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(A) The effects of phosphate, chloride, nitrate, pyruvate, malate, succinate and
glutamate ions on the kinetics of yeast phosphoglycerate kinase (ATP: 3-phos-
pho-p-glycerate 1-phosphotransferase, EC 2.7.2.3) were studied with MgATP*~
and 3-P-glycerate as variable substrates. Three types of patterns were obtained:
(1) Nitrate, succinate, malate and glutamate ions, strictly noncompetitive versus
both the substrates. (2) Phosphate and chloride ions, noncompetitive versus
MgATP?~ and mixed versus 3-P-gl¥cerate. (3) Pyruvate ions, being very weak in-
hibitors, competitive with MgATP“~ and noncompetitive with 3-P-glycerate. (B)
Based on experiments with simultaneous inhibition by various combinations of
two anions the following suggestions were made: The type 1 anions presumably
bind to a site outside the active centre. These ions appear to bind to the enzyme
independently of type 2. The latter also appears to include sulfate ions, which are
competitive versus both the substrates as well as versus the phosphate and chlor-
ide ions. Sulfate and phosphate ions are electronically similar, but show different
inhibition patterns, presumably due to various effects on the protein conforma-
tion. Type 3 inhibition exerted by pyruvate ions was shown earlier for
1-anilino-8-naphthalenesulfonate and salicylate ions, but as these two anions are
supposed to bind to the adenine binding pocket of the catalytic centre, the results
indicate that pyruvate ions might preferably compete with the nucleotide sub-

strate for the polyphosphate binding site.

Anion effects on the phosphoglycerate kinase re-
action have been of special interest. At low con-
centrations, many of these ions activate the cata-
lytic reaction, whereas at higher concentrations
they often act as inhibitors.!? The optimal rate of
the reaction is obtained at different concentra-
tions for the various anions. Both activation and
inhibition by sulfate ions are much more pro-
nounced than for univalent anions. Scopes? sug-
gests that these effects increase with the charge of
the anion. Detailed studies have been made only
on the effects of sulfate ions.> When acting as ac-
tivators, the catalytic rate constants rather than
the binding of the substrates is affected.’ As in-
hibitors, sulfate ions exert their effects by compe-
ting with each of the two substrated MgATP?~
and 3-P-glycerate. The enzyme appears also to
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possess regulatory sites available for the two sub-
strates* and it shows strong interaction with poly-
anionic agents.’ The single polypeptide chain of
the enzyme is organized into two separate do-
mains composed of the N-terminal and C-termi-
nal halves of the chain.® The nucleotide substrate
binds to the C-terminal domain of the crystalline
enzyme.% There is some indirect evidence show-
ing that 3-P-glycerate binds to the N-terminal
lobe of the enzyme.® Anions are able to protect
the single SH group in the enzyme from being
modified.” The latter studies and X-ray crystal-
lographic work® indicate that an anion binding
site is located in the N-terminal lobe. There ap-
pear to exist two sulfate binding sites, one bind-
ing the activator and the other binding the inhib-
itor.®> The question then arises: does the inhibi-
tion pattern obtained with the sulfate ions really
imply that they bind to the catalytic centre?
Strong evidence for conformational changes asso-



ciated with the activating and inhibiting ranges of
the sulfate ion concentrations have been repor-
ted.!*1% Cleft-closing was suggested to be part of
the catalytic mechanism.5!""? To better under-
stand the intimate details of these catalytic
events, detailed studies of various anions have
been performed.

Experimental

Phosphoglycerate kinase (ATP:3-phospho-p-
glycerate 1-phosphotransferase, EC 2.7.2.3) was
prepared from baker’s yeast!® and the main elec-
trophoretic component B was used.!* Both gel
electrophoresis and chromatofocusing showed
that the enzyme was homogeneous. An absor-
bance coefficient of 0.50 ml mg~! cm™ at 280 nm
and a molecular weight of 45 000 was used in cal-
culating the enzyme concentration.' Glyceralde-
hyde phosphate dehydrogenase (EC 1.2.1.12)
from rabbit muscle was purchased from Boehr-
inger Mannheim GMbH. Before use, the crys-
talline enzyme was centrifuged (27000 X g for 20
min) and dissolved in 50 mM Tris-HCl buffer
(pH 7.8, 25°C) containing 100 mM NaCl. The
enzyme was then dialysed against the same buffer
overnight.

