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ABSTRACT: Crystal structure of the ternary complex of pig muscle phosphoglycerate kinase (PGK) with
the substrate 3-phosphoglycerate (3-PG) and th& Mgmplex of3,y-methylene-adenosine-Biphosphate
(AMP—PCP), a nonreactive analogue of the nucleotide substrate, MgATP, has been determined by X-ray
diffraction at 2.5 A resolution. The overall structure of the protein exhibits an open conformation, similar
to that of the previously determined ternary complex of the pig muscle enzymg@wiimido-adenosine-
5'-triphosphate (AMP-PNP) in place of AMP-PCP (May, Vas, Harlos, and Blake (1998oteins 24,
292—-303). The orientation and details of interactions of the nucleotide phosphates, however, show marked
differences. Th@g-phosphate is linked to the conserved Asp 218, i.e., to the N-terminus of helix 8, through
the Mg?* ion; the previously observed interactions of the metal complex of AIMRP or ADP with the
conserved Asn 336 and the N-terminus of helix 13 are completely absent. These structural differences are
maintained themselves in solution studies. Inhibition and binding experiments show a slightly weaker
interaction of PGK with MgAMP-PCP than with MQAMP-PNP: at pH 7.5, th&q values are 1.0%

0.18 and 0.4H4- 0.08 mM, respectively. The difference is further enhanced by 3-PGKihalues are

2.80+£ 0.66 and 0.68t 0.11 mM, respectively. Thus, the previously observed weakening effect of 3-PG
on nucleotide binding (Merli, SZifgyi, Flachner, Rossi, and Vas (200BJochemisty 41111-119) is

more pronounced with MGAMPPCP. The discordance between substrate analogues also shows up in
thiol reactivity studies. In their binary complexes, both ATP analogues protect the fast-reacting thiols of
PGK in helix 13 against modification to similar extent. In their ternary complexes, however, which also
contain bound 3-PG, the protective effect of MgAMPCP, but not of MgAMP-PNP, is largely abolished.

This indicates a much smaller effect of MgAMIPCP on the conformation of helix 13, which is in good
correlation with its altered mode of phosphate binding and the ensuing increase in the flexibility of helix
13, as shown by elevated crystallograpBitactors. The possible existence of alternative site(s) for binding

of the nucleotide phosphates may have functional relevance.

Phosphoglycerate kinase (PGHKS a typical two-domain ~ enzyme 2—6). There are several lines of evidence from
monomeric enzyme with a deep cleft between the domainssolution X-ray scattering7—9) and X-ray crystallographic
of about equal sizel(and references therein). Crystal- studies 4, 10, 11) for the relative movement of the two
lographic studies have shown that 3-phosphoglycerate (3-domains toward each other during the catalytic cycle.
PG) binds to the N-terminal, while the nucleotide substrates, This large-scale conformational change can bring the two
MgATP or MgADP, bind to the C-terminal domain of the substrates into proximity for a direct phosphotransfer between
them. Domain flexibility, thus, seems to be also essential
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mophilusPGK with MgADP ) or pig muscle PGK with as a microcrystalline suspension in the presence of am-
3-PG @), have shown largely open conformations, similar monium sulfate and 2 mM dithiothreitol. Its activity,
to that of the substrate-free horse muscle enzy2heHrom determined byp-3-phosphoglycerate and MgATP, varied
these data, the synergetic effect of the two substrates inbetween 500 and 700 kat/mol. Glyceraldehyde-3-phosphate

domain closure has been concludé@)( dehydrogenase (GAPDH, EC 1.2.1.12) was prepared from
Although important features of the molecular mechanism Pig muscle 81).
of PGK domain closure have already been note@ (1, Lactate dehydrogenase, pyruvate kinase, the Na salts of

13, 14), fine details of this conformational change are still 3-PG, NADH, ATP, ADP, AMP, NADH, and phospho-
obscure. To shed light on these, a meticulous comparison€nolpyruvate were Boehringer products. The Na sait pf

of the available PGK structures with different relative domain methylene-adenosiné-&iphosphate (AMP-PCP), and Li
position is needed. Crystal structures of pig muscle PGK, salts of 8,y-imido-adenosine "Striphospate (AMP-PNP)

the object of our investigations, however, have only been were purchased from Sigma. The complexes of MgATP,
obtained with the molecule in the open conformation. The MgADP, MgAMP, MgAMP—PNP, and MgAMP-PCP were
structures of the binary complex with 3-P@)(and a  formed by adding MgGl(Sigma) in high molar excess (25
pseudoternary complex obtained by the diffusion of a MM), which assured a practically complete saturation on the
nucleotide analogue, MNAMPPNP, into the crystal of the ~ basis of their dissociation constants3( 32—34). PEGooo
3-PG binary complexi(s) have been solved at high resolu- Wwere from Sigma and from Hampton Research, respectively.
tion; the overall conformation of both are similar and open. All other chemicals were reagent-grade commercial prepara-
Later on, co-crystallization in the presence of 3-PG, MgADP, tion. The Ellmann’s reagent (Nbs2) and iodoacetamide were
and inorganic phosphate as precipitant has also yieldedobtained from Serva. The latter was re-crystallized from
crystals of molecules with an open conformatidd)( This carbon tetrachloride before usage.

conformational state has been thought to correlate with the Preparation of Enzyme SolutionSrystals of PGK were
mobility of the S-phosphate of MgADP, which does not dissolved in 20 mM Tris/HCI buffer (pH 7.5) containing 1
occupy a well-defined position in the 1.8 A resolution MM EDTA, and the mixture was dialyzed against either the
structure. On the basis of this and other structural consid- same buffer (for enzyme kinetic measurements) or in 50 mM
erations, an important role for the phosphate groups in Tris/HCI buffer (pH 7.5) to remove (N,SO,.. GAPDH
transmitting the nucleotide effect to the most important hinge- solution was desalted in the same way under the lower ionic
point at theB-strand L (situated between helices 13 and 14) strength conditions. The dialysis buffer also contained 1 mM
that connects the two domains has been dedutéd ( dithiothreitol, except for thiol-reactivity studies. For deter-

