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Anion Activation of 3-Phosphoglycerate Kinase Requires Domain Clbésure
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ABSTRACT. 3-Phosphoglycerate kinase is a typical two-domain “hinge-bending” enzyme, which is known

to be regulated by multivalent anions. Here a relationship between this regulation and the hinge-bending
domain closure is proposed on the basis of enzyme kinetic analysis and molecular modeling. Activation
of the pig muscle enzyme at low concentrations and inhibition at high concentrations of various anionic
analogues of the substrate 3-phosphoglycerate or of the nonsubstrate metal-free ATP are described by a
two-site model assuming separate sites for activation and inhibition, respectively. Kinetic experiments
with various pairs of analogues suggest the presence of a common site for activation by all effectors,
separate from the catalytic site for 3-phosphoglycerate; and a common site for inhibition, except for metal-
free ATP, identical with the catalytic site of 3-phosphoglycerate. An additional inhibiting site for all of

the anions investigated, including metal-free ATP, is also proposed. A similar two-site model can describe
activation of the enzyme by a large excess of each substrate; here the ligand binds to the catalytic site as
a substrate and to the regulatory site as an activator. Activation is exerted not only by the physiological
substrate, 3-phophoglycerate, but also by a synthetic weak substrate. The activity in the reaction with
3-phosphoglycerate and MgATP is greatly enhanced by the simultaneous presence of the weak substrate.
This finding clearly proves the existence of a regulatory site, separate from the catalytic site. This regulatory
site, however, may only exist in the catalytically competent closed conformation of the enzyme, as indicated
by molecular modeling. Docking of the regulator anions into the known X-ray structures of the enzyme
revealed the appearance of an anion binding site between the two domains, including the invariant residues
of Lys-215 (C-domain) and of Arg-65 among other residues of the basic cluster (N-domain), as a
consequence of the large-scale substrate-induced conformational change that leads to domain closure.

3-Phosphoglycerate kinase (PGEC 2.7.2.3) isamono- to explain activation, the existence of a separate anion
meric enzyme with two domains, one of them binding binding site, outside the catalytic center, has been assumed
3-phosphoglycerate (3-PG) and the other MgATP, as shown(14). This regulatory site has been suggested to be either
by X-ray crystallographici—7) and by NMR studies§— close to the terminal phosphate of the bound substrate,
11) of the enzyme from various sources. PGK displays a MgATP (18), or in the “basic patch” region on the inner
high degree of evolutionary conservation not only in its three- surface of the N-terminal domairl$-22). Scopes 18)
dimensional structure but also in the primary sequence; assumed that occupancy of this site by substrates or anions
especially, the side chains in the active site region are activated the enzyme by accelerating the release of the
conserved up to 98%ip). product, 1,3-bisphosphoglycerate. Release of this tightly
PGK exhibits a rather interesting regulatory behaviors: bound product from the enzyme active site has indeed been
activation by low concentrations of multivalent anions, shown to be rate-limiting by recent kinetic studies of transient
including the nonsubstrate Mgfree ATP, and inhibition  States 23, 24).
at high concentrationsl@—15). In addition, a high con- Confirmation of the nature of the rate-limiting step,
centration of either substrate, 3-PG or MgATP, also causeshowever, has not been accompanied by evidence of the
activation (3, 16, 17). These properties were observed long existence and the location of a separate regulatory site. Site-
before structural information became available, but such directed mutagenesis apparently underlined the importance
information has not yet led to an understanding of the of the basic patch residue®5 26) but has not led to
mechanism of activation at the molecular level. definitive conclusions about the activating sil®,(27, 28).
While inhibition by the nonsubstrate anions can reasonably As for the existence of any possible secondary substrate site,
be attributed to direct competition with the anionic substrates, ligand binding studies could only detect a single site for 3-PG
(18), whereas for the nucleotide substrates, the data are
" This work has been supported by the grant OTKA (I/7, no. T eq_uivocal. Numerous publicatio_ns made claims about'the
017390) of the Hungarian National Research Fund. existence of a secondary nucleotide site, although sometimes
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location of a separate regulatory site for substrates orbe 0.69 43) and 1.0 44), respectively, foa 1 cmpath length.
activators, since the data have only indicated a single site The molecular mass of PGK was taken to be 44.5 kDa,
for each substrate3¢-7). different from the previously used value of 48 kB8). The
Further, the basic patch in the N-domain was shown to corrected value was calculated on the basis of the known
be the site for 3-PG3) and was confirmed recently’), amino acid composition of the horse muscle PG {aking
although an alternative binding mode of this substrate hasinto account those few residues that are replaced in pig
been also reported from a lower-resolution data 6gtlQ muscle PGK as deduced from X-ray structural da&a (
fact, from X-ray and NMR structural studies, three possible Enzyme Kinetic Studies The activity of PGK was
sites have been found for anions (one of them being in the measured, with 3-PG and MgATP as substrates, by following
basic patch); however, all of them are inside and not outside the oxidation of NADH spectrophotometrically at 340 nm
the catalytic center, and anion binding here would inhibit when it reduced the product in the presence of GAPDH, as
the enzyme by preventing substrate bindihd, @1, 27, 39). described by Tompa et al¥%).
There is therefore no firm basis for establishing the location ~ Activation and inhibition studies were carried out with only
of a separate activating site or the mechanism of activation a limited amount of Mg§" when the presence of the metal-
by anions. free form of ATP was required together with a constant
In this work, we have tried to assess the nature of any concentration of MQATP. Here the metal ion contamination
activating site and to look for its spatial location. For this, Of the commercial ATP was also taken into account. The
we have conducted kinetic experiments on pig muscle dissociation constant of MgATP was taken to be 0.1 mM,

3-phosphoglycerate kinase with systematically varied ana-0btained by averaging the data in the literatu4€-48).
logues of 3-PG of different sizes, bearing one, two, or three Most of the experiments were carried out under these
negatively charged groups. Their possible modes of binding conditions, but in a few cases, excess (5 or 10 mM) MgCl
to the enzyme were also determined by computer modelingWas also present.

on the basis of the available X-ray structural data. Since sulfate competes with ATP for binding kMghigh
concentrations of sulfate might lower the concentration of
MATERIALS AND METHODS MgATP, and thereby lower the activity. Even at the lowest

) ) concentration of M§-free ATP, however, i.e., at 1 mM

Enzymes and Chemical®GK (EC 2.7.2.3) was isolated  \gcl, and 0.6 mM ATP and the highest sulfate concentra-
from pig muscle § and stored as a microcrystalline tion (j.e., 200 mM), a fall of only 8% in the activity can be
suspension in the presence of 2 mM dithiothreitol. It atibuted to this effect, in contrast with the observed fall of
activity was approximately 600 kat/mol using 3-phospho- ggo,  The dissociation constant of MgS®as taken to be
glycerate and MgATP as substrates_. GAPDH (EC 1.2.1.12) 190.23 mM @9), and (X values for ATP were taken to be
(350 kat/mol) was prepared from pig muscho) 3.8:and 6.8%0). Calculations were performed with the SED