The barium salt of 3-phosphoglycerate, and the
disodium salts of equine muscle ATP, yeast
NADH, pyruvate, malate, glutamate and succi-
nate were all purchased from Sigma Chemical
Co. The ammonium salt of 1-anilino-8-naphtha-
lenesulfonate (ANS) was obtained from Eastman
Organic Chemicals. Before use, it was recrys-
tallized several times from hot water after treat-
ment with Norit." An absorbance coefficient of
4.95mM™" cm™ at 350 nm and a dissociation
constant of 0.08 mM were used in the calcula-
tions of ANS™ and MgATP?" '® concentrations,
respectively. 3-P-Glycerate was liberated from its
barium salt with Na,SO, and neutralized with
NaOH. The concentration was determined as de-
scribed earlier."

All solutions were prepared from analytical
grade reagents and Milli Q-filtered, distilled wa-
ter. To remove contaminating metal ions, the sol-
utions were shaken with dithizone in carbon te-
trachloride'® and then stored in acid-washed Du-
ran glassware. Before use all standard solutions
were adjusted to pH 7.8, 25°C.

The activity of phosphoglycerate kinase was
determined by the method of Biicher,’® using a
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Zeiss PMQ3 spectrophotometer equipped with a
SERVOGOR 120 recorder and a Paratherm U2
electronic thermostat under the conditions de-
scribed earlier.’ The initial velocity was ex-
pressed as v=(dAye/dt),o, in min~!. About
0.2 pg of phosphoglycerate kinase and 0.2 mg of
glyceraldehyde phosphate dehydrogenase were
used per ml of the substrate solution. Unless
stated otherwise, the assay mixture containing
1 mM MgATP?*" / 2 mM 3-P-glycerate / 5 mM
free Mg®* / 0.5 mM NADH / and 50 mM Tris-
HCI buffer (pH 7.8, 25) containing 100 mM
NaCl. To compensate for the incident light ab-
sorbed by ANS a correction was made: for every
reaction rate measured at a given ANS concen-
tration, a relative velocity was measured with an
identical substrate solution not containing ANS,
but registered with a “filter cuvette” in the beam.
The filter cuvette contained ANS at a concen-
tration such that the total absorbance of the ref-
erence plus the filter cuvette was the same as that
of the sample at 366 nm."

Data obtained from simultaneous inhibition by
two anions were treated in two different ways.
First, according to Webb,? the concentration of
the inhibitor was plotted against the concentra-
tion of a second inhibitor, counterbalancing any
change in reaction velocity arising from the first
inhibitor (cf. Fig. 3). Linearity and non-linearity
were taken as evidence for exclusive and non-
excluding binding, respectively, of the two inhib-
itors. Second, as suggested by Yonetani-The-
orell,” graphs representing the variation in re-
ciprocal velocity with the concentration of one in-
hibitor at various concentrations of a second
inhibitor (A) were constructed (cf. Fig. 4). Paral-
lel straight lines were used to represent exclusive
inhibition while intersecting lines indicate non-
exclusive inhibition. In the most favourable cases
both Webb and Yonetani-Theorell types of
graphs were constructed for the same experi-
ment.

Results and discussion

Kinetic effects of anions. Fig.1 shows the effects
of various anions, viz. phosphate, nitrate, succi-
nate and pyruvate, on the catalytic reaction of
phosphoglycerate kinase. In agreement with ear-
lier reports'-® we found that the reaction velocity
increases with an increase in anion concentration
until it reaches an optimal point. From this point
the reaction rate gradually decreases as the anion

349



KHAMIS AND LARSSON-RAZNIKIEWICZ

-1

v/min

[—

00—

I L N

Fig. 1. The effects of anions on the activity
1 of phosphoglycerate kinase. (V) pyruvate,
1 (O) succinate, () nitrate and

{ (A) phosphate.
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concentration is increased. The steepness of the
rate profile in both the activation and inhibition
regions seems to be less than that observed by
Scopes.? This might be due to the higher sub-
strate concentrations used in the present work.??
Furthermore, it was observed earlier! that sulfate
ion activates and inhibits more strongly than do

monovalent anions. Scopes® suggested this phe-
nomenon to be general for multivalent anions. In
the present study (Fig. 1) it was noticed that, in
most cases, inorganic anions are better modu-
lators than are organic ions.