In an independent attempt to unveil the closed conforma- MNING protein concentrationfzgo values 6 a 1 mg/mL
tion of pig muscle enzyme, crystals have been grown recently Solution of PGK and GAPDH were taken to be 0.@5)(
in the presence of 3-PG and the Mgzomplex of another ~ @nd 1.0 86), respectively, fo a 1 cmpath length. The
ATP analogue ,y-methylene-adenosiné-Fiphosphate, ~ Molecular mass of PGK was taken to be 44.5 kBg.(
MgAMP—PCP, at low ionic strength using PEG as the  Crystallization.Single crystals of the ternary complex with
precipitant (6). Commercially available nonreactive ATP  MgAMP—PCP and 3-PG were grown at 16 within a few
analogues, such as AMAPCP (7) and AMP-PNP (8), weeks in hanging drops as described by Merli et 26).(
have been used in various studies on different proteins, e.g.,TN€ reservoir solution contained 10mM AMIPCP, 12 mM
refs 19-28, to mimic the physiological ligand, ATP. Of ~ MJCl>, and 10mM 3PG in the presence of-228% (w/w)
these, only a few provide structural information on the PEG8000 at pH 7.0. The characteristics of the crystals
binding of the analogue0, 21, 27, 28), and only oneZ8) obtained and the data collection statistics are summarized

can be considered a real comparative study. in Table 1. _
In the present work, we have solved the X-ray structure Data Collection and RefinemerX:ray data were collected

of the new crystalline ternary complex of pig muscle PGK ffo”ﬁ a single crystal 9f size k 0.5 x 0.3 m'm°> in 1°
with 3-PG and MgAMP-PCP with the aim of (i) checking oscillation images using a MAR.-research image plate
the overall conformation of the enzyme molecule and (ii) mounted on a Rikagu RU-200 rotating anode X-ray genera-

determining the details of the binding mode of AMPCP for. The data were pro_cgssed_ first .With th(_e MOSFLM
to compare with AMP-PNP, also including other known package 38) to obtain an initial orientation matrix and then

protein structures with either of these analogues. Independemw ith trllet DtE'\éZSO Apackagei%@). Ihglflrlall\ialta sclat was Inearly N
enzymological studies have also been carried out in solution compiete Od ’ ¢ , as seetrr: mAﬁ/l eR - Mo ecu{;lor re}:f) a:ﬁemen
to find correlation with the crystallographic data. Namely, was carried out using the oRe program0[ of the

; - ; Collaborative Computing Project Number 41} using the
(i) the interaction of AMP-PCP and AMP-PNP have been i
compared in kinetic and binding studies, and (ii) the effect starting model as the structure of the AMPNP and 3PG

of analogues on the conformation of the hinge-region has ternary complex of pig muscle PGHH); bound I_igandg and
been tested by monitoring the reactivity of Cys 378 and Water molecules were deletgd from the coordinate file used.
Cys379 p9), which are located within helix 13L6). These Refinement was _carrled outin cyqle_s of the X-PLOR package
thiols have been found previously to be sensitive to the (42), together with manual rebuilding of the model at the

conformational state of their surroundingo. end O_f each cycle using O4§). A rando_m set of the
G0k reflections (5%) was excluded from the refinement and was

MATERIALS AND METHODS used to calculat®e.. The 2Fo-Fc map calculated at the first
stage of refinement clearly showed the position of the bound
Enzymes and ChemicaBGK (EC 2.7.2.3) was isolated substrates and the open conformation of the enzyme. This
from pig muscle as described by Harlos et 4).gnd stored was followed by cycles of positional refinement, simulated
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HCI buffer (pH 7.5 or 8.5) containing 1 mM EDTA and 1
mM dithiothreitol, at 20°C. In the assay, oxidation of NADH
by the reaction product in the presence of GAPDH was

Table 1: Data Collection and Refinement Statistics

Data Collection

space grou P2 . .
uFr)ﬂt Ceﬁj P a=36.6Ab= 1101,3 Ac=48.0A followed spectrophotometrlqally at 340 nm, as descrlbed by
B=93.9 Tompa et al. 80). For testing the inhibition of various
. ) p g
U”'qule t'e"ea'ocf;s - égzgg - MgATP analogues, enzyme activity was determined both in
ﬁgﬁlfaﬁ;ess( %) 7(')(2(27' ) their absence and presence at varying concentrations of
Rmergd1) (%) 8.1(25.2} MgATP. The kinetic constants were evaluated by using the
Refinement following equation, which also takes the activation by an
resolution range (A) 2062 50 excess of substrate into accouB¥);
no. of observations 12274
no. of unique reflections 11956 — . [S] +
R (%)° 17.30 v=ls Kseay T [S]
Riree (%) 25.24
average B (B) 25.60 . [S] [S]
protein main chain (1664) 24.11 US'(a —-1) K F[SIK 9] (1)
protein side chain (1368) 27.02 S(cat) S(act)
water (88§ 26.27
3-PG (11} 27.26 wherev is the measured activitys stands for the hypotheti-
AMP—PCP (32) A 40.14 cal activity at substrate saturation in the absence of activation,
ng Eggg fr:]é;‘ltehsségg) 8'22‘21 [S] is the substrate concentratiofis.ay and Ksecy are the
rmsd dihedral angles (dég) 27.050 bmdmg constants of the substrate to the patalytlc and
rmsd impropers (de§) 0.500 activating sites, respectively, amds the activation factor.
Ramachandran Plot Quality The |nh|b|toryag§nstantK|? was calculated fronKsayand
% in core regions 88.8 the apparenKg,, determined in the absence and presence
% in allowed regions 10.9 of inhibitors, respectively, using eq 2:
% in generously allowed regions 0.3
aNumbers in parentheses denote values in the highest resolution KS(catII]
shell (2.50-2.61 A), °Ruerge Znai|I(hKNO — 1(hk)i|/Sn@(hki)) ' T app 2)
wherel(hkl); is the measured diffraction intensity afk{hkl)Cis the Ks(cat)_ Ks(cat)

