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Substrate-Assisted Movement of the Catalytic Lys 215 during Domain Closure:
Site-Directed Mutagenesis Studies of Human 3-Phosphoglycerate Kinase
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ABSTRACT: 3-Phosphoglycerate kinase (PGK) is a two-domain hinge-bending enzyme. It is still unclear
how the geometry of the active site is formed during domain closure and how the catalytic residues are
brought into the optimal position for the reaction. Comparison of the three-dimensional structures in various
open and closed conformations suggests a large (10 A) movement of Lys 215 during domain closure.
This change would be required for direct participation of this side chain in both the catalyzed phospho
transfer and the special anion-caused activation. To test the multiple roles of Lys 215, two mutants (K215A
and K215R) were constructed from human PGK and characterized in enzyme kinetic and substrate binding
studies. For comparison, mutants (R38A and R38K) of the known essential residue, Arg 38, were also
produced. Drastic decreases (1500- and 500-fold, respectively), as in the case of R38A, were observed in
thekearvalues of mutants K215A and K215R, approving the essential catalytic role of Lys 215. In contrast,
the R38K mutation caused an only 1.5-fold decrease in activity. This emphasizes the importance of a
very precise positioning of Lys 215 in the active site, in addition to its positive charge. The side chain of
Lys 215 is also responsible for the substrate and anion-dependent activation, since these properties are
abolished upon mutation. Among the kinetic constants mainlKthealues of MgATP and 1,3-BPG are
increased £20- and~8-fold, respectively) in the case of the neutral K215A mutant, evidence of the
interaction of Lys 215 with the transferring phospho group in the functioning complex. Weakening of
MgATP binding (a moderate increase ka), but not of MgADP binding, upon mutation indicates an

initial weak interaction of Lys 215 with thg-phosphate already in the nonfunctioning open conformation.
Thus, during domain closure, Lys 215 possibly moves together with the transferring phosphate; meanwhile,
this group is being positioned properly for catalysis.

PGK! catalyzes the reversible transfer of a phospho group of pharmacologically active triphosphate forms of these

from 1,3-bisphosphoglycerate (1,3-BPG) to ADP, yielding
3-phosphoglycerate (3-PG) and ATP during glycolysis. In
addition, PGK was reported to influence DNA replication
and repair in mammalian cell nuclet, (2) and to stimulate
viral MRNA synthesis in cytosoBj, and it may supply ATP
for the N&* and C&" ion pump 4, 5). PGK also catalyzes
phosphorylation of-nucleoside analogues which are prom-
ising candidates for the inhibition of viral replication and
treatment of canceB(8). Thereby, PGK regulates the level
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compounds in the celBj. Independent of the kinase activity,
extracellular PGK was recently shown to have a thiol
reductase activity on plasmin as a substrate, leading to
formation of angiostatine fragments0—13), which inhibits
angiogenesis of tumor celld4, 15).

PGK is a typical two-domain hinge-bending enzyrié)(
with a highly conserved structurd®, 18). The N-terminal
domain has a basic patch region for binding of 3-AG—
27), and the C-terminal domain contains the binding site for
the nucleotide substrates, MgADP and MgATR«23, 27—

34), as revealed by both crystallograph9{-24, 28—30)
and NMR chemical shift perturbatior2%, 27, 31—34) as

Institute of Well as relaxationZ5, 27, 31—34) studies. No such definitive
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two domains must close together, as evidenced by crystal-
lographic @1, 22) and diffuse-X-ray scattering36—37)

p-glycerate 1-phosphotransferase (EC 2.7.2.3); hPGK, human PGK; studies. The spectacular difference between the open (black)

GAPDH, b-glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12);
HK, hexokinase (EC 2.7.1.1); G6PDH, glucose-6-phosphate 1-dehy-

drogenase (EC 1.1.1.49); CM, carboxymethyl; 3-PG, 3-phospho-
glycerate; 1,3-BPG, 1,3-bisphosphoglycerate; AMP-PJf~imidoad-
enosine 5triphosphate; AMP-PCPj,y-methyleneadenosine’-5
triphosphate; DSC, differential scanning microcalorimetry; IPTG,
isopropy! 3-p-thiogalactopyranoside; CD, circular dichroism; Blbs
Ellmann’s reagent, 5'5lithiobis(2-nitrobenzoic acid).

and closed (red) conformations is illustrated by their
superposition (Figure 1A).