Work on sulfate ions® showed them to be com-
petitive inhibitors versus both MgATP?" and 3-P-

Table 1. Anion inhibition patterns of phosphoglycerate kinase.

Anion Anion/mM Variable substrate, MgATP?" Variable substrate, 3-P-glycerate Ref.
Non-competitive Competitive Non-competitive Competitive

Sulfate 40-100 + +

Phosphate 15~-30 + +4

Nitrate 50-150 + +

Chloride 200400 + +2

Pyruvate 400-800 + +

Malate 200-300 + +

Glutamate  400-800 + +

Succinate 150-500 + +

ADP3- 0.1 + + 23

MgADP'~ 0.1-1 + + 23

AMPZ 1-3 + + 23

Sallicylate 10-25 + + 22

ANS 0.5-1 + + 19

A partially competitive behaviour exists. In all experiments the concentration of the variable substrate was in a
range up to about 1 mM at fixed concentrations of the second substrate 3-P-glycerate or MgATP?~ of 2 and
1 mM, respectively.

350



ANIONS AND PHOSPHOGLYCERATE KINASE

(1/v)/min

Fig. 2. The inhibition effects of phosphate
1 ions on the phosphoglycerate kinase
— kinetics with varying (a) MgATP?"~ and

] (b) 3-P-glycerate concentrations, with
(O)0mm, (A) 15mM and (V) 25 mM
phosphate.
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glycerate. The present kinetic studies on the in-
fluence of various anions on phosphoglycerate ki-
nase activity showed that almost all the tested
anions (see below, however) are non-competitive
inhibitors versus the two substrates (Table 1).
However, phosphate (Fig.2) and chloride ions
appear to exhibit partially competitive behaviour
versus 3-P-glycerate, and pyruvate ions exhibit
competitive behaviour versus MgATP*". Fairly
high pyruvate concentrations were used in the ex-
periment, and pyruvate inhibition Kinetics at
various Mg?* concentrations were therefore

measured. The results (not shown) appeared to
exclude the possibility that this competitive be-
haviour arises as a result of the dissociation of the
nucleotide-metal ion complex, however.

Double inhibition by sulfate and phosphate ions.
It was suggested earlier’ that sulfate and phos-
phate ions are mutually competitive because they
are very similar electronically; like sulfate ions,
phosphate ions were supposed to be competitive
versus both MgATP?~ and 3-P-glycerate (how-
ever, see Table 1 and Fig. 2). To check for differ-
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ences in the inhibition patterns obtained, simulta-
neous inhibition by sulfate and phosphate ions
was studied. The Webb plots in Fig.3 show
straight lines when the increase in phosphate con-
centration was compensated for by a decrease in
sulfate concentration so as to keep the reaction
rate constant at various fixed levels. These results
indicate that the sulfate and phosphate ions are,
indeed, mutually competitive. The non-competi-
tive patterns exhibited by phosphate ions (Fig. 2,
Table 1) compared to the earlier observed® com-
petitive inhibition patterns exhibited by sulfate
ions show that if these two inhibitors bind to the
same site, this could be close to the active centre
without sharing essential ligands with the sub-
strates. Long range effects cannot be excluded,
however. Different kinetic behaviour could be
due to differences in effects on the protein con-
formation. Ultracentrifugation studies indicate®
that the cleft between the two structural lobes of
the enzyme closes and opens when sulfate ions
acting as activators and inhibitors, respectively,
bind to the enzyme. Closing of the cleft can also
be induced by the substrates'®!! (cf. also Ref. 19).
Thus, the sulfate inhibition pattern might be due
to competitive conformational changes exerted
by the substrate and sulfate ions. Phosphate ions
might bind to the enzyme without inducing such
drastic changes in protein conformation.