mean intensity® R-factor = Zp|Fopdhkl) — FeaidhKD)|/Znil FoodhKI)][.
9 Riee is the R-factor for a test set comprising 5% of the data selected where [I] is the inhibitor concentration.
randomly.® Numbers in pa}rentheses denote the nymber of non-hydrogen  Kinetic Measurements of ThioI-Reaﬁtj/ toward Nbs.
atoms. The stereochemistry was assessed with X-PL@B @nd 14 oy neriments with PGK were carried out in 50 mM Tris/
PROCHECK €9). HCI buffer, pH 7.5, containing 1 mM EDTA, at 2TC in

) ) ) absence and presence of substrates and their analogues. The
annealing and grouped anisotrofidactor refinement. For  reaction was started by adding equimolar or excess of Nbs
each amino acid residue, the side chain and main chain atomgnd followed by measuring the change of absorbance at 412
were grouped separately. AMPCP was divided into three  nm as described earlie29). During the time of reaction of
groups, the adenine ring, the sugar moiety and the phos-the freely accessible fast-reacting thiols (2 per mole PGK),
phates, respectively. 3-PG was divided into two groups, the the reaction of the other inaccessible thiols (5 per mole) is
phosphate and the rest of the molecule. After each cycle of hegligible.
B-factor refinement, the model was inspected and adjusted The amount of thiols reacted were calculated by usiag
to the electron density maps. After the first cycle of = 14150 M cmt (44, 45); approximately 1.52.0 mol
refinement, substrate molecules AMPCP and 3-PG were  per mole fast-reacting thiols were found.
included in the model. After additional refinement cycles  pjssociation constants were determined by measuring the
water molecules were added to (i) stereochemically accept-rate constant of thiol modification at different concentrations
able positions suggested by Waterpick (in X-PLOR) and (ii) of the investigated ligand. The extent of protection against
positions with acceptable electron density. Bulk solvent modification is proportional to the amount of enzynigiand
corrections were applied at a later stage in the refinement.complex formed, which allows calculation & by fitting

Only side chains with acceptable density were included in the experimental points with the following equation:
the model; side chains with unacceptable density were

shortened according to the density map. Main chain atoms (Knax — Knin JIL]
are defined well by the electron density map throughout the Y = Knax ™ T[L] )
sequence, but residues-282 (surface loop) have poor side d

chain densiti_es._cher poor side chain densities were fmlywhereY is the fractional saturatiotay andkqi, are the rate
observed for individual residues, but not for an entire region. onstants of thiol modification in the absence of, or saturation
The protein coordinates have been deposited in the Proteinwith, the ligand, [L] is the free ligand concentration (here it
Data Bank with accession number 1KFO. For molecular can be replaced by the total ligand concentration, as the
graphics, the Insight Il (Biosym/MSI, San Diego, CA) and enzyme-bound ligand is negligible under the experimental
the Sybyl 6.7 (Tripos Inc., St. Louis, MI) softwares were conditions), andg is the dissociation constant.
used. Kinetic Measurements of Alkylation by lodoacetamide.
Enzyme Kinetic Studie3he activity of PGK was mea- PGK was alkylated with iodoacetamide under pseudo-first-
sured with 3-PG and MgATP as substrates in 20 mM Tris/ order conditions, i.e., with a high molar excess of the
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alkylating agents, in 50 mM Tris/HCI buffer, pH 7.5 at 20
°C. Under these conditions, the two reactive cysteinyl
residues are selectively modified, which is accompanied by
the loss of enzyme activitydg). Kinetics of alkylation was
followed by determining residual PGK activity in aliquots
withdrawn from the reaction mixture at appropriate time
points @0). The concentration of iodoacetamide was deter-
mined by using the molar absorption coefficientegfs =

373 M tcm (47).

RESULTS

Crystal Structure of the PGK*MgAMPPCP*3-PG
Ternary Complex

Crystals of space group2; of pig muscle PGK were

obtained in the presence of the substrate 3-PG and the

MgATP analogue, MgAMP-PCP. X-ray diffraction data
from these crystals have led to a refined structure of this
ternary complex at 2.5 A resolution witR = 17.3% and
Riee = 25.2%. The electron density map clearly defines the
position of most of the protein side chains, as well as the
substrate positions (cf. Methods).

Overall Protein Conformation as Compared to the Hre
ous StructuresThe gross feature of the new ternary complex
and the positions of the bound ligands are shown in Figure
1 (red) in superimposition with the previously determined
structures of pig muscle PGK. The binary complex with 3-PG
(4) (Figure 1A, cyan) and the ternary complex with
3-PG*MnAMP—PNP (L5) (Figure 1B, green) are superposed

Biochemistry, Vol. 41, No. 28, 2008799
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or AMP-PCP
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Ficure 1: Comparison of the complex of pig muscle PGK with

separately with the present structure according to the coreMgAMP—PCP*3-PG with other known structures. The. @aces

f-strands of the N- and the C-terminal domain, respectively.
Figure 1A also includes superimposition with a recently
solved completely open structure (2.7 A resolution) of the
substrate-free pig muscle PGK (black traces), crystallized
from citrate (Kovai, Naray-Szaba& Vas, unpublished). In
addition, the largely closed structure of the ternary complex
of Thermotoga maritimaPGK with bound 3-PG and
MgAMP—PNP (blue) 12), crystallized under similar condi-
tions, is shown for comparison in Figure 1B.