Na salts of 3-phosphoglycerate (3-PG) and ATP were software (Department of Inorganic Chemistry, Royal Institute
Boehringer products. The substrate, MGATP, was formed of Technology, Stockholm, Sweden).
by addition of MgC} (Sigma) to ATP. Due to metal ion In the kinetic experiments, GAPDH, the coupling enzyme,
contaminations in the usual commercial preparation, aboutwas used in higher concentrations than usual, to counterbal-
2% of the total ATP is chelated even in the absence of ance its inhibition by ATP, sulfate, phosphate, or the other
MgCl,, as determined by enzymatic assay. NADH was effectors.
obtained from Reanal. Na salts of dI-glycerol 3-phosphate Al the experiments were carried out at 20 in 20 mM
(Sigma), glycerol 2-phosphate (Fluka), and 2-phosphoglyc- Tris/HCI buffer (pH 7.5) containing 5 mM 2-mercaptoetha-
erate (Boehringer) were used, whereas cyclohexylammoniumng|, This buffer ensured the low ionic strength required for
salts of 2-phosphoglycolate (Boehringer) and 2,3-bisphos- stydies of the effect of low concentrations of anions.
phoglycerate (Calbiochem) were used. The Na salt of Quantitative evaluation of the data was carried out by
pentane 1,5-bisphosphonate, produced by chemical synthesigonlinear regression analysis using the Graphit software (R.
according to Li and Byersi(l), was a kind gift from A. Merli 3. eathbarrow, 19891990; Erithacus Software Ltd., sup-
(University of Parma, Parma, Italy). The arsonomethyl plied by Sigma).
analogue of 3-PG, dI-2-hydroxy-4-arsonobutyrate, synthe-  Computer Modeling of Ligand BindingFor molecular
sized according to Adams et akg) and crystallized as a  graphics and modeling, the Insight Il 95.0 software (Biosym/
bis(cyclohexylammonium) salt, was a kind gift from H. B.  \s|, San Diego, CA) was used. X-ray coordinates of pig
F. Dixon (University of Cambridge, Cambridge, U.K.). That myscle PGK complexed with 3-PG and the nucleotide
the amount of cyclohexylammonium cation, which was analogue 5adenylylimidodiphosphate, MNAMP-PNB)(
present in some of the experiments, did not exert a significant gng of Trypanosoma brucé?GK complexed with 3-PG and
effect. on the enzyme activity was chgcked. All _other MgADP (7) were used as examples of the open and closed
chemicals were reagent grade commercial preparations.  conformations of the enzyme, respectively. The coordinates

Preparation of Enzyme SolutionCrystals of PGK were  of the T. brucei enzyme were kindly provided by B.
dissolved in 20 mM Tris/HCI buffer (pH 7.5) containing 5 Bernstein (University of Washington, Seattle, WA). A
mM 2-mercaptoethanol, and the mixture was dialyzed againsttrigonal phospho group, which represents the group trans-
the same buffer to remove (NHMSQ.. The final dialysis  ferred in the catalyzed reaction, has been modeled into the
buffer contained 2 mM dithiothreitol. GAPDH solutions  active center off. bruceiPGK, in a way similar to that of
were also desalted in the same way. Bernstein et al. ).

For the determination of protein concentratiofys, values The molecular structure of each anionic ligand used in
of 1 mg/mL solutions of PGK and GAPDH were taken to the kinetic experiments was constructed with the above
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software. The charge distribution of ligands and substratesthe concentration of the active EL complex. The activity
(structures were taken from the X-ray coordinates) was (v) is proportional to this, and for the same reasBrcan be
calculated using the AM1 method in the AMPAC/MOPAC considered a measure of the limiting value of activity) (
(QCPE, Bloomington, IN) software. Hydrogens were added at an infinite concentration of L. Thus, eq 1 can be replaced
to the protein assuming the condition of pH 7.5, and a by

Coulomb potential-docking grid was calculated for the above-

mentioned PGK complexes. This docking grid showed the [L]

possible anion binding areas on the surface of the protein. VT UL+ L] (2)
Further investigations were restricted only to the area which

has undergone the largest change (both steric and charge Equation 2 is valid if the enzyme has no activity in the
distribution) upon domain closure, i.e., to the area between ghsence of the activator L. If the enzyme possesses activity
the two domains. The most favorable position for anion even in the absence of the activator, the changes in activity

binding within this area was preselected by calculation of (;) as a function of [L] can be described as follows:
the interaction energy (van der Waals and electrostatic) using

the Docking module of Insight Il between a model phosphate [L] [L]
ion (in its several possible positions near the positively v =v,t (y,@~ v,) =, toyl@— 17—

X S . ) . K+ [L] K+ [L]
charged residues within the investigated area) and the protein 3)

in the closed conformation. Evolutionary conservation of
the residues that make up the sites was also considered aYherew
u

important criterion. enzyme (at a fixed substrate concentration), wheeeas

From this starting position, energy minimization was the factor b ; Nk e L PP
. . : y which activity is increased; i.e., at an infinite
performed with the Discover 95.0 software (Biosym/MSI) [L], the activity » = s,a. Accordingly, by definition, the
using the consistent valence force field for the complex [i5tion ofa > 1 should always be valid. The physical
consisting ofT. bruceiPGK, its substrates, the transferred meaning of the coefficient(a — 1) is thé net activity

p?fosphat.e, anI? e.ach ra]lnlomc leffect?r, flxmg all dbUI thel increase at saturation of the activating site, still assuming
effector, i.e., allowing changes in conformation and spatial {1t | pinds only to this activating site.

position only for the effector anion. Two hundred iterations ¢, jigand L. in addition to binding to the activator site,
with the steepest-descents method and then 10 000 iterationg, s, hings to another site and thereby completely inhibits
with the conjugate gradients method were calculated, result—the enzyme, the expression given by eq 3 would represent

Ing 1n th_e most probable bmdmg.mode f‘?f each effector. the total activity that can be inhibited, i.e., the “capacity”
Calculations were repeated with different dielectric constant for inhibition. If we assume that the dissociation constant

vr?lues,_ but Elt]rlms had only a small effe;:tr(])n thi positio; Ig(f; of one is not affected by binding to the other, the activity,
the anion. e Interaction energy of the substrate 3- v, as a function of [L] can be expressed as follows:
(given by the X-ray coordinates) in its catalytic site was also

calculated with the Docking module and found to be about L]

1.5-2-fold larger than the binding energy of the various v=y,+ y(a—1 -

anions at the effector site in the closed protein conformation. Kaacy T L]

The energy minimization procedure was also carried out for . (L [L]
the complex consisting of the pig PGK structure, the vty @a—1) _

[P : Kd(act)+ [L] Kd(lnh) + [L]
substrates, and each anionic effector and resulted in an about
2—3-fold smaller binding energy at the part of the effector
site that exists in the open conformation, compared to that
of the complete effector site in the closed structure.

Equations Used for the CalculationsA two-site model
was used to describe the simultaneous activation and

stands for the activity of the unligated form of the

(4)

whereKgcy andKginny are the dissociation constants for the
sites of activation and inhibition, respectively. The third term
with the negative sign stands for the inhibition. Equation 4
may also be presented in the following simplified form:

inhibition caused by anions. The equation was built up K 4 ak gL
according to the following considerations. The equation that v _ dactf i) (inh) (4a)
describes the binding curve for a ligand (L) to a single site Uy (Kygaey T [LD(Kgginny T+ [L])

can be written as
Fitting this equation to the activity values)( determined
(L] 1 experimentally as a function of [L] (e.g., Figures 1 and 2),
K+ [L] (1) we can obtain the parameté€gacy andKqgnn), and the factor
a, characteristic for the investigated effector (L). Equation
where [E] is the total enzyme concentratiolY, is the 4 applies in the presence of a single species of anions. In
saturation function, i.e., [EY is the concentration of the the presence of any competing anions (including the sub-
ligated specieX is the dissociation constant, a@ds called strates), however, it still applies, excéfacy andKqgnn are
capacity and represents the maximal concentrations of thereplaced by apparent values.
sites that can be filled by L. [L] is the molar concentration A similar model can be used for the activation of the
of the free (unbound) ligand, which is approximately the total enzyme by high concentrations of substrate (i) if the catalytic
[L] when catalytic concentrations of enzyme are present, i.e., and activating sites are independent and (ii) if both sites
C < [L]. Ifanenzyme (E) rapidly equilibrates with a ligand equilibrate rapidly with the substrate. Here, naturally, the
L, which activates it, the left-hand side of eq 1 stands for enzyme has no activity without ligation with substrate. By