3-PG is bound nearly in the same way in all PGK crystal
structures. In agreement, site-directed mutagenesis studies
(24—26, 38—43) have confirmed the importance of the basic
residues at the inner surface of the N-domain in binding of
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Ficure 1: Superposition of the open and closed PGK conformations (A, C, and D) and the various binding modes of the nucleotides (B).
In panel A, the traces (@ of the open (black) and closed (red) conformations of pig mugtegndTh. maritima(22) PGKs, respectively,

were superimposed according to the backbone atoms of thefestmnds of the N-terminal domain. In panel B, the separate crystal
structures of MgADP (purple) as bound Bo stearothermophiluPGK (28), MgAMP-PCP (cyan) as bound to pig muscle P&GQ)( and

MgATP (red) as bound to pig muscle PGBOQj are superimposed according to the adenine and ribose rings onto MNAMP-PNP (green) as
bound to pig muscle PGK2(0). Residues Lys 215 and 218 are highlighted in violet. The dashed lines represent H-bonds (up to 3.5 A) and
ionic interactions (up to 4.0 A). In panel C, the open (black) and slightly closed (red) structures of substrate-free pig musclei(Z Kova
Naray, and M. Vas, unpublished observations) and the 3-PG binary complex of the pig ni#&&Ks, respectively, were superimposed
according to helix 1. In panel D, the open (black) and closed (red) conformations of pig nR@dedTh. maritima(22) PGKs, respectively,

were superimposed according to helix 13. In all cases, helices 1, 8, 13, and 14 are highlighted as ribbons and the bound 3-PG and the ATP
analogue Mg/MnAMP-PNP are shown as ball-and-stick models. The distances indicated by arrows are given in angstroms.

this substrate. The extended basic patch can also bind varioug\ccordingly, in the catalytically competent closed conforma-
anions, as shown by various techniqué® é4—47). Anions tion, the constituent basic residues of this site originate from
not only inhibit the enzyme by replacing the substrate but both domains, including part of the basic patch of the
also can increase the enzyme activity at low concentrationsN-domain and Lys 215 (mammalian PGK sequence number-
(48—50), which is similar to activation by the excess of ing) of the C-domain.

substrates 49, 51, 52). These activation phenomena are  In contrast to that of 3-PG, the binding mode of the
peculiar regulatory behaviors of PGK, the molecular basis nucleotide substrates is not a unique type. Adenine and ribose
of which is still not completely understood. The anion rings bind similarly in all structures20—23, 28—30), but
activation is diminished or completely abolished in the case the position and interaction of the phosphate chains are
of some basic patch mutan®39( 41, 43), but the data have different. The phosphates of MgADR2L, 28) or Mg/

not yet provided a satisfactory explanation about the location MNAMP-PNP @0, 22), an unreactive analogue of ATP, bind
of the activating site and the molecular mechanism of to the N-terminus of helix 13, but thephosphate of another
activation. A hypothesis was put forward about formation ATP analogue, MgAMP-PCP, is bound rather close to the
of the activating anionic site only upon domain closus6) ( N-terminus of helix 8 29). The positions of these helices
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(among the other important ones) in the active site region obtained by averaging the data in the literatus8—57).