As seen, the protein molecule in the new ternary structure
of pig muscle PGK (red) adopts an essentially open
conformation, not very different from either the 3-PG binary
(cyan in Figure 1A) or the 3-PG*MnAMPPNP ternary

of PGK structures with the stick model of bound ligands are
shown: the present ternary complex with MgAMPCP and 3-PG
(red), the binary complex with 3-PG (cyad)(the ternary complex
with MNAMP—PNP and 3-PG (greenl9), and the substrate-free
enzyme (black) from pig muscle (KéraNéaray-Szabpand Vas,
unpublished data), as well as the ternary compleX.afaritima
PGK with MgAMP—PNP and 3-PG (blue)1Q). The present
structure was superimposed either with the 3-PG binary complex
and the substrate-free enzyme according to the backbone atoms of
the coref-strands of the N-domain (A) or, in the same way, with
both AMP—PNP-containing ternary complexes according to the
C-domain (B).

those of the adenine moiety and the ribose part are only 18.4
and 31.1 A& respectively, which argue in favor of full
occupation of the nucleotide-site. Keeping this in mind, the

(green in Figure 1B) complexes of the same enzyme. The mych higherB-factor (63.1 &) of its phosphate chain and

two domains and their bound ligands are rather far away
from each other, in contrast to the closed conformation
represented by. maritimaPGK (blue in Figure 1B). Little
differences, however, in the exact level of opening can be
identified among the pig muscle PGK structures. For
example, a very open form is adopted by the molecule
without ligands (black), as also noticed earlier in relation to
the slightly closed structure of 3-PG binary complék. (

Binding Details of MgAMP-PCP. While 3-PG binding

is similar to binding of other PGK complexes of various
origin (4, 11, 48), striking differences can be observed in
the nucleotide binding. The adenine ring and the ribose
moiety bind as usuab( 11, 15, 48), but the phosphate chain
of MgAMP—PCP folds back to the C-domain and does not
extend toward the 3-PG binding site, as expected. Although
the averaged (groupe®@)factor value (cf. Methods) of the
whole AMP—PCP molecule is relatively high (Table 1),

the attached Mgy ion indicates an increased mobility of this
part of the molecule. On the other hand, the electron density
map shows clear orientation of the triphosphate chain. This
orientation is surprisingly new and is not seen in any of the
nucleotide containing PGK complexes determined sofar (
10, 11, 15, 48).

The identification of the Mg ion requires some caution
since its electron density is rather weak andBtfactor is
rather high (a value of 54 Awas obtained when individual
B-factor refinement was used). Furthermore, the coordination
sphere of the postulated ¥gis only partially occupied by
two ligands: the carboxylate O-atom of the conserved Asp
218 and an O-atom of the nucleotifiephosphate. Despite
these uncertainties, the assumed position ofMign is
approved by its characteristic coordination distances, which
are shorter than the usual H-bond9). In addition, the
position of the two coordinating ligands corresponds better



8800 Biochemistry, Vol. 41, No. 28, 2002 Kovari et al.

Helix 8

.
Wat 506

Helix 8

Ficure 2: Interactions of AMP-PCP in the present structure in comparison with those of AIRRP in the previous PGK structures.The
2Fo-Fc electron density map, contoured at &.dround the phosphates of AMPCP bound in the present ternary complex (A), and the
ball-and-stick model of both this analogue and 3-PG as well as its surroundings colored in red (B) are shown in comparison with similar
illustrations of AMP-PNP as bound in the known ternary complexes of pig muscle (gr&é&nj¢) and of T. maritima(blue) PGKs 11)

(D).
to an octahedral coordination sphere (characteristic 6flMg  otherwise, would allow an interaction with the closely located
than to a tetrahedral (characteristic to gOHmolecule). nucleotidey-phosphate, which does not form any contact
Accordingly, the indirect ligation of the nucleotigephos- with the protein in this structure. The other conserved lysine
phate (through Mg) to Asp 218 represents a new type of (Lys 219) that affects nucleotide binding has a well-defined
nucleotide-metal-protein interaction of PGK. Interestingly, electron density map around its side-chain. Its terminal
the completely conserved Lys 215, which is part of the N-atom stabilizes the phosphate chain of the nucleotide
nucleotide-binding region, does not interact with this ana- analogue by connecting aa-phosphate oxygen with a
logue, as no significant density could be observed arounddistance of 3.11 A (Figure 2B), in a way similar to all other
the terminal part of the side chain. The position of Lys 215, PGK complexes (cf. also Figure 2C,D). The phosphorus atom
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Ficure 3: Inhibition of PGK activity by the nucleotide analogues at different pH’s. The activitp{ 7 nM enzyme was measured in the
presence of 5 mM 3-PG, 25 mM Mgg£land various concentrations of ATP at pH 7.5 (A) and pH 8.5 (B). The measurements were carried
out in the absence of inhibitorH) and in the presence of 1.5 mM MgAM#PCP @), 1.5 mM MgAMP—PNP (), and 0.94 mM MgADP

(V). The experimental points were fitted to eq 1 given in the Methods section. The inhibitors did not seriously influence the vglues of
a, andKsacry and for these terms, 05 0.15AAgz4¢/min and 4.0+ 1.3 and 6.3+ 2.8 mM, respectively, were obtained, independent of the
pH. The inhibitors influenced the value &k for which 0.106+ 0.054 mM was obtained in the absence of inhibitors, at both pH’s.
From this value and the appard@?gal)determined in the presence if inhibitors the inhibitory constaktswere calculated by using eq

2 of the Methods; the values are given in Table 2.