Pyruvate and other anions competing with
MgATP* but not with 3-P-glycerate. Pyruvate
ions exhibit strictly non-competitive inhibition
versus 3-P-glycerate but competitive versus
MgATP? (Table 1). The same behaviour was no-
ticed by Larsson-Raznikiewicz and Wiksell in
their studies of the effects of salicylate’? and
ANS" on the phosphoglycerate kinase reaction.
These two ions were supposed to bind to the
MgATP?" binding site in the active centre, pri-
marily to the adenine binding area of the enzyme.
Simultaneous inhibition by pyruvate and ANS or
salicylate, indicates non-exclusive binding in both
cases, however. It might be that pyruvate ions
bind via their carboxyl and keto groups to the ly-
sines that Watson et al.® suggested to interact with
the B- and y-phosphates of MgATP?~. From
other results? it appears evident that the adenine
part of the nucleotide substrate as well as its poly-
phosphate chain are important for the interaction
with the catalytic centre.

Of the anions listed in Table 1, pyruvate ions
appear to behave as non-linear, parabolic inhib-
itors (for definition, see Ref.24). This could be
evidence for the multiple inhibitory effects of py-
ruvate ions. Studies of the simultaneous inhibi-
tion by pyruvate and nitrate ions show that thev
are competing (Table 2), and thus binding of py-
ruvate ions to the site for which most anions com-
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Fig. 3. Simultaneous
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] and sulfate ions of
phosphoglycerate kinase.
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Table 2. Multiple inhibition of phosphoglycerate
kinase. Patterns for two simultaneous inhibitors.

Inhibitors Non-exclusive Exclusive
low Phosphate +
“ ANS +

“ NO; +

“ Pyruvate +

“ MgADP~ +

“ ADP3~ +
Pyruvate ANS +

“ Phosphate  +

“ Salicylate +

“ NO; +
NO; Salicylate +

Phosphate  Salicylate +

monly show non-competitive inhibition patterns
(Table 1) appears likely also.

Multiple inhibition with sulfate ions and ANS
or pyruvate ions in both cases indicated non-
exclusive binding (Table 2, Fig. 4). Similar results
were obtained in studies of simultaneous inhibi-
tion by phosphate ions and salicylate ions (Table
2). Sulfate and phosphate ions, when acting as in-
hibitors, appear to bind elsewhere at a site spe-
cific for them (see above), which does not share
ligands with ANS, salicylate or pyruvate ions.
Sulfate ions are competing with MgATP? but not
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with MgADP~ (Table 2). Binding studies by
Scopes? showed similar results. Ultracentrifuga-
tion studies by Roustan et al.’ showed that
MgADP~ does not affect the protein conforma-
tion in the same way as MgATP?~. This supports
the above made suggestion that the sulfate ion in-
hibiton involves conformational changes in the
protein. ADP?~ appears to compete for the same
form of the enzyme as do sulfate ions (Table 2).
The inhibition patterns for ADP*~ (Ref. 23) and
phosphate ions are similar (Table 1), exhibiting
non-competitive behaviour versus MgATP?>~ and
competitive versus 3-P-glycerate. It was sug-
gested earlier that ADP*- as inhibitor does not
bind to the site binding the nucleotide substrate.

General comments regarding anion inhibition and
activation. Inhibitors competing with MgATP?",
in the present case ANS," salicylate,”? pyruvate
and sulfate’ ions, are the most interesting ones in
studies on structural and functional relationships
of enzymes involved in energy metabolism; do
they compete with the substrate for the same
binding site or do they act via conformational
changes?

It is reasonable to hypothesize that as inhib-
itors, salicylate, ANS and possibly also pyruvate
bind to the active site region, and that the other
anions bind to sites outside. Stinson,” Watson®
and their coworkers suggested that the anions
might bind in the N-terminal lobe. The large

Fig. 4. Simultaneous
inhibition by ANS and
sulfate ions of
phosphoglycerate kinase.
(O) 0 mM, (O0) 100 mM
and (V) 200 mM SO3".
The assay mixture
contained 0.5 mM ATP/

(1/v)/min

1.0 mM Mg?*. No NaCl
was included in the buffer.