of PGK molecule are indicated in Figure 1A. Phosphates of NADH, NADP, and glucose were from Sigma. 1,3-BPG was
MgATP occupy an intermediate position between these two prepared from glyceraldehyde 3-phosphate (Sigma) according
states, as shown by the recently published MgATP binary to the Negelein method8) with the modifications described
complex structure30). Variations of the binding mode of by Furfine et al. §9). IPTG (Fermentas), chloramphenicol,
the nucleotides are illustrated in Figure 1B. On this basis, and ampicillin (Sigma) were used for the fermentation. The
we assumed fluctuation of the flexible MgATP phosphates QuikChange mutagenesis kit was purchased from Stratagene.
between the N-termini of helices 8 and 13. Thus, besides Primers were produced in Biological Research Center
the previously identified nucleotide site at the end of helix (Hungarian Academy of Sciences, Szeged, Hungary). All
13, according to our hypothesis, an alternative site should other chemicals were reagent grade commercial preparations.
also exist close to helix 8 for the phosphate chain of the EnzymesThe hPGK 62) gene cloned in the pET11c
nucleotides. The side chains of the completely conserved Lysvector was a gift from P. J. Hogg (University of New South
215 and the largely conserved Asp 218 (colored violet in Wales, Sydney, Australia). The enzyme was overexpressed
Figure 1B) of helix 8 may be the constituents of this site. in the Escherichia coliBL21-CodonPlus (DE3)-RIL (Strat-
On the other hand, from the closed structure of the MgAMP- agene) strain, extracted by sonication, and purified by double-
PNP-3-PG ternary complex of hermotoga maritimgred ammonium sulfate fractionation and CM-Sepharose chro-
structure in panels A and D of Figure 1), Lys Tm297 matography, based on the method described for purification
(equivalent to Lys 215 in the sequence of the mammalian of pig muscle PGK 19). For the experiments, the eluted
PGK) was hypothesized to participate in stabilization of the protein was dialyzed against 20 mM Tris-HCI buffer (pH
transferring phospho group during catalysk?)(together 7.5) containing 1 mM dithiothreitol and stored in a frozen
with the previously identified essential catalytic residue, Arg state at—80 °C at ~0.4 mM (~20 mg/mL). Under these
38/Tm36 B9, 41), which is located in helix 1 of the conditions, PGK did not loose its activity for several months.
N-domain (Figure 1C). In the open structures of pig muscle GAPDH was prepared from pig muscle and stored as a
PGK (black structure in panels A, B, and D of Figure 1), microcrystal suspension in ammonium sulféd6)( HK and
however, the side chain of Lys 215 is situated outside of the G6PDH, in the form of ammonium sulfate precipitates, were
active site and has proven to be very mob2@, (29, 30). from Sigma. G6PDH was purified on a Superosel12 column
Taken together, surveying the three-dimensional (3D) struc- (Pharmacia) to clear it from the contaminant PGK. Crystals
ture of PGK in various open and closed conformations of these auxiliary enzymes were dialyzed against 20 mM
revealed that the residue Lys 215/Tm197 moves more thanTris-HCI buffer (pH 7.5) containing 1 mM dithiothreitol, to

10 A during domain closure (Figure 1A,D), and this remove (NH);SO.

movement may be aided by its occasional interaction with ~ Site-Directed MutagenesiResidues 38, 215, and 218 of
the nucleotide. This large movement would be consistent with hPGK were mutated with the QuikChange site-directed
the assumed roles of Lys 215 both in stabilization of the mutagenesis kit from Stratagene following the instructions
transferring phospho group and in formation of the activating of the manufacturer. The following primers were uset: 5
anion site, proposed from previous modeling studid). ( CAAACAACCAGGCGATTAAGGCTGCTGTCC-3and 3-