0.0 0.5 1.0 0.0 35

of the y-phosphate is 15.1 A away from the 3-PG carboxyl Table 2: Inhibitory Constants() of Various Nucleotides on the
O-atom, while the corresponding distance is 10.1 A in the PGK-Catalyzed Reaction in Comparison with the Dissociation
MNAMP—PNP ternary complex of the pig muscle enzyme ConstantsKo, mM) of Their Binding to PGR

(not marked in the figures): neither of these distances would Kq (MM)

allow phosphate transfer to occur, which requires about 5 A nucleotide Ki (mM) no 3-PG 10 mM 3-PG

(50). MgAMP—PCP 121024 107018  2.80+ 0.68
While the phosphate chain strongly interacts with helix 1.28+0.42

8, practically no interactions are observed with helix 13 MYAMP—PNP  0.58+0.28 gﬁi 8-2% 0.68+0.11

(Figure 2B). In contrast, in the other known ternary MgADP 0.0394+ 0012 0039 0014 0.31+ 0.040

complexes containing MNAMPPNP bound to the open 0.060+ 0.01¢ 0.384+ 0.038

structure of pig muscle PGK (Figure 2C) or MgAMPNP
bound to the closed structure ®f maritimaPGK (Figure
2D) or even in the binary complex with MgADP .
stearothermophilusPGK (6) (not shown), well-formed
mtera_ctpns eX|s+t with he2I|+x _13. It should _be noted that mM Tris buffer. pH 7.5, 1 mM EDTA, 25 mM MgGJ 20 °C. ® Data
SUbSt'tL_‘t'on_ M_ﬁ for Mg. into has !‘10 'nﬂu.ence on  from equilibrium dialysis binding studies (obtained under similar
nucleotide binding, as the bivalent metal ion required by PGK' experimental conditions): Szisgi & Vas, unpublished® (53). ¢ (16).
catalysis can be replaced by other metals, most notably by
manganese, under physiological conditioB$)(

2 The inhibitory constants have been obtained from kinetic measure-
ments shown in Figure 3A using egs 1 and 2. The dissociation constants
have been derived from measuring the extent of protection against thiol
modification with Nbs, as examplified by the curves in Figure 4. The
curves are fitted by eq 3. The experimental conditions are 20 or 50

catalytic site, and only slightly influencingsac, the binding
constant of MgATP to the secondary activating site. At pH
7.5, MgGAMP—PNP inhibits somewhat more strongly than
MgAMP—PCP (Figure 3A), while at pH 8.5, their inhibitory
Inhibitory Effect of the AnalogueBigure 3 shows kinetic  effects became similar (Figure 3B). By assuming a competi-
data obtained with the two nucleotide analogues. The tive replacement of MgATP by its analogues, their inhibitory
nonhyperbolic dependence of PGK activity on the concentra- constants K;) have been calculated (Table 2). While the
tion of the nucleotide substrate, MgATP, can be described values for the two analogues are different at pH 7.5, they
by the same type of kinetic equation published earlier for are uniformly 0.59+ 0.23 mM at pH 8.5 for both. The pH

Enzymological Studies with the Solubilized PGK Using
AMP—PCP and AMP-PNP

saturation with the other substrate, 3-PG7)( i.e., by

effect correlates with the higheKp of the last dissociating

assuming the existence of a stronger catalytic and a weakeiproton from the phosphate-group of AMIPCP as compared

regulatory site for the substrate. The analogues MgAMP
PCP and MgAMP-PNP inhibit the reaction by mainly
increasingKsay i.e., weakening MgATP binding to the

to that of AMP-PNP (8.4 vs 7.7, as given by r&8). As a
comparison, the inhibitory effect of the nucleotide product,
MgADP, has been also investigated at pH 7.5 and shown in
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Ficure 4: Concentration-dependent protection of MGAMIPCP and MgAMP-PNP against modification of PGK with NpsThe accessible

thiol groups of 9uM PGK were reacted with various constant concentrations of, llbshe range of 0.020.1 mM) in the presence of

different concentrations of each of the nucleotide analogues both in the absence (A) and in the presence (B) of 10 mM 3-PG. 25 mM MgCl
was present throughout the experiments. The time course of modification was recorded at 412 nm and analyzed using the first-order rate
equation. The rate constants are plotted as a function of nucleotide concentration. The filled and open symbols refer to the data with
MgAMP—PCP and MgAMP-PNP, respectively. Curve fitting was carried out by using eq 3 of the Materials and Methods section. While
keeping theknax Values to 2625 (A) and 847 (B) Ms™1, the fittedkn, values, characteristic of the maximal protecting effect of MgAMP

PCP and MgAMP-PNP, are 72+ 96 and 145+ 108 M~1s71 in the absence of 3-PG (A) and 177 65 and 22+ 29 M~1s71 in the

presence of 3- PG (B), respectively. The fitt€glvalues are summarized in Table 2.