[ElY=C
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analogy to eq 3, in the following equation, there are only Kspey i.€., if the good substrate binds to the catalytic site

positive terms: much more tightly than to the regulatory site. Thus, the
complex ES.SactWill be present only in negligible amount,
= [S] +oa—1) [S] [S] and eq 6 finally can be simplified to
S S
K +[S K +[S] K +[S
S(cat) [ ] S(cat) [ ] S(acy [(51) V= US[EScaJ + Usag[EScals’acJ (7)

The first term represents a simple hyperbolic saturation of With these 'assumptlons, S is the only substrate aqs! S

the catalytic site with the substrate (S); i.e., by analogy to tN€ ©nly activator. Under the experimental conditions
ve in €q 3, it expresses the activity in the absence of defined by the constant low concentration of the good
activation. Thusys stands for the hypothetical activity at Substrate S and a varying one of the poor substrate S

saturation of the catalytic site by the substrate, if activation allthough S will not compete effectively for the regulgtory
were not taking place. In a case similar to that in eq 3, the site, the two substrates can compete for the catalytic site.

second term is a representative of saturation of a regulatory | 'S COmPpetition leads to replacement of the good substrate

site, which is here a nonhyperbolic functiokscayandKsacy (S) by the weak substrate'{Swhich lowers the rate of the

are the dissociation constants for the catalytic and the patalyzed reaction. Hence, S both inhibitory and activat-

regulating (activating) sites, respectively. The coefficient INd- TO determine the activity, we consider first the catalytic
a, as above, is the factor by which activity increased by site. The two species that have S bound in the cata!ytlc site
binding of the substrate to the regulatory site: iegis the = &€ E®at and ESaSaq S0 the sum of their fractional
activity of the enzyme when both catalytic and activating c_once_ntratlons_ls simply the degree to which the catal_y_tlc
sites are filled by the substrate. Fitting eq 5 to the activity §|tr<]a_bbl_nds S, given by the usual treatments of competitive
values ¢), measured at various [S] values (e.g., Figure 4), '"hioition as

we can obtain parametesca)andKsacyand the activation [ES..] + [ES.S.d =

factor a.
We now derive eq 11, in effect a modified form of eq 5, [S]Ks(cat) ®)
to obtain an approximate description of the more complex [S]KS'(cat)+ Kscaf<s(cany T [S'] Ks(ca)
data of activation obtained with simultaneous presence of
two different substrates (S and) n which the enzyme acts The right-hand side of eq 8 can be considered the capacity

with extremely different activitiesig < vs). Here both for filling of the regulatory site by the poor substrate)(S
substrates essentially compete for the same catalytic andand therefore

regulatory sites, and the activity would be expressed quan-

titatively as the sum of the contributions of the following [ESeaSacd =

enzyme-substrate complexes (the concentrations of each [S]Kg(cat) [S]
form represent fractional concentrations, and the total enzyme ; — (9)
concentration, [E] was taken to be unity): [SIKs cay + KscaKscay T [STKs(can K acy T [S]
_ Subtracting eq 9 from eq 8 gives

v= US[EScaJ + USaS[EScaISact] + USaS'[EScalSact] + ged a9

US[ESIcaJ + USaS[EScaSacJ + USaS[ES'caSacJ (6) [S]KS’(cat)

ESeal = 1gke .+ K STKsrean

where the subscripts cat and act represent catalytic and S(cat) S(catKS(cat)[ S(cat)
regulatory (activating) sites, respectively, to both of which 1- [S1] 10
the substrates S and&@n alternatively bind. Egand ESy Ksacy + [S] (10)

complexes are not included in eq 6 as these forms do not

have activity since no substrate is bound to their catalytic Then, substituting the right-hand side expressions of eqs 9

sites. vs and vs represent the activity when the catalytic and 10 into eq 7 will give the following expression:

site is saturated by the substrate S Grr8spectively. as

andag are factors by which the activity is increased when [SIKs(cat)

substrates S and 3espectively, fill the regulatory site. We ¥ = Vsg—— ¢ KseafSTK + volag — 1) x

assume that the values of these factors depend only on the Seay * “*S(cat] S cat S(eay

nature of the ligand that fills the regulatory site and are [S]KS(cat) [S1]

independent_of the nature of the_ligand that fills the catalytic [S]KS'(cat) + KS(catJ(S(cat)[S']KS(cat) Ksaey T [S]

site. Following the same terminology, paramet&eg.a)

Ks(acty Ks(caty andKsacy are dissociation constants of S and This equation describes, with good approximation, the

S binding to the catalytic and regulatory sites, respectively. activation caused by the weak substratg (8 the reaction
We assume that, sinag < vs holds, we can neglect the  with the good substrate (S); it gives the increase of activity

last three terms of eq 6; i.e., we treaBrely as an inhibitor  as a function of [§ if [S] is kept at a constant value.

at the catalytic site and an activator at the regulatory site. When [S] = 0, eq 11 will be greatly simplified:

Further, if we choose the experimental condition where [S]

< Ksaceyby keeping the concentration of the good substrate = [S]

(S) at a constant low level, saturation of the activating site 0 SKs(cat)—|- [S]

by S will be negligible and S will bind almost exclusively

to the catalytic site. This will only be possible fscay) < As the value ofy, i.e., the velocity at [§ = 0 and at a

(11)

(12)
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Table 1: Summary of the Kinetic Parameters for Activation by Excess Substrate as Well as for Activation and Inhibition by Variows Anions

[MgC|2] [3-PG] vs Or vy Ks(act)OI’ Ks(cat)OI’ K'd(inh)
substrate or effector (mM) (mM) [AA (min)] a Kaacy (MM) Kdinhy (MM) (mM) Ki (mM)
3-phospho- TOO' 1 various 0.16t 0.014 21.7+3.6 95+32 0.019£0.008 - -
gycerate " " 10 varous  0.46:0.048 6809 126+45 002740015 - -
CHy —0—P03%
2-hydroxy-4- <|3°° 1 no 0.0003t 0.0001 nd nd nd
butvrate S 0.05 nd 15.1+4 70+ 30 6.5+ 25 - -
arsonobutyrate
B iHZ_CHZ_A,%z. 0.2 nd 13.5+ 35 50+ 25 6.1+ 2.3
glycerol 3- Cle—OH 1 0.2 0.5+ 0.04 596+ 1.8 15.0+:6.6 14404 0.84
phosphate " 2 173£02  576£21 198+52  48+11 062 0.7
CH2—0—P0 2
2-phospho- 100' 1 0.2 0.48+ 0.04 6.75+ 1.5 5.4+ 0.3 6.4+ 2.8 3.84 4.0
CHy—O0—PO32%
glycolate
2,3-bisphospho- ¢00 1 0.2 0.505+ 0.03 6.72+1.2 3.86+0.7 2.43+ 0.5 1.46
—_— 2-
glycerate [T 0 2 1714017 62813 42+08  43+09 056 0.35:0.20
CHy —0—P03%
glycerol 2- C‘Hz—OH 1 0.2 0.49+ 0.06 6.67+1.6 13.8+:3.5 11.64+ 3.9 6.9
phosphate CH—o0—pO32 2 1.63+0.2 6.62+1.8 26.8+6.7 38.2+9.2 5.0 9.6+ 2.0
CHy—on 5 0.2 0.34+ 0.02 5.2+ 0.8 16.2+5.8 17.9+5.2 10.7
pentane c’:Hz—cuz—pm?- 1 0.2 0.45+ 0.05 74+ 13 15.8+3.8 27.4+5.4 16.4 26+ 10
1,5-bis {72
CHy——CH—P032
phosphonate
sulfate 1 0.2 0.45+ 0.06 7.77£13 89+21 17.4+ 3.2 104 1430
phosphate 1 0.2 0.474+0.05 747+14 10.3+£26 10.6+ 2.5 6.3 8.3t 1.6
ATP 1 0.2 0.42+ 0.05 6.27£0.9 1.6+0.3 2.04+0.4 122 nd