To test the multiple roles of Lys 215 (mammalian PGK GGACAGCAGCCTTAATCGCCTGGTTGTTTG-Jor the
numbering) in this work, we have carried out site-directed R38A mutant, 5GATAACAAACAACCAGAAGATTAAG-
mutagenesis studies on hPGK. Although no 3D structure of GCTGCTGTCC-3 and 3-GGACAGCAGCCTTAATCT-
hPGK has been determined, its primary sequence is identicaTCTGGTTGTTTGTTATC-3 for the R38K mutant, 5
(up to 98%) to that of pig muscle PGK, for which various CATCCTGGGCGGAGCTGCAGTTGCAGACAAGATC-
crystal structures24—26, 38—43) are known. Thus, Lys 215 3 and 3-GATCTTGTCTGCAACTGCAGCTCCGCCC-
was replaced with either the neutral Ala or the similarly AGGATG-3 for the K215A mutant, 5SCTGGGCGGAGC-
charged Arg, and the mutants (K215A and K215R) were TAGAGTTGCAGACAAGATCC-3 and 5-GGATCTTGT-
characterized in enzyme kinetic and substrate binding studiesCTGCAACTCTAGCTCCGCCCAG-3for the K215R mu-

For comparison, mutants (R38A and R38K) of Arg 38, the tant, and 5GGCGGAGCTAAAGTTGCAAACAAGATC-
known essential residue, were also expressed and investiCAGCTC-3 and 3-GAGCTGGATCTTGTTTGCAACTT-
gated. Besides, the possible participation of Asp 218 in TAGCTCCGCC-3 for the D218N mutant. The mutations
interaction with the ATP phosphates (through Wgwas were checked by DNA sequencing.

also assessed by replacing it with its neutral counterpart, Asn, Enzyme Kinetic StudiesThe activity of hPGK was

in the mutant D218N. measured in both directions of the enzyme reaction. With
the substrates 3-PG and MgATP, the reaction was followed
MATERIALS AND METHODS spectrophotometrically at 340 nm, when NADH reduced 1,3-

BPG, the product of the PGK-catalyzed reaction, in the
presence of GAPDHG(). The substrate saturation curves
were fitted using the following equation elaborated by
Szilagyi and Vas 50) for the case of activation by the excess
of substrates:

[S] v [S] [S]

2 The numbering of residues throughout the text refers to the human v= USKS +S + US(a l’KS +STKS. +[S
PGK sequence unless quoted differently, e.g., Thie¢motoga cat [S] cat [S] act [S]
maritima), Th (Trypanosoma brucgiand Bs Bacillus stearothermo- ) ) ) )
philus). The first term represents a simple hyperbolic saturation of

ChemicalsNa salts of 3-PG, ATP, and ADP were from
Boehringer. The substrates MgATP and MgADP were
formed by addition of MgGl (Sigma) to ATP and ADP,
respectively. The dissociation constants of MgATP and
MgADP were taken to be 0.1 and 0.6 mM, respectively,

1)
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the catalytic site with the substrate (S), if the activation by torily fitted by the simple MichaelisMenten equation. Due
the excess substrate were not taking place. Thyistands to the extremely lowK, value of 1,3-BPG, its direct
for the hypothetical activity at saturation of the catalytic site determination has met with difficulty even in case of the
by the substrate. The second term represents saturation ofmore sensitive fluorimetric detection of NADH. Namely, at
the activating site, which is a nonhyperbolic function. In concentrations of 1,3-BPG equal to or lower thanKis
accordance with the fast equilibration of binding of substrate value, the total observed spectroscopic change would be too
to PGK, KS . andKS.. are the dissociation constants for the low for accurate rate determinations. Therefore, we took

cat act

catalytic and activating sites, respectively. The coefficeent —advantage of the competitive displacement of 1,3-BPG by