05
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positively charged region certainly is able to coor-
dinate anions in various ways.

One additional anion binding site, the activator
site, is of special interest. Earlier results® showed
that sulfate ions as activators do not affect sub-
strate binding to the catalytic centre; instead,
they affect the rate of the catalytic reaction. For
most anions, the activating effect observed is
small and difficult to study in detail, depending
very much on the counteracting power exerted by
the anion as an inhibitor. In any case, the optimal
reaction rate was usually obtained at lower con-
centrations when the concentration of a second
anion was increased to various fixed levels,
thereby saturating the activator binding site.
Such would be expected if the anions as activ-
ators bind to the same site. Additionally, in spe-
cial cases apparent inhibition might be obtained
by indirect effects, as shown by the pair of ions
sulfate and pyruvate (Fig.5). Unlike the latter,
sulfate ions as inhibitors are competitive with
3-P-glycerate (Table 1); thus, their binding to the
inhibitor binding site can be suppressed by a high
3-P-glycerate concentration. Under such condi-
tions, the activation-inhibition profile of pyruvate
in the presence of sulfate ions shows (Fig. 5) that
inhibition with pyruvate is more pronounced af-
ter sulfate ions have been included in the assay
mixture. These results also agree with the sugges-
tion regarding identical activator sites for the two
anions; sulfate ions, being better activators, are
removed by pyruvate ions which do not have as
good activating properties. Earlier results® indi-
cated that sulfate ions and MgATP*", acting as
activators, are also competitive.

Activation of the yeast phosphoglycerate ki-

nase reaction occurred with all the anions tested
except for the salicylate.”? From earlier results® it
is evident, however, that sulfate ions as activators
affect the binding of neither MgATP?~ nor 3-P-
glycerate to the catalytic site. This might even be
true for the other anions. It has been shown that
sulfate ions in the activating concentration range
modify the shape of the protein molecule, mak-
ing it more compact.'® The single SH group of
yeast phosphoglycerate kinase is situated in the
N-terminal lobe of the enzyme, where a large
positively charged crevice exists.® Sulfate ions (at
activating concentrations), ATP and 3-P-glycer-
ate are each able to separately protect the SH
group from reacting with 5,5-dithiobis-2-nitro-
benzoate," and the chromophoric properties of
the labelled thiol group are affected by anions
binding to the enzyme.” Besides their activating
and inhibiting properties, anions may play very
important roles in living organisms, for example
by protecting phosphoglycerate kinase from pro-
teolytic cleavage.”

The present work has been performed under
conditions such that it was impossible to keep the
ionic strengths under control (however, see Fig. 1
in Ref.27 and p. 510 in Ref. 2), and this is prob-
ably the reason why inaccurate K, values were ob-
tained by estimation (not shown). Thus, the im-
portance of this work is more qualitative than
quantitative, even though ionic strength effects
were shown earlier?”>? to have only minor im-
portance. To obtain good crystals for crystallo-
graphic work, a high sulfate ion concentration
has been a prerequisite, and an inactive form of
the enzyme was obtained. As also pointed out by
Watson et al.,% it is important to determine the

| Fig.5. The effects of pyruvate and

sulfate ions on the activity of

phosphoglycerate kinase at a high 3-P-

glycerate concentration (10 mM) and

J various fixed sulfate ion
concentrations: (V) 0 mM, (O) 100

mM, (O) 150 mM and (A) 200

. mM SOZ™. The assay mixture

) 100 200 400
[Pyruvate 1/mM

354

500 contained 0.5 mM ATP/2.0 mM Mg?*.
No NaCl was included in the buffer.




conditions necessary for crystallization of the ac-
tive form of the enzyme. The present findings,
possibly in combination with some solution stud-
ies on the structure-function relationships of the
enzyme, should be helpful in this respect.
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