Figure 3A. Its much stronger inhibitiot<(= 0.039+ 0.012 effect of both analogues against thiol modification is
mM) correlates well with its stronger binding to PGK (cf. extrapolated to infinite analogue concentrations, closely
below). similar protection was obtained in the binary complexes

Binding of the Analogues are Differently Affected by 3-PG. (Figure 4A). In the presence of saturating concentrations of
The dissociation constants of MgAMPCP and MgAMP- 3-PG, however, a markedly smaller protection by MgAMP
PNP binding to PGK have been determined both in the PCP, than by MgAMP-PNP, was observed (Figure 4B, cf.
absence and presence of the substrate, 3-PG, by an indirecdlso Legends to Figure 4). Thus, not only the binding
method, by a way of measuring thiol-group reactivity of PGK constant, but also the binding mode, of the two analogues
as a function of saturation with the ligand. This method is become different in the ternary complexes, in agreement with
much more economical than equilibrium dialysis and yields the structural observations.
essentially the samigq values (Table 2). The principle of In general, it has to be emphasized that any bound ligand
the determination is that bound ligands largely protect the may affect thiol reactivity by either direct steric hindrance
two adjacent reactive cystein residues (Cys 378 and Cys 379)or an indirect effect on local conformation around the reactive
against modification by the Ellman’s reagent, hi{29). residues. Since the Ellmann’s reagent is a relatively large
Since the extent of protection is proportional to the com- molecule, a direct steric hindrance may contribute to the large
plexation of the enzyme, it can be used to follow saturation protection observed. Therefore, we also characterized the
with the ligand (cf. Methods). protective effect a much smaller reagent, iodoacetamide,

Figure 4 shows the results of these experiments, and thealready used for similar studies with PGROj. Table 3.
calculatedKy values are summarized in Table 2. While in  summarizes the data obtained with both reagents in the
the absence of 3-PG the binding of MJAMPCP is only presence of closely saturating concentration of both ana-
slightly weaker than that of MJAMPPNP, possibly due to  logues. As the extent of protection against modification with
the lower extent of ionization of its phosphates at pH 7.5 the two reagents is very similar, it apparently does not depend
(Figure 4A), in the presence of 3-PG, the differences betweenon the reagent size. Therefore, a direct steric protection by
the two binding curves become much more pronounced. the analogues can be excluded, and their effect is charac-
(Figure 4B). Namely, 3-PG significantly weakens the binding teristic of the local conformational change around the
of MJAMP—PCP but has hardly any effect on MgAMP  cysteinyl residues, in line with the previous suggesti@g).(
PNP. Incidentally, 3-PG largely weakens the strong binding The absence of a steric protection correlates well with the
of MgADP (Table 2 and ref$6, 52, and53), which confirms  structural data, which show that the nucleotide P-atoms (in
these results. average) are as far as 15 and 12 A away from the cystein S

Different Protection of the Analogues against Modification atoms in the structure with AMPPCP and AMP-PNP,
of the Fast-Reacting Enzyme ThioWhen the protective  respectively.
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Table 3: Protective Effect of Various Nucleotide Ligands at Saturation against Modification of PGK Thiols bypiNbsloacetamide

second-order rate constants (k; M) and their relative values

No 3-PG 10 mM 3-PG
ligand Nbs iodoacetamide Nbs iodoacetamide
none 2625+ 39 1 0.118+ 0.017 1 850t 19 1 0.0474+ 0.003 1
MgAMP—PCP 319t 41 0.121 0.010% 0.0018 0.091 324 23 0.38 0.014# 0.0014 0.312
MgAMP—PNP 240+ 32 0.093 0.0104= 0.0012 0.088 5% 14 0.070 0.0044- 0.0002 0.093
MgATP 2804 30° 0.106 0.014 0.120 not measuralsle not measurabfe
MgADP 22+ 3" 0.008 0.0014+ 0.0006 0.012 18+ 5 0.021 0.0026+ 0.0002 0.055

aThe reaction conditions with Nbgre given in the legends to Figure 4. For alkylationsM PGK was reacted with various concentrations of
iodoacetamide in the range of 460 mM in the absence and presence of 10 mM of each of the nucleotides. 25 mM Mg€hklso present
throughout the experiments. Other experimental conditions are 50 mM Tris buffer, pH 7.5, 1 mM EDT®, Z8e second-order rate constants
of thiol modification , M~1s™%) were calculated from the time course of the reactions. The values have been normalized to that obtained in the
absence of ligand. Data from ref30. ¢ Functional ternary complex.

As mentioned above, in the presence of 3-PG, striking of helix 13 (not shown), which only exists in the closed forms
differences have been detected between the protective effec{14), are inherently excluded in the present structure. These
of MgAMP—PCP and MgAMP-PNP with both thiol- interactions, among others, are thought to be important in
modifying reagents. These differences only hold the ternary assisting in the domain closur&4). Nevertheless, caution
but not the binary complexes. For a comparison, MgADP has to be exercised in accepting the conclusion that the
exerts the largest protection against modification of the fast absence of a single H-bond (e.g., the one with Asn 336)
reacting thiols, as noted earlieBQ) and it is slightly explains the absence of a closed conformation, in itself.
influenced by 3-PG (Table 3). Orientation of Phosphates of the Bound MgAMPCP.

The most interesting feature of the new structure is the
DISCUSSION unprecedented orientation of the bound nucleotide phosphate

Relative Position of the Two Domainhe open domain N the protein surface (Figure 13). The strikingly different
positions in the X-ray structure of pig muscle PGK co- Pinding mode of MgAMP-PCP (Figure 2B) and MnAMP
crystallized with the 3-PG and AMPPCP are similar to ~ PNP (Figure 2C) is apparently not the result of a difference
previously determined complexes, the crystals of which were I crystallization protocols (co-crystallization vs diffusion
grown in the presence of 3-P@)( and the nucleotide AMP into the pregrown crystgl). At least, the binding mode_of
PNP was diffused only later to the pregrown cryste)( AMP—PNP dgpends neither on the way of crystal growing
The new open structure is fully consistent with predictions Nor on the origin of the enzyme and is independent of the
made on the basis of indirect binding studies by single-crystal rélative_domain positions, as exemplified by comparing
micro-spectrophotometnii6). As concluded there, the open  Panels C (pig PGK) and DT( maritimaPGK) of Figure 2.
conformation of this new ternary complex probably does not ~ To interpret the binding differences, one should consider
represent the average protein conformation in solution. that the phosphate chain of AMPCP contains a methylene
Rather, the source-specific proteiprotein interactions  group in place of the oxygen atom betwgénandy-phos-
operating in the crystal lattice may have selected and phates. This difference alters both the electrostatic and
stabilized a particular protein conformation, as also discussedH-bonding potential of the nucleotide analogue; furthermore,
for other cases54—56). the geometry around the corresponding carbon atom differs