(=1) is the factor by which activity increased when the 3-PG, i.e., determined the apparé@t value of 1,3-BPG in

substrate bound to the activating site. the presence of various, at each case constant, concentrations
Anion activation and inhibition studies were carried out of the inhibitor, 3-PG. From the data, the ré&a| value could

in the presence of pyrophosphate, since it was found to bebe calculated on the following basis:

the most effective multivalent anion, as compared to sulfate,

phosphate, and citratég, A. Varga and M. Vas, unpublished

observations). To avoid usage of the large excess of chloride

ion, only a limited amount of MgGlwas added to the
reaction mixture to ensure complexation with ATP. In these

experiments, GAPDH, the coupling enzyme, was used at a

concentration sufficiently high to counterbalance its inhibition

_ KeK

Kn = [l + K, )

where | andK, represent 3-PG and its competitive inhibitory
constant with respect to 1,3-BPG, respectively. Rhealue

was taken to be equal to th&, of 3-PG.
All the kinetic experiments were carried out at 20 in
20 mM Tris-HCI buffer (pH 7.5) containing 1 mM dithio-

by pyrophosphate. To describe the simultaneous activating
and inhibiting effects caused by anions, the following formula

Is used: threitol. This buffer ensured the low ionic strength required
Al for studies of the effect of low concentrations of anions.
v=yyty@— )0 Substrate Binding StudieBhe dissociation constantkd)
Kact T [A] of binding of various substrates or anions to PGK were

determined on the basis of their protective effects against
modification of the enzyme reactive thiols. Pig and horse
muscle PGK molecules have two similarly reactive thiol
groups in addition to the five slowly reacting buried thiols.
wherey, stands for the activity of the enzyme in the absence The rate of modification of the reactive thiols is specifically
of bound anion (A) at fixed substrate concentrations and decreased by each of the bound substr&25@). We show
(=1) is the factor by which activity is increasel;,, and here that hPGK and its present mutants (except R38A)
K2, are the apparent dissociation constants for the sites ofbehave similarly. The R38A mutant exhibits a different thiol
activation and inhibition by anion (A), respectively. The real reactivity pattern: besides the two fast-reacting thiols, its
constants for the investigated anion are related to thesemolecule has three additional reactive thiol groups with
apparent constants according to the following equations, intermediate reactivity and only two slowly reacting ones
which assume competitive replacement of anions by the (Figure 4B). The reactivity of the latter ones is comparable
substrates, both in the activating and at the catalytic sites,with that of the five buried thiols of the wild-type enzyme.
and take into account the substrate concentrations appliedn all cases, however, the rate of modification of the two
in the experiment: fast-reacting thiols with Nbsvas sensitively decreased upon
substrate binding. Thus, for all PGK forms, the rate of this

[A] [A]"
Kfei T [A] K, + A"

()

KAt A(St modification was measured as a function of substrate
Qct= &gc 3) concentration and analyzed as described previously for the

[S] + K3t K4 determinations39). Under these conditions, the extremely

A S strong binding of 1,3-BPG did not allow the direct deter-

A Kinhapfcat mination of itsKy. Its apparent value could, however, be
inh — m (4) determined in the presence of a high concentration of 3-PG,

i.e., by taking advantage of its competitive displacement by
this other substrate. By knowing the separately determined
Kq of 3-PG, we determined the reld} of 1,3-BPG by using

the formula

Equation 2 is a modified form of one published previously
by Szilagyi and Vas $0) and assumes the existencerof
interacting sites for the inhibiting anions, instead of one. Here
all inhibiting sites are characterized by a single average
dissociation constant.

The activity measurements with the substrates 1,3-BPG
and MgADP were followed by reduction of NADP either
spectrophotometrically at 340 nm or fluorimetrically (excita- where L and<, represent 3-PG and its dissociation constant,
tion at 355 nm and emission at 455 nm), when the product respectively.

MgATP phosphorylates glucose by HK and the generated DSC ExperimentsThe DSC measurements were per-
hexose 6-phosphate reduces NADP, in the presence offormed in a MicroCal VP-DSC-type microcalorimeter (Mi-
G6PDH. The substrate saturation curves, within the inves- croCal Inc.) with a cell volume of 0.51 mL, at a constant
tigated range of substrate concentrations, could be satisfacscan rate of 60C/h. The protein concentration was 0.13