@ The parameters were determined by fitting the experimental points on Figures 1 and 2 according to eq 4 as well as the points on Figures 4 and
5 according to egs 5 and 11, respectively. The experimental data, obtained under other conditions (e.g., 10 phd@M 3-PG) and not
shown in the figures, are also fitted in the same way. The paramet&§acy Kscay Ka@aey andKqgnny are defined by the related equations (see
Materials and MethodsX, competitive inhibitory constants were determined by separate experiments, similar to the one shown in Figure 4 for
glycerol 2-phosphatéqacy andKqnny are apparent constants; their values depend on [3-PG] present in the experimeryfrpmalues, the real
dissociation constants'qnny Were calculated according to the equatiGfinn = Kae-peKdinny[[3-PG] + Kae-pc). The value ofKyis-pey was taken
to be equal tKmz-pc) (0.3 mM from ref37). P Ref 45. ¢ nd, not determined.

constant [S], is determined experimentally, the valuepf  effects of 2-phosphoglycerate, another short analogue of
can be calculated from eq 12 &$cay is known from a 3-PG, are also observed, but these were not evaluated
separate experiment. Thus, fitting eq 11 to the experimen- quantitatively (not shown). As a comparison, activation and
tally determined activity«) as a function of [§ (e.g., Figure inhibition by the metal-free ATP (Figure 1G), as well as by

5), we can determine the parametBk§can, Ksacy, andas, simple anions, such as phosphate (Figure 1F) and sulfate
characteristic for the activating substraté)(S (Figure 1E), were also determined under identical conditions.
For computer fitting, the Graphit software was used. An activation of the enzyme by about 3-fold by the metal-

free ATP is markedly greater than that observed by Khamis
RESULTS and Larsson-RaznikiewicA4). The extent of the observed

Activation and Inhibition by Various Anions, Including activation varies in the same range (about-25old) and
Substrate AnaloguesThe effects of different analogues (for is apparently independent of the size of the molecule and
structural formulas, see Table 1) of the substrate, 3-PG, onthe number of charged groups. A different behavior was,
the activity of PGK were investigated at relatively low, however, observed for glycerol 3-phosphate, an analogue
constant concentrations of substrates 3-PG and MgATP closely similar to 3-PG. It apparently does not activate, but
(Figure 1). All of the analogues, namely, 2-phosphoglycolate only inhibits the enzyme, under these conditions (Figure 2A).
(Figure 1A), 2,3-bisphosphoglycerate (Figure 1B), glycerol  Both activation and inhibition could also be detected at
2-phosphate (Figure 1C), and pentane 1,5-bisphosphonatenuch higher concentrations of 3-PG or MgATP, or even in
(Figure 1D), exhibit activation at low concentrations and the presence of a moderate excess of Md€f. Table 1).
inhibition at high concentrations. Activating and inhibiting At higher 3-PG concentrations, the extent of activation is



activity (delta A/min)

activity (deltaA/min)

Ficure 1: Activation and inhibition of PGK by various anions. The experiment was carried out with 40 nM enzyme, 0.2 mM 3-PG, and 0.5 mM MgATP. The latteideddyyrdvmM MgCh
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and 0.6 mM ATP, which left only 0.1 mM Mg-free ATP (A—F). In other cases (G and H), the Mg@oncentration was slightly varied between 0.5 and 1.0 mM as the ATP concentra&bn
changed from 0.6 to 20.5 mM. Enzyme activity was measured with varying concentrations of 2-phosphoglycolate (A), 2,3-bisphosphoglyceraerdB2-giwsphate (C), pentane 1,55

bisphosphonate (D), sulfate (E), and phosphate (F); th&"Ntge ATP concentration was varied in the absence (G) or in the presence of sulfate (H). In panel H, the sets of experiment

points

were obtained in the absence of sa#,(i.e., part of curve (G), and in the presence of 2§, © (), and 15 mM 4) sulfate. The curve fitting was carried out according to nonlinear regressign
analysis by using eq 4 of Materials and Methods. Dotted and dashed lines correspond to the activation and inhibition components of the fittetidclinegsréspectively. When ATP and >

sulfate were present simultaneously (H), the following appakapt; values were obtained as the best fitting variables at@)5>% (@), and 15 mM Q) sulfate, in the same order: 0.97, 1.03,0'
and 1.3 mM; for the other parameters, see Table 1.
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activity (delta A/min)
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Ficure 2: Effect of glycerol 3-phosphate on PGK activity. The
experiment was carried out with 40 nM enzyme and 0.5 mM
MgATP (provided by 1 mM MgCland 0.6 mM ATP as in case of
Figure 1A—F) and with 0.2 (A) or 2 mM (B) 3-PG. Enzyme activity
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Ficure 3: Double inhibition by various pairs of inhibitors. The
experiment was carried out with 40 nM enzyme, 0.2 (B and C) or
0.3 mM (A and D) 3-PG, and 0.5 (B and C) or 2 mM (A and D)
MgATP. The MgATP concentration was provided by 2.1 (A) or
0.5 mM (B and C) MgQG] and various excess concentrations of
ATP or by 2.1 mM MgC} and 4.0 mM ATP (D). Activity was
determined as a function of glycerol 3-phosphate concentration in
the presence of 2.@(, 11 @), and 19.5 mM &) Mg?*-free ATP

(A), as a function of adenosine concentration in the presence of
2.1 @), 11.7 @), and 19.5 mM &) Mg?*-free ATP (B), as a
function of sulfate concentration in the presence of@j) (L5 @),

and 20 mM @) Mg?*-free ATP (C), and as a function of glycerol

was measured as a function of glycerol 3-phosphate concentration.3-phosphate concentration in the abser@gand in the presence

Curve fitting was carried out by using eq 4 of Materials and
Methods. The components of the fitted curves (solid line) that
correspond to activation (dotted line) and inhibition (dashed line)
are also shown. The initial parts of the curves at low ligand

of 150 @) and 250 mM A4) sulfate (D) and plotted according to
Yonetani and Theorell5).

concentrations are enlarged in the insets. For the variables that gavénactivate, since the ratio between species with the activating

the best fit, see Table 1.

and inactivating (sub)sites filled is independent of ligand
concentration. Thus, despite the absence of independent

slightly increased, while the extent of inhibition is greatly eyigence in favor of it, a model of 2:1 binding stoichiometry
decreased (Table 1). These substrate-dependent changggyst be assumed. According to this model, activation,

allowed us to observe a very small, but significant, activation
even by glycerol 3-phosphate (Figure 2B), which was not
detectable at low substrate concentrations (Figure 2A).

In general, the maximum activation occurs at millimolar
concentrations of the analogues, at-P% mM for sulfate
or phosphate and at about 1 mM ATP. As most of the
effectors are present in vivo, the similarity of these values
to the physiological concentrations, at least for metal-free
ATP [about 0.4 mM $%1)] and for inorganic phosphate [about

caused by the occupation of the first site, turns into inhibition
as soon as the second site becomes saturated. This type of
model cannot distinguish, however, between independent and
interacting sites, as pointed out earlier by Simra3) (@and
Dixon (54); in either case, the net dependence of the enzyme
activity on ligand concentration is given by the curve that
has a maximum. The experimental points in Figure-TA

can indeed be satisfactorily fitted by theoretical curves
calculated on this basis (eq 4 in Materials and Methods).

8 mM (52)], indicates that activation may occur naturally. The fitted parameters (Table 1) were obtained by keeping
These unusual kinetic effects of anions remained the samethe initial estimates of the activation factarclose to each

even after preincubation for #20 min of the enzyme with

other for the anionic ligands with various chemical structures.

the ligands; thus, activation cannot be attributed to slow This assumption was based on their closely similar extent

equilibration with the ligands. In case of rapid equilibration,
however, the activation and inhibition by any ligand, L,
cannot be described by a simple model of 1:1 binding

of activating effects (Figure 1), indicating no particular

specificity.

Figure 1 also shows activation and inhibition (dotted and

stoichiometry. In a model of 1:1 stoichiometry, raising the dashed lines, respectively); the difference between them

concentration of ligand cannot first activate and later yields the actual dependence of activity on [L].