Yet the open character of the present structure is in contrastSlightly from that of the oxygen atom. On the other hand,
to expectations, as co-crystallization with both ligands could AMP—PNP has a nitrogen-atom-containing imido group in
have allowed stabilization of the closed form that possibly the same position that forms another local environment
dominates in solution, as evidenced by solution X-ray between thes- andy-phosphatesi@).

scattering 7—9) and enzyme kinetic5{7) studies. Thus, These inherent differences may be reflected not only in
besides the source-specific lattice constrains, one might alsddifferent strength, but also in different mode, of binding of
consider the characteristic binding mode of AMPCP, the two analogues. The latter can be facilitated by the

which greatly differs both in location and the binding details flexibility of their phosphate chain. In fact, the phosphate
of its phosphates from that of AMPPNP (cf. Figures 1 and ~ chain can occupy various positions relative to the adenine
2). This unexpected binding mode of AMIPCP may lack and ribose rings, as shown by superimposing the analogues
some details of the enzymaucleotide interaction, which ~ bound to various proteins (Figure 5). On the other hand, the
are important for stabilizing the domain-closed form. In almost identical binding mode of AMPPNP and AMP-
particular, the absence of any interaction of MgAMIPCP PCP to the histidine kinase CheR&8) may be consistent
with the conserved Asn 336 (Figure 2B), due to the with the absence of any interaction of thé\H bridge of
noninteracting methylenegroup (cf. below), which contrasts AMP—PNP with this kinase.

to AMP—PNP binding (Figure 2C). For this reason, the  As for PGK, the present solution inhibitory studies, carried
nucleotide-mediated direct contacts of Asn 336 of the core out at different pH’s (Figure 3), indicate the importance of
f-strand of the C-terminal domain (Asn 317Tnmaritima the electrostatic interactions in binding of the analogues. The
PGK, cf. Figure 2D) with the conserved Lys 219 (Lys 201 fact that for AMP-PCP a smaller inhibitory effect than for

in T. maritimaPGK) of helix 8 and simultaneously with the AMP—PNP has been detected at lower pH (7.5) is entirely
peptide O atom of Gly 371 (Gly 352 ifi. maritimaPGK) consistent with the higheg of the last dissociating proton
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FiIGUrRe 5: Superimposition of the ATP analogues AMPCP and
AMP—PNP bound to PGK and other proteins Superimposition was

done according to the N atoms of the adenine ring and all the heavy

Kovari et al.

move to the novel site. We have no structural data on
MgAMP—PCP binding in the absence of 3-PG, but the

present structure together with the solution binding data may
support this proposal.

Further evidence for the 3-PG-caused differences between
the interaction of the two ATP analogues came from thiol-
modification studies. A less pronounced protection of the
two reactive thiol groups in helix 13 by the bound MgAMP
PCP relative to MgGAMP-PNP has only been observed in
the presence of 3-PG (cf. Table 3). This finding correlates
well with the crystallographic data of the respective ternary
complexes. Since direct steric protection could be excluded
by applying reagents of different size, the data relate to the
local conformational state. In the new structure, where all
the possible interactions of the nucleotide with the N-
terminus of helix 13 are absent (Figure 2B), the whole helix
becomes more mobile and flexible, as indicated by the
elevatedB-factor values of this region (Figure 6A). Under

atoms of the ribose moiety. The differing heavy atoms between these conditions, the thiol groups located on this helix are,
the 5- and y-phosphates of the nucleotide analogues are colored indeed, more accessible toward modification, as we actually

according to the conventional atom codes (C, white, N, blue). All
the other heavy atoms of AMFPCP in the new structure are
colored red (1), while those of AMPPNP in the previously
determined MNAMP-PNP*3-PG*PGK ternary complex from pig
muscle (5) are colored green (2). Similarly, all the other heavy
atoms of AMP-PNP bound tcE. coli adenylate kinase2@) (3),

of AMP—PCP bound to MinD ATPase7) (4), of AMP—PNP
bound to the catalytic subunit of CAMP-dependent protein kinase
(20) (5), and of AMP-PNP and AMP-PCP bound to histidine
kinase CheA 28) (6 and 7), respectively) are uniformly colored
orange.

of the phosphates of the formet§). Further, since the
difference in the inhibition disappears at higher pH (8.5),
the lack of a H-bond of the methylene-group of AMPCP
with the protein has no serious influence on the binding
constant of this analogue.

The less favorable interaction of AMAPCP with PGK
at pH 7.5 or lower may stem from a less favorable
electrostatic interaction of its phosphates with the positively
charged N-terminus of helix 13, similar to other helix dipoles

(58). On the other hand, well-established interactions between

the phosphates of AMPPNP with the N-terminus of helix
13 have been previously observed,cf. Figure 2C). This
explains the weaker binding of MQAMFPCP relative to
MgAMP—PNP, as we actually observed (Table 2).

These considerations, however, may not offer an explana-

tion for the different orientation of the nucleotide phosphates.

found.