KEPK

STk ©
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Table 1: Summary of the Functional Properties of the Wild-Type and Mutant PGKs

constant hPGK K215A K215R D218N R38A R38K R38K/K215R
kinetic
reverse direction
Keat (vs) 50000+ 3000 29+ 3 105+ 9 16000+ 1000 27+ 2 33000+ 2500 10+ 2
a 3.8+ 0.6 1 1 1.7+ 0.5 1 3.9+ 0.7 1
KCMa%ATP or ngATP 0.11+0.03 247+ 0.2 0.574+0.03 0.15+£0.04 0.96+0.07 0.08+ 0.02 0.43+ 0.03
KS;PG or K%-PG 0.104 0.02 0.41+0.04 0.35+ 0.02 0.42+0.20 45+ 0.4 0.28+ 0.01 0.76+ 0.06
0.05+ 0.0
Klpymphosphate 0.22+0.07 0.51+ 0.15 0.53+0.21 0.51+0.05 0.13+0.09 0.35+-0.10 0.49+ 0.12
forward direction
Keat (Vmax) 158000+ 25000 47+ 5 291+ 10 nd! 360+ 20 nd nd®
ngADP 0.12+0.02 0.15+ 0.03 0.11+ 0.03 nd 0.10+ 0.03 nd nd®
K#&BPG 0.0005+ 0.0002 0.0038t 0.0003 0.0014t 0.0002 nd 0.294+ 0.01 nd nd®
binding
KZAQATF’ 0.33+£0.15 1.45+ 0.15 0.83+0.18 0.30+0.15 0.59+0.20 0.46+0.10 0.79+ 0.13
Kg/lgADP 0.029+ 0.004 0.045+ 0.007 0.024+ 0.007 nd 0.035+ 0.009 0.022+ 0.001 0.023+ 0.002
KngG 0.035+ 0.008 0.039+ 0.01 0.037+ 0.004 0.042- 0.004 0.94:£0.30 0.11+0.01 0.14+ 0.05
Ké-HiPG 0.000056+ 0.000024 0.000052- 0.000019 0.00004% 0.000015 nél 0.009t 0.002 nd 0.000052+ 0.000020
0.21+0.04 0.28+ 0.05 0.20+ 0.05 nd nad na? nd®

prrophosphate
d

2 Rate (inverse minutes) and equilibrium (millimolar) constants are determined from the type of experiments shown in Figures 2, 3, and 4B.
Ki‘mvappvalues (not listed) could be determined only with a relatively large error and varied between 10 and 30 mM in all casesswhetén
the presence of 10 mM MgATP.In the presence of 2.5 mM MgATP.Not determined.

mg/mL (0.003 mM) in all experiments. All samples were 1,3-BPG was calculated by using Insight Il (version 2000L,
carefully degassed before the experiments. The data wereBiosym/MSI, San Diego, CA). The same software was used
analyzed using MicroCal Origin 5.0. The melting temperature for visualizing and analyzing the molecular details of PGK
(Tm) was determined after subtraction of the instrumental structures.
baseline.

CD Spectroscopylhe measurements were performed in
a JASCO 720 spectropolarimeter in both far-UV (2@50

RESULTS
Enzyme Kinetic Characterization of the K215A, K215R,

nm) and near-UV (260350) regions. The experiments were
carried out at 20C using 0.1 and 1 cm path length cells,

and D218N Mutants of hPGKEnzyme Kkinetic studies,
carried out in both directions of the PGK-catalyzed reaction,

respectively, and the protein concentrations were 0.4 and 2.5revealed drastic decreases in the enzyme activities of the

mg/mL (i.e., 0.009 and 0.056 mM), respectively.
Modeling of Binding of a Ligand to PGHlocking of 1,3-

mutants K215A and K215R (1500- and 500-fold, respec-
tively), as compared to that of wild-type hPGK, while the

BPG and phosphate ion into a PGK molecule has beenD218N mutation resulted in a decrease of onf§-fold. The

carried out by using GOLD version 2.54). The X-ray
structure of PGK fromTrypanosoma bruce{PDB entry

activity values of all mutants are summarized in Table 1.
Thus, either replacement of Lys 215 leads to an activity loss