The
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activation component, given by the first two terms of eq 4, :
represents a simple hyperbolic dependence on [L], whereas ’ A
the inhibition component, given by the third negative term 20
of eq 4, represents a more complex sigmoidal dependence
on [L].

In some cases, e.g., with metal-free ATP or with sulfate,
the fitted curve runs somewhat above the experimental points
in the range of inhibition. This deviation can be attributed
to the fact that each of these ligands may have more than
one inhibiting site. In fact, the cooperative character of
inhibition by metal-free ATP, as indicated by the parabolic 3
Dixon plots, has been observed in a kinetic stutly).(

It has to be emphasized that the values obtaineH fare
not the real but apparent dissociation constants of the
activating and inhibiting ligand complexes, because the
substrate(s), present in the assay mixtures, may compete with
the anions. This explains the variationkofvith the substrate
concentration; at higher 3-PG concentrations, the values of =
the apparenK constants are increased (Table 1). Knowing
the substrate concentration, however, we can derivekigal 2
values, independent of the substrate concentration, from the
apparent ones (Table 1). The effect of substrate concentra-
tion is clearer folKggnn) values. The reaynn) values closely
resemble the correspondimg competitive inhibitory con-
stants, supporting the assumed competition between the
anionic ligands and the substrate, 3-PG, i.e., the identity
between the inhibiting site and the catalytic site for 3-PG. 05
As for the constant&ye.ct, Characteristic of activation, the
effect of the substrate concentration is less pronounced. 0
Hence, the ratio oKg(acyandKqgnn depends on the substrate 0 2 4 6 8 10
concentration. This makes activation somewhat more pro- [3-PG], mM
nounced at higher 3-PG concentrations. This finding is ke 4: Variation of PGK activity as a function of 3-PG
demonstrated even better by the 3-PG saturation curves (Se€oncentration in double-reciprocal (A) and linear (B) plots. The
the section below and Figure 4A) determined both in the activity of 16 nM enzyme was measured in the presence of 0.5
absence and in the presence of an anionic effector; at highet™ MgATP (provided by 1 mM MgGl and 0.6 mM ATP) and
substrate concenrations the activation while a lower sub- 100U SOTCETaNns of 53, The doubiereen o plot (4
strate concentrations the inhibition dominates, which makes the presence of 504), 75 @), and 100 mM ©) glycerol
the originally nonlinear double-reciprocal plot apparently a 2-phosphate. The calculated competitive inhibitory constants for
linear one (e.g., Figure 4A). The different effects of the glycerol 2-phosphateK() is 9.6+ 2.0 mM. The linear plot (B) of
substrate on activation and inhibition are entirely consistent the saturation of PGK by 3-PG shows only the experiment in the

- . . . absence of inhibitor. The experimental points were fitted according
with the assumption of two separate sites for activation and ; eq 5 of Materials and Methods. The components of the fitted

inhibition. _ . _ o _ curve (solid line) are also shown. The dotted and dashed lines
Common Actiator Site and Different Inhibitor Sites for  correspond to saturation of the first (catalytic) and the second

the Various Anions Activations by ATP and by the other  (regulatory) sites, respectively. In panels A and B, the insets show
anions are mutually exclusive as demonstrated by separatéh® enlarged initial parts of the plots.
experiments. Figure 1H for example shows that the extent
of activation caused by ATP becomes smaller and smaller firmly to the site of inhibition. In the presence of different,
as the concentration of sulfate is increased; i.e., ATP andin each case constant, concentrations of metal-free ATP,
sulfate antagonize each other’s activating action. In agree-straight lines intersecting on the abscissa were obtained as a
ment, Kqeacy for the first anion apparently increases as the function of glycerol 3-phosphate concentration in the Yon-
concentration of the second anion is increased (legend ofetani-Theorell plots (Figure 3A). Thus, the inhibiting
Figure 1). Thus, the mechanisms of activation by ATP and effects of glycerol 3-phosphate and metal-free ATP are
the other anions are very similar to each other, and they all apparently additive, suggesting the existence of separate sites
may bind to the same regulatory site. for these two inhibitors. As glycerol 3-phosphate is a good
For the inhibiting site, we devised kinetic experiments for structural analogue of 3-PG and, as with the substrate itself,
determining whether the inhibitory effects of any pair of only the d-enantiomer has been shown to bind specifically
effectors on the enzyme reaction were additive or exclusive. to the enzyme37), the most probable inhibitory site of this
Such analysis, as originally described by Yonetani and analogue is the site of 3-PG. For metal-free ATP, however,
Theorell 65), may be an indication of the existence of it is reasonable to assume a different type of nonionic
separate or common sites on the enzyme for the two interaction with the enzyme, e.g., through its adenosine part
inhibitors. The clearest results were obtained when one of with the hydrophobic pocket of the nucleotide site, well
the two inhibitors was glycerol 3-phosphate, which binds defined by structural studied,(5, 7).

15
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reciprocal activity (min/deltaA)

activity (deltaA/min)
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site), and the other one may be the nonionic adenosine site.

Table 2: Summary of the Results of Double-Inhibition Stutlies ' ) - v oY A .
Testing of these suggestions by direct equilibrium dialysis

inhibitor 1 inhibitor 2 type of inhibition binding studies is underway.

ATP gg’cero! 3-phosphate additive Activation of PGK by the Excess Substrat€igure 4
e rm)'(xeeddt%%e illustrates a typical dependence of the rate of the PGK-
glycerol 2-phosphate mixed type catalyzed reaction upon saturation by the substrate, 3-PG,

adenosine sulfate additive determined at low ionic strength. In the absence of any
glycerol 3-phosphate additive anionic effector, the usual double-reciprocal plot of the

glycerol 3-phosphate gljé‘gfgfz_phosphate eexiclbussi\'/"ee kinetic data does not yield a simple straight line; activation
2-phosphoglycolate exclusive by the excess substrate has been revealed (Figure 4A), in

a2 The experiments, like those in Figure 3, were carried out in the agreement Wlth earlier observatioris(16, 17)'_ Thus_, the
simultaneous presence of two inhibitors of different types. The data CUrves of velocity versus substrate concentration (Figure 4B)
were plotted according to Yonetani and Theorg8)(i.e., the reciprocal cannot be fitted by a single hyperbola. This non-Michaelian
activity vs concentration of inhibitor 1, at different, in each case character of the substrate saturation has been interpreted long
constant, concentrations of inhibitor 2. In these plots, the additive before any structural information was available about the

character of the two inhibitors is reflected by a pattern of the straight b ina th ist f two ind dentl
lines intersecting each other on the abscissa, while in case of the SNZYME, Dy assuming the existence ol two independently

