzyme
was 5-fold lower than that of the wild-type enzyme, while
those of the R105A and the R385A enzymes were similar

to that of the wild-type (Table 2). The affinities for
substrates, ATP, glucose-1-P, and ¥gand activator,
3PGA, were all relatively unaffected by the mutations (Table
2), indicating that the conformations of these ligand-binding
sites are relatively unchanged. The only significant changes
observed were the 4- and 7-fold increase in$hefor ATP
of the R66A and the R105A enzymes in the presence of
activator and the 10- and 5-fold decrease inVhg, of the
R385A enzyme in the absence and presence of activator,
respectively (Table 2).

Thermal Stability of the Wild-Type and Mutant Enzymes.
After heat treatment at 68C for 5 min, the activity of the
wild-type and of the R66A, R105A, R294A, and R385A
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enzymes retained 92, 82, 79, 88, and 75% activity, respec-Evidence of this was also observed in the relatively un-
tively. The result indicates that these arginine residues arechanged kinetic constants obtained for ATP,A¥glucose-

not required for the stability of the enzyme. 1-P, and 3PGA for the four mutants, showing the tolerance
to amino acid substitution at these positions.
DISCUSSION Due to the properties of the cyanobacterial ADP-glucose

pyrophosphorylase and the key position of these photosyn-

thetic prokaryotes during evolution (Aitken, 1988), it is of
; great interest to understand the structtftenction relation-

ships of the allosteric sites of the cyanobacterial ADP-glucose
' pyrophosphorylase. Previous studies have shown thdtdys
and Ly$'° of Anabaenanzyme were involved in the binding
of the activator, 3PGA. The present study clearly indicated
that Arg?®* of Anabaenaenzyme is involved in the binding
of P. The activator and the inhibitor obviously bind to
different sites.

It would be interesting to replace A4 with another
positively charged amino acid, lysine, or other neutral amino
acids with larger size than alanine, leucine, or glutamine, or

. _~ _even a negatively charged amino acid, glutamic acid. This
pyrophosphorylase available has shown that these five 4 ohow if the charge is the most important factor for

ini i 105 171 294 85
argininé fes'd“?s’ Af§ Arg'®, Arg ,_Arg , and A@ ' binding of R and if the size of the amino acid at this position
are conserved in all the cyanobacterial and the higher-plant.

: : ) 2 is also important. The fact that the corresponding amino
enzymes (Sm|th_—Wh|te & Preiss, 1992). C}qnadermg the acid at this position in th&. coli enzyme is glutamic acid
effect of thg lonic strength on enzyme activity, the actual makes it more interesting to see whether the inhibitor
apparent affinity for Pof the R294A enzyme should bg more specificity would change or not when substituting &fgn
than 100- and 40-fold lower than those of the wild-type the Anabaenaenzyme with glutamic acid or replacing the
enzyme in the absence and presence of 3PGA, r§13peCtlvelyC0rresponding glutamic acid in thé. coli enzyme with
This large effect on théo s value for B yvhfan Arg was arginine. These experiments are currently in progress.
replaced by alanine suggests that &gs involved in P
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