13PK) chain B was used as the target of the docking. The similar in magnitude to that found for the R38A mutant of
partial charge distribution of the 1,3-BPG and phosphate ion yeast PGK 41) and of hPGK in this work. In contrast to
was calculated by MOPAC. Hydrogens were added to the the expectations, the R38K mutant has hardly lost its activity
protein and the ligands assuming the condition of pH 7.5. (only ~1.5-fold) compared to wild-type hPGK.
Ligands, but not the protein, were considered to be flexible.  Considering the relatively high activity of the mutant R38K
The site for all docking processes was defined to encompassprompted us to try to improve further the activity by
all atoms within a 19 A radius whose center was the C preparing the double mutant R38K/K215R, i.e., to see
atom of Arg 65. Twenty individual docking cycles were whether the possible roles of Arg 38 and Lys 215 in
carried out for each ligand with the following main param- stabilizing the transferring phospho group are interchange-
eters: pop size, 100; maxops, 200000; early_termination, off; able. The double mutant, however, in all aspects behaved
score, gold. At first, for docking of 1,3-BPG, we removed very much like the largely inactive enzyme bearing only the
every heteroatom except the ADP and the magnesium ionsingle K215R mutation.
with its coordinating water molecules. Second, we merged The saturation curves with the substrates 3-PG and
the best-ranked 1,3-BPG structure into the initial structure MgATP (i.e., in the reverse direction of glycolysis) for wild-
and continued the docking with the phosphate ions with the type hPGK can be described by the kinetic equation assuming
same protocol. Alternatively, some of the water molecules gctivation by the excess substrate (Figure 2A,B). This
coordinating magnesium ion were also removed before pehavior of the human enzyme is very similar to that of yeast
docking. The rms deviation of individual docking was within (49, 51, 52) and pig muscle50) PGKs. The experimental
5.74 and 0.1 A for 1,3-BPG and phosphate ion, respectively. points can be fitted by the same equation and resulted in
Alternatively, docking with other anions (pyrophosphate and very similar kinetic constants as derived previously for pig
citrate) or with the substrates (3-PG and 1,3-BPG) was muscle PGK %0). Both mutations of Lys 215 completely
carried out, instead of docking with phosphate. abolish this activation, and their substrate saturation curves
The electrostatic potential map of the PGK ternary follow a simple hyperbolic MichaelisMenten relationship
complex containing the bound MgADP and the best-docked (Figure 2). This behavior of Lys 215 mutants is similar to



16858 Biochemistry, Vol. 44, No. 51, 2005 Flachner et al.

14

A .s

1.2 4

v( AA340/min)

04

0.2

© 1 2 3 4 5 € 7 8 s 1w 1 o0 1 2 3 4 5 & 7 8 9 10 11

3-PG (mM) MgATP(mM)
FIGURE 2: Comparison of the kinetics of wild-type and mutant PGKs. Activities of 8 nM wild-ty@g 22.8 nM D218N [J), 3.8 uM
K215A (v), and 0.9uM K215R (a) PGKs were measured in the presence of 10 mM MgATP (obtained from 10 mM ATP and 12.5 mM
MgCl,) as a function of 3-PG concentration (A) or in the presence of 10 mM 3-PG as a function of MgATP concentration (with a constant
12.5 mM MgC}) (B). Curve fitting was carried out by using eq 1 for the wild-type hPGK and the mutant D218N, and by using the
Michaelis—=Menten equation for K215A and K215R mutants.
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Ficure 3: Activation and inhibition by pyrophosphate. Activities of 10.7 nM wild-ty®,(17.4 nM D218N [0), 4.15uM K215A (v),

and 0.77uM K215R (a) PGKs were measured with the substrates 0.5 mM 3-PG and 0.5 mM MgATP (0.6 mM ATP and 1 mM) MgCl

and as a function of the pyrophosphate concentration (A). Activities of 0.31 nM wild-@par(d 1.12uM K215A (v) PGKs were also

measured with the substrates 0.01 mM 1,3-BPG and 0.13 mM MgADP (0.145 mM ADP and 5 mM)Ng@las a function of the

pyrophosphate concentration (B). Activities were recorded spectrophotometrically (A) or fluorimetrically (B), as described in Materials and