exclusive nature of the two inhibitors, parallel lines were obtained. ~ functioning catalytic sites. Indeed, the experimental points
of Figure 4 could be fitted by a theoretical curve of the sum
However, the picture obtained in a similar double- of two hyperbolas (not shown). This assumption, however,
inhibition experiment, but with adenosine in place of glycerol cannot be held in light of the X-ray structural data showing
3-phosphate, does not unequivocally support this assumptionthe presence of only one catalytic sitg 7).
Straight lines obtained approach each other at different An anomalous substrate saturation curve might also be a
concentrations of metal-free ATP with a possible intercept consequence of slow formation of the active enzyme
in the third quarter of the Cartesian coordinate system (Figure substrate complex, relative to the rate of the catalyzed
3B). If ATP, as an inhibitor, were bound exclusively to the reaction, often coupled with a protein conformational change.
adenosine site, parallel lines should have been obtained ag-or PGK, indeed, a large-scale hinge-bending domain closure
an indication of exclusive inhibition of the two ligands. was assumed a long time ago, as an essential requirement
Instead, the result shows that adenosine can only weakerfor the occurrence of the enzyme reactidj 6upported by
ATP binding, but cannot abolish it. Thus, in addition to the small-angle X-ray scattering studies6( 57) and by more
adenosine site, the inhibiting metal-free ATP may have also recent crystallographic date3€5, 7). We have found,
other binding site(s) on the enzyme. Multiple sites for metal- however, that preincubation for #20 min of PGK with
free ATP, indeed, were also postulated by Larsson-Razni- both of its substrates (3-PG and MgATP) had no influence
kiewicz and Schierbeckl§). on the measured rate of the catalyzed reaction. This result
We searched for a possible anionic site for the metal-free clearly shows fast equilibration with the substrates, as with
ATP by double-inhibition experiments with sulfate as a the anionic effectors. Even if domain motion occurs before
second inhibitor (Figure 3C). Because of the nonlinearity the catalytic reaction, this protein isomerization step, which
of the plots, indicative of cooperative binding, the results probably accompanies substrate binding, must also be faster
are not as conclusive as above. Despite the uncertaintiesthan the enzymatic reaction itself. Consistent with this,
one can observe that the curves at different concentrationsGeerlof et al. 24) had already proposed that the putative
of metal-free ATP approach each other, rather than remaininghinge-bending domain motion occurred before establishment
parallel, indicating that sulfate may weaken the binding of of the steady state. Thus, the anomalous substrate saturation
ATP, but cannot completely replace it. A similar picture curve cannot be due to slow equilibration with the substrates.
was also obtained in a separate experiment with another Here we show that activation by the excess of the substrate
anionic effector, glycerol 2-phosphate (not shown). Atthe and activation by various anionic effectors are related
same time, a control double-inhibition experiment with phenomena and both can be described by a similar two-site
sulfate and adenosine yielded straight lines (as a function ofmodel. Accordingly, the excess of the substrate, which is
adenosine concentration) at different sulfate concentrations;itself an anion, can bind not only to the catalytic site but
these clearly intersected each other on the abscissa (notlso to the same regulatory site where the other activating
shown), indicating additive character of their inhibition, as anions bind. The experimental data in Figure 4, indeed, can
expected on the basis of independent sites. On the othetbe satisfactorily described by eq 5 in Materials and Methods,
hand, double-inhibition experiments with glycerol 3-phos- on the basis of this model. For a better illustration,
phate and sulfate (Figure 3D) (or any of the other anionic enlargements of the initial parts of both the double-reciprocal
analogues, except ATP) yielded clearly parallel lines, indica- (A) and the linear (B) plots are also shown as insets in these
tive of their exclusive binding. The results of all double- figures. The parameters that gave the best fit are shown in
inhibition experiments are summarized in Table 2. Table 1. Thus, the enzyme molecules, in which only the
These experiments, on one hand, support the existence otatalytic site is filled by the substrate, may function only
a common inhibiting anionic site(s) for all of the inhibitors, with a moderately low activity. With a large excess of
except for metal-free ATP; on the other hand, these studiessubstrate, the weaker regulatory sites may also be filled, with
raise the possibility of the existence of two different type of a concomitant great enhancement of activity.
inhibiting sites for ATP. One of these two sites may be a  Activation of the Reaction with 3-PG by a Weak Substrate
relatively weak anionic site (where sulfate and other anions The above model assumes simultaneous binding of two 3-PG
may also be able to bind, in addition to their main inhibiting molecules to the enzyme (one to the catalytic and one to the
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25 , of data of different origins. Up to now, several structures
of various complexes with substrates are known at high
. : resolution (, 3—5, 7), but none of them shows binding of a
second substrate molecule. Thus, apparently, no information
has been provided about the location of the postulated
regulatory anionic site. This site could not be identified even
from structural data obtained in the presence of high
concentrations of sulfatel), although in this structure all

of the possible anionic sites, including the activating one,
should have been occupied by sulfate. As mentioned in the
introductory section, three different anionic sites could be
observed from X-ray and NMR data, but none of them was
clearly separated from the substrate sites or from the active
center area.

We suggest therefore that the regulatory site may not exist
originally in the structure of the substrate-free enzyme but
may only be formed as a consequence of the conformational
change, which occurs upon binding of both substrates. The
recently published crystal structure of the brucei PGK
complexed with MgADP and 3-PG revealed a new confor-
mation of the enzyme, basically different from all of the
previously known structures, showing a large extent of
domain rotation 7). We have attempted to model (see
o 0 20 0 Materials and Methods) the possible binding of the various

(2-hydroxy-4-arsonobutyrate], mM anionic effectors, both to the closed conformation of this

. ternary complex of theT. brucei enzyme and to the
Ficure 5: Effect of 2-hydroxy-4-arsonobutyrate on the reaction . : : :
of PGK with 3-PG. The);ctivi}f/y of 40 NM etgzyme was measured Previously determined open conformation of the 3-PG binary

in the presence of 0.5 mM MgATP (provided by 1 mM MgCl ~ complex of pig muscle PGK, into which crystals of an ATP
and 0.6 mM ATP) in the absenc®) and in the presence of 0.05 analogue, MNAMP-PNP, have been diffus&). (

(@) and 0.2 mM &) 3-PG as a function of 2-hydroxy-4- Panels A and B of Figure 6 illustrate the results of docking
arsonobutyrate concentration. Curve fitting was carried out by using of an orthophosphate ion to these structures. A new anion-
eq 11 of Materials and Methods. For variables that gave the best,_. . . - .
fit, see Table 1. binding site can indeed be seen in the structure of the closed
conformation (Figure 6A), while in the open conformation
) ) ) _ o _ (Figure 6B), only a part of this site exists. This newly
regulatory site), for which direct evidence is still lacking. detected site is composed of the basic residues Lys-215 (219)
Neither structural nor binding studies indicate binding of a fom the C-domain and Arg-65 (65), among other basic patch
second substrate molecule to PGK. The hypothesis that aregsidues, e.g., Arg-170 (172) and His-169 (171) from the
separate regulatory site exists is strongly supported by then-gomain. Besides the sequence numbering of the muscle
following experiment. enzyme, the corresponding numberingTofbruceiPGK is
We have investigated whether a weak substrate, themarked in parentheses. These residues are completely
arsonomethyl analogue of 3-PG, i.e., 2-hydroxy-4-arsonobu- conserved in all of the known PGK sequencsd) (
tyrate, can activate PGK in the reaction with its physiological  The role of the basic patch residues in binding 3-PG is
good substrate, 3-PG. Keeping the concentration of 3-PGknown from high-resolution structural studied; 6). Here
at a constant, nonsaturating level, we progressively increasedve show that, in addition to their involvement in binding of
the concentration of the weak substrate. A large accelerationthis substrate, they still have remaining capacities to bind
of the enzyme reaction was detected, although the activity electrostatically a further anion. A regulator anion, which
with the weak substrate itself is clearly negligible under these can be the phosphate ion, as in Figure 6A,B, or any of the
conditions (Figure 5). This activation can only be due to anions investigated, or even the substrate itself, can bind to
binding at another site, since any binding at the catalytic the outer surface of the basic residues, while these residues
site would have caused inhibition by gradual replacement create a closed cavity with the bound substrate inside. It is
of the good substrate, 3-PG, by the increasing concentrationnotable that the role of the entirely conserved Lys-215 (219),
of the poor substrate. The experimental data on Figure Swhich is situated on the open channel between the two
can, indeed, be described by eq 11 in Materials and Methods,domains §), has not been recognized earlier.
which assumes activation, and also takes into account the By similar molecular modeling, all of the substrate
competition of the two substrates for the catalytic site. This analogues now investigated and even the metal-free ATP
finding provides direct evidence in favor of the existence of can be docked successfully by their phosphate groups into
a separate regulatory site. this anion-binding site (not shown). This indicates a low
Modeling of Binding of Regulatory Anions to PGKo specificity for the regulatory site, consistent with the kinetic
search for the location of the regulatory site in the three- data (Table |). In general, these docking studies essentially
dimensional structure of the PGK molecule, we have supported our assumption that a regulatory anionic site may
inspected the available X-ray structural data of PGK. The be formed only as a consequence of substrate binding and
highly conserved structure of this enzyme allows comparison the accompanying hinge-bending domain closure.

activity (deltaA/min)
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Ficure 6: Modeling of phosphate ion binding to the closed (A) and open (B) conformations of PGK. Phosphate ion is shown by the van der Waals space-filindpenoaglosed activatory -
anion binding site both in the closed structureTobruceiPGK (A) and in the open structure of the pig muscle enzyme (B) (for X-ray coordinates, see Materials and Methods). The envirgament
of this site is enlarged in the lower parts of both figures. The distances of phosphate oxygens from one of the guanidino N atoms of Arg-65 and freenNtetcambf Lys-219 (A) or of
Lys-215 (B) are shown in angstroms. Residue numbering in brackets refers to the numbering of the other structure; i.e., in the strubtuceid¥GK (A), the bracketed numbers designat
the numbering of the corresponding residues in the structure of pig muscle PGK (B) and vice versa. .
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DISCUSSION nucleotide substrate have been shown to be bound, including
Lys-219 and the N-terminus of helix 13,(5).