Correlation between the Nucleotide Binding Mode and
Helix Flexibility. A close relationship between thiol reactiv-
ity, flexibility of helix 13, and the orientation of the bound
nucleotide phosphates apparently holds not only in the
present ternary complex, but also in other nucleotide-
containing complexes of PGK. In the ternary complex
containing bound MNAMP-PNP, the phosphate O-atoms are
H-bonded to the N-terminus of helix 13 (Figure 2C),
extending and stabilizing the H-bond network of the helix.
In addition, electrostatic interactions between the negatively
charged phosphates and the positively polarized N-terminus
of the helix also seem to operateé5f. In accordance, the
mobility of helix 13 in this structure is relatively restricted,
as shown by the loweB-factor values in Figure 6B. This is
the structural basis of the larger maximal protection of
MgAMP—PNP against the thiol modification of the PGK
ternary complex, as compared to the effect of MgAMP
PCP (Table 3).

In comparison, the much larger protection of the thiol
groups by MgADP (80) and Table 3) may correlate with
the strongest observed interaction of this nucleotide with
PGK (63 and cf. Table 2). This is due to the interaction with
the carboxylate of Asp 374 of helix 13 through kgas
well as to the additional H-bonds and electrostatic interac-
tions of theS-phosphate with the positive end of the helix

The experiments in the presence of 3-PG (cf. discussiondipole at its N-terminusg, 58). As a consequence, helix 13

below) have shed more light on this problem.
3-PG Caused Differences in the Binding Modes of AMP
PCP and AMP-PNP.Nucleotide binding and thiol-reactivity

becomes very ordered in this case, in line with the very low
B-factor value of this region (Figure 6C), and its thiol groups
become much less accessible. In contrBsfactor values

studies have been carried out in solution at lower pH (7.5), for helix 13 attains the highest values in the substrate-free
where MgAMP-PCP binds more weakly than MgAMP PGK (not shown), and accordingly, its thiols exhibit the
PNP (Table 2). The difference in their binding is increased highest accessibility toward modification (Table 3). Thus,
by 3-PG, i.e., in the ternary complexes, similar to the one in in general, there is a good correlation between structural
the crystal (Figure 4 and Table 2). These results are not onlyobservations and the data obtained with the solubilized
consistent with the previously observed antagonistic effect enzyme.

of 3-PG on nucleotide bindinglf, 52) but may also be Significance of the Results with Respect to the Natural
compatible with the different location of the nucleotide Substrate, MgATPThe question arises whether the novel
phosphate chain observed for the in the crystalline ternary type of binding mode of MGQAMP-PCP has any possible
complexes (Figure 1B). Namely, it is conceivable that 3-PG relevance to the binding of the physiological substrate,
abolishes the weaker interactions of the phosphates ofMgATP. The binding mode of MgATP has not yet been
MgAMP—PCP with the protein more easily, and thus they determined, but on the basis of its smaller extent of protection
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MgADP

l helix 13

Ficure 6: Ribbon representation of various PGK*nucleotide
complexes colored by the atomic displacement param@tfzrctor).

The ternary complexes of pig muscle PGK with 3-PG and
MgAMP—PCP (present structure, A) and with 3-PG and MnAMP
PNP (5, B) and the binary complex @&. stearothermophiluBGK

with MgADP (6, C) are shown. The color code for the crystal-
lographicB-factor is shown in the upper right corner of figure (A).
The ball-and-stick-model represents the ligands and the noncon-
served cysteinyl-residues 378 and 379 in the pig muscle PGK
structures. The sulfur atoms are colored yellow, i.e., different from
the B-factor color code. Note the enhanced differenc8-d&ctors
between helix 13 and the core C-terminal domain in panel A) as
compared to in panel B.

of the thiols as compared to that of MgADP (80 and Table
3), it may interact weaker with helix 13.

Taken the data together, it is quite possible that in the
absence of 3-PG, the phosphates of MgAMICP bind to
the N-terminus of helix 13 similarly to but more weakly than
MgAMP—PNP. The similarity in the maximal protection on
thiol-reactivity by the two analogues in the absence of 3-PG
(Table 3), argues for this assumption. Furthermore, in
agreement with the proposed molecular mechanism of
substrate antagonisri, 52), 3-PG can abolish the weaker

Biochemistry, Vol. 41, No. 28, 2008805

interaction of AMP-PCP more easily, leading to the
occupancy of the presently observed novel binding site. The
key element of our proposal is that this site represents an
alternative for the binding of nucleotide phosphates, which
operates only in the presence of 3-PG and possibly also for
the substrate MgATP.

The possible significance of an alternative nucleotide site
in the enzyme function is beyond the scope of the present
work. It is notable that the newly observed site is constituted
from the same Asp residue (Asp 218 in pig PGK, equivalent
to Asp 200 inT. maritimaPGK) that interacts with 3-PG
and may be important for stabilizing the closed formTof
maritimaPGK (11, cf. Figure 2D). Although no interaction
with the other conserved residue (Lys 215) is observed (end
of its side-chain is not seen), its transient interaction with
the nearby nucleotide phosphates, especially the closest
y-phoshate, transferred during catalysis, cannot be excluded;
this would be consistent with a previous postulat®) (It is
conceivable that during the catalytic cycle a continuous
change of atomic positions and interactions within this
interdomain region occur. Among them, the fluctuation of
nucleotide-phosphates between the two alternative sites may
assist domain closure by moving the N-termini of helices 8
an 13 closer to each other, which pertain to the closed form
(14). The concomitant changes in the flexibility of helix 13
may also contribute to the functioning of the nearby main
molecular hinge at thé-strand L. For demonstrating the
existence of the proposed alternative site for the physiological
substrate, MgATP, further structural studies are in progress.
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