Naturally, the site for activation holds much greater interest
than the sites for inhibition, as the mechanism of activation
%has not yet been clarified. The formation of the activating
site as a result of domain closure may suggest a close
relationship between anion activation and the hinge-bending
relative motion of the domains. It cannot be decided,
X ) ; however, whether anion activation is only a consequence of
have Ie_d toa pomp_rehenswe picture about the location Ofdomain closure or anion binding itself mediates the closure
the various aryon bl|nd|ng S|te§ of PGK. ) - by connecting the two domains. Anion binding to the

Three possible sites for anions have been |dent|_f|eq by activating site may also lower the energy barrier between
early X-ray and NMR structural studies: two sulfate binding  he open and closed conformations of the enzyme and thereby
sites (one at the basic path region of the N-domaln find ONemay promote both closing and opening. Accordingly, even
near the a-phosphate of the bound nucleotide in the it the rate-limiting step is not domain closure, but the release
C-domgm 11, 39 and a selenat_e binding site at the fthe very tightly bound product, 1,3-bisphosphoglycerate,
N-terminus of thex-helix (number 13 in the muscle enzyme), 55 was shown by Geerlof et a4), activating anions may
close to the assumed phosphotransfer a@g. (Later  hromote either directly or indirectly this step. Easier opening
structural studies with the enzymeubstrate complexes o the structure would indirectly assist in product dissociation.
revealed the possible functional role of these three sites. Thegyrthermore, interaction of an activating anion with residues
basic patch region creates a strong anionic site, which haSArg-65 (65), His-169 (171), and Arg-170 (172) (see Figure
been shown to be involved in binding of 3-PG).( The 6A,B) will shield part of the positive charges of the basic
anionic sites at Lys-219 (the numbering refers to the muscle paich and therefore may directly weaken the product binding.
enzyme) are involved in the binding of thephosphate,  Ejycidation of the details of such an interesting activation
while the N-terminus of helix 13 is involved in the binding  mechanism is a great challenge for future research.
of _ﬁ—phpsphate of the nucleotide substraté,sS(). These The problem of anion activation has a more general in
anion sites are probably weaker than the site created by th ivo relevance in the regulation of the physiologically

basic path. bln additiorr: to these, the ]??(]islt_ence of da further  iqespread enzymes that handle the transfer of the phopsho
anionic site between the N-terminus of helix 14 and Arg-38 group among various anionic metabolites (from the inter-

(the nur(rj]bering br.?.fers hto the muscle enZ);mﬁ) has Ibee(;‘mediate metabolism to more complex regulatory mechanisms
proposed to Sté" lize the dtrﬁnsmor& sl,_tate of the catalyzed g oy a5 the cell response to external stimuli). Our investiga-
reaction p) and supported by modeling’) Figure 6A yi5q with PGK will contribute to general knowledge about

shows the modeled transferable trigonal phospho group iny,e ¢tion and regulation of this type of enzyme that is being
this position. The existence and location of a hypothetical widely studied 69—61).

regulatory site responsible for activation by various anions
or by excesses of substrates, however, remained an opeINOTE ADDED IN PROOF
question.

Our kinetic data provide strong evidence for the existence  While this paper was being reviewed, another closed
of a separate regulatory site; the docking of various anions Structure of PGK fromThermotoga maritimahas been
to the known structures shed light on the structural basis of PuPlished €2). Its X-ray coordinates were kindly sent to
a unique mechanism of anion activation. According to this, US Py G- Auerbach. Surveying the active site region of this
the regulatory site does not exist in the open conformation, Structure may aiso allow the recognition of the corresponding
but is formed by the participation of certain residues from &nion binding site (here it is constituted by residues Lys-
both N- and C-domains, as a result of the domain closure 197 and Arg-62), suggested by this study. Auerbach etal,
that occurs only in the presence of both substrates. Thishowever, have suggested that Lys-197 is involved in
conclusion may also eliminate the apparent long contradiction Stabilization of the transition state phospho group; i.e., a
between the kinetic and structural data of this enzyme. For direct catalytic role, different from the presently suggested
example, it interestingly supports both different suggestions "égulatory role, has been attributed to this conserved side
about the location of the activating site being at the basic cha&in (the corresponding residues are Lys-215 and Lys-219

patch (1, 21) and at the area near the terminal phosphate " PGKs from pig muscle and’. brucej respectively).
of the nucleotide substratd§). Further studies are required to decide between these two

proposals or to determine whether they are really alternatives.

The nature of kinetic cooperativity and regulation by
anions of the monomeric PGK has long remained contro-
versial because of the uncertainties about the roles and th
spatial positions of the multiple anion binding sites of this
enzyme. These kinetic results together with modeling
studies, based on the existing structural data, including the
recently published closed conformation of the enzyije (

As for the inhibiting sites, our double-inhibition kinetic
studie; allowed us to distinguish betyveen at least two Sit?SACKNOWLEDGMENT
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inhibiting site is proposed to be identical with the phosphate We are grateful to Ms. Christina Garaczi and to Ms.
site for 3-PG. The existence of a secondary inhibiting anion Magdolna Filbp for their excellent technical assistance.
site has been indicated by the finding that the inhibiting Thanks are due to Ms. Veronika Harmat (Department of
metal-free ATP does not interfere with other anions in Theoretical Chemistry, Heds Lorand Science University,
binding to the main inhibiting site, while it partially interferes Budapest, Hungary) for the help in part of the kinetic
with binding of the less specific inhibiting sulfate and with measurements. We also thank Mr. Z. Berente (Department
the binding of adenosine. The most possible candidate forof Inorganic Chemistry, L. Kossuth University, Debrecen,
this inhibiting site is the site where the phosphates of the Hungary) for calculation of Mg-complex distributions. The



Enzyme Regulation by Anions

syntheses of pentane 1,5-diphosphonate by Dr. A. Merli

(Institute of Biochemical Sciences, University of Parma,
Parma, Italy) and of dI-2-hydroxy-4-arsonobutyrate by Dr.
H. B. F. Dixon (Department of Biochemistry, University of

Cambridge, Cambridge, U.K.) are gratefully acknowledged.

We
and

thank especially Dr. H. B. F. Dixon for valuable advice
fruitful discussions throughout the preparation of the

manuscript. The critical reading of the manuscript by Dr.
A. Merli (Institute of Biochemical Sciences, University of
Parma) and by Dr. P. Tompa (Institute of Enzymology,

for providing us with the atomic coordinates of brucei
PGK.

REFERENCES

1

3.

4.

8.
9.

10.

11.
12.

13.
14.

15.
16.
17.

18.
19.

20.

21.

22.
23.
24.

25.

. Banks, R. D., Blake, C. C. F., Evans, P. R., Haser, R., Rice,

D. W., Hardy, G. W., Merrett, M., and Phillips, A. W. (1979)
Nature 279 773-777.

. Watson, H. C., Walker, N. P. C., Shaw, P. J., Bryant, T. N.,

Wendell, P. L., Fothergill, L. A., Perkins, R. E., Conroy, S.
C., Dobson, M. J., Tuite, M. F., Kingsman, A. J., and
Kingsman, S. M. (1982EMBO J. 1 1635-1640.

Harlos, K., Vas, M., and Blake, C. C. F. (199joteins 12
133-144.

Davies, G. J., Gamblin, S. J., Littlechild, J. A., Dauter, Z.,
Wilson, K. S., and Watson, H. C. (1994cta Crystallogr.
D50, 202—-209.

.May, A., Vas, M., Harlos, K., and Blake, C. C. F. (1996)

Proteins 24 292—-303.

. McPhillips, T. M., Hsu, B. T., Sherman, M. A., Mas, M. T.,

and Rees, D. C. (199@iochemistry 354118-4127.

. Bernstein, B. E., Michels, P. A. M., and Hol, W. G. J. (1997)

Nature 385 275-278.

Tanswell, P., Westhead, E. W., and Williams, R. J. P. (1976)
Eur. J. Biochem. 63249-262.

Wilson, H. R., Williams, R. J. P, Littlechild, J. A., and Watson,
H. C. (1988)Eur. J. Biochem. 170629-538.

Fairbrother, W. J., Walker, P. A., Minard, P., Littlechild, J.
A., Watson, H., and Williams, R. J. P. (1983)r. J. Biochem.
183 57-67.

Fairbrother, W. J., Graham, H. C., and Williams, R. J. P. (1990)
Eur. J. Biochem. 190407—414.

Mori, N., Singer-Sam, J., and Riggs, A. D. (198BS Lett.
204, 313-317.

Scopes, R. K. (197&ur. J. Biochem. 85503-516.

Khamis, M. M., and Larsson-Raznikiewicz, M. (19&ip-
chim. Biophys. Acta 657190-194.

Larsson-Raznikiewicz, M., and Schierbeck, B. (1Bidchim.
Biophys. Acta 481283—-287.

Larsson-Raznikiewicz, M. (196Bjochim. Biophys. Acta 132
33—-40.

Ali, M., and Brownstone, Y. S. (1978&)jochim. Biophys. Acta
445 89-103.

Scopes, R. K. (197&ur. J. Biochem. 91119-129.

Ray, B. D., and Nageswara-Rao, B. D. (19B&chemistry

27, 5574-5578.

Fairbrother, W. J., Graham, H. C., and Williams, R. J. P. (1990)
Eur. J. Biochem. 190161-169.

Joao, H. C., Williams, R. J. P, Littlechild, J. A., Nagasuma,
R., and Watson, H. C. (199Bur. J. Biochem. 2051077
1088.

Joao, H. C., and Williams, R. J. P. (1998)r. J. Biochem.
216 1-18.

Schmidt, P. P., Travers, F., and Barman, T. (186them-
istry 34, 824—-832.

Geerlof, A., Smith, P. P., Travers, F., and Barman, T. (1997)
Biochemistry 365538-5545.

Scherman, M. A., Dean, S. A., Mathiowetz, A. M., and Mas,
M. T. (1991) Protein Eng. 4 935-940.

26.
27.
28.
29.
30.

31.

Hungarian Academy of Sciences, Budapest, Hungary) are 3,
also greatly appreciated. Thanks are also due to Dr. Bernstein
33.

34.
35.
36.
37.

38.
39.

40.
41.
42.
43.

44,

45

46.

a7

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.
59.

60.

61.

62.

Biochemistry, Vol. 37, No. 23, 1998563

Scherman, M. A., Fairbrother, W. J., and Mas, M. T. (1992)
Protein Sci. 1 752—-760.

Walker, P. A., Littlechild, J. A., Hall, L., and Watson, H. C.
(1989)Eur. J. Biochem. 18349-55.

Barber, M. D., Gamblin, S. J., Watson, H., and Littlechild, J.
A. (1993) FEBS Lett. 320193-197.

Larsson-Raznikiewicz, M. (1973rch. Biochem. Biophys.
158 754-762.

Wiksell, E., and Larsson-Raznikiewicz, M. (1987)Biol.
Chem. 26214472-14478.

Nageswara-Rao, B. D., Cohn, M., and Scopes, R. K. (1978)
J. Biol. Chem. 2538056-8060.

Ray, B. D., Moore, J. M., and Nageswara-Rao, B. D. (1990)
J. Inorg. Biochem. 4047-57.

Graham, H. C., and Williams, R. J. P. (19%Lyr. J. Biochem.
197, 81-91.

Tanswell, P., Westhead, E. W., and Williams, R. J. P. (1974)
FEBS Lett. 4860—63.

Roustan, C., Brevet, A., Pradel, L. A., and van Thoai, N. (1973)
Eur. J. Biochem. 37248—-255.

Wiksell, E., and Larsson-Raznikiewicz, M. (198R)Biol.
Chem. 25712672-12677.

Vas, M., and Batke, J. (198&ur. J. Biochem. 139115-
123.

Molna, M., and Vas, M. (1993Biochem. J. 293595-599.
Blake, C. C. F., and Rice, D. W. (19&8ilos. Trans. R. Soc.
London, Ser. A 29303—-104.

Eladi, P., and Szanyi, E. (1956)Acta Physiol. Acad. Sci.
Hung. 9 339-350.

Li, Y. K., and Byers, L. D. (1993Biochim. Biophys. Acta
1164 17-21.

Adams, S. R., Sparkes, M. J., and Dixon, H. B. F. (1983)
Biochem. J. 213211-215.

Krietsch, W. K., and Becher, T. (1970Eur. J. Biochem. 17
568-575.

Fox, I. B., and Dandliker, W. B. (1956) Biol. Chem. 221
1005-1017.

. Tompa, P., Hong, P. T., and Vas, M. (19&ijy. J. Biochem.

154, 643-649.
Burton, K. (1959Biochem. J. 7,1388—395.

. Larsson-Raznikiewicz, M. (1968jochim. Biophys. Acta 85

60—68.

Gupta, R. K., Gupta, P., Yashok, W. P., and Rose, Z. B. (1983)
Biochem. Biophys. Res. Commun. 1270-216.

Smith, R. M., and Martell, A. E. (1976) i@ritical Stability
Constantsp 79, Plenum Press, New York.

Saenger, W. (1984) iRrinciples Of Nucleic Acid Structure

p 109, Springer-Verlag, New York.

Gupta, R. K., and Moore, R. D. (1980) Biol. Chem. 255
3987—-3993.

Strivastava, D. K., and Berhard, S. A. (198X)nu. Re.
Biophys. Chem. 16175-204.

Simms, H. S. (1926). Am. Chem. Soc. 48239-1250.
Dixon, H. B. F., Clarke, S. D., Smith, G. A., and Carne, T. K.
(1991) Biochem. J. 278279-284.

Yonetani, T., and Theorell, H. (1964)ch. Biochem. Biophys.
106, 243-351.

Pickover, C. A., McKay, D. B., Engelman, D. M., and Steitz,
T. A. (1979)J. Biol. Chem. 25411323-11329.

Sinev, M. A., Razgulyaev, O. I., Vas, M., Timchenko, A. A,,
and Ptitsyn, O. B. (198%ur. J. Biochem. 18061—-66.
Barton, G. J. (1990ylethods Enzymol. 18303-428.
Johnson, L. N., and O'Reilly, M. (199&urr. Opin. Struct.
Biol. 6, 762—769.

Michels, S., Rogalska, E., and Branlant, G. (19E6}. J.
Biochem. 235641-647.

Ravel, P., Craescu, C. T., Arous, N., Rosa, J., and Garel, M.
C. (1997)J. Biol. Chem. 27214045-14050.

Auerbach, G., Huber, R., Gtimger, M., Zaiss, K., Schurig,
H., Jaenicke, R., and Jacob, U. (198Tucture 51475-1483.

BI973072K