Methods. Curve fitting was carried out by using eq 2. With the substrate 1,3-BR&G] (i.e., no activation) was found to be valid for

wild-type hPGK (B). In the cases of K215A and K215R mutaats; 1 was applied, independent of the reaction direction (A and B). In

all cases, an average pfvalues of 1.85+ 0.2 was obtained.

that of the mutant R38A (not shown). The D218N mutation ~ The kinetic constants are summarized in Table 1. Except
only largely reduces the level of activation by the excess for the active mutant R38K, significant changes have been
substrate, and the active mutant (R38K) behaves like theobserved. Th&,, of 3-PG is increased only moderately in
wild-type enzyme. In the reaction starting from 1,3-BPG and cases of mutations of Lys 215 and Asp 218, while the largest
MgADP (i.e., in the forward direction of glycolysis), the increase (40-fold) was found in case of the mutant R38A.
substrate saturation curves for either the wild-type hPGK or The latter finding is in agreement with the previous report
its investigated mutants apparently do not exhibit activation on yeast PGK 41). The K., of MgATP is also increased
by the excess substrates and follow simple Michaelis differently upon mutation. The largest change2Q-fold) is
Menten-type kinetics (not shown). This finding is in agree- caused by mutation of Lys 215 into Ala (K215A), while
ment with previous data obtained with rat liver PG85), mutation into Arg (K215R) caused only a smaller increase.
but it does not necessarily exclude the operation of an Mutation of Arg 38 into Ala (R38A) also increased mod-
activation mechanism at higher concentrations of the sub- erately theK,, of MgATP, in agreement with the finding
strates in this direction of the catalysis, as reported with with yeast PGK41), while for the mutant D218N, no change
human erythrocyte PGK5Q). could be detected in the correspondikg,: value. The
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Ficure 4: Effect of mutation on thermal stability and thiol reactivity of PGK. DSC heat transition curves (A) as well as the time courses
of thiol reactivity (B) were determined with substrate-free wild-ty@9,(K215A (v), K215R (a), R38A @), and R38K Q) PGKs. The
T values, obtained from panel A, in the same order are 54.7, 53.6, 54.9, 49.0, an€5Eegpectively. In panel B, the reaction of 0.009

mM PGK with 0.05 mM Nbg was followed at 412 nm and the number of reacted thiol groups per mole PGK was calculated usig an
of 14 150 M2 cm* (81).

increase in th&, of 1,3-BPG follows the same order as for the activation by the excess substrate. In addition, almost
the K, of MgATP. The largest increase (600-fold) of the all the investigated mutations cause a moderate increase in
Km of 1,3-BPG was obtained for the mutant R38A. TKe the K, values (Table 1), i.e., lead to weakening of the
of MgADP is not changed upon mutation of either Lys 215 interaction with the inhibiting anion. It may also be noted
or Arg 38. that the two interacting inhibitory sites could only be
Effects of Mutations on Anion Agttion and Inhibition. characterized by a single averagevalue, and competition
In the reaction with 3-PG and MgATP, wild-type hPGK of pyrophosphate against both substrates was equally as-
exhibits activation and inhibition as a function of increasing sumed.
concentrations of multivalent anions, such as pyrophosphate In the reaction with 1,3-BPG and MgADP, neither the
(Figure 3A). This peculiar behavior of PGK was observed wild-type hPGK nor its K215A mutant exhibits anion
long ago for the yeast enzymég 49, 66), but was described  activation, only inhibition (Figure 3B). Moreover, the
quantitatively much later for the pig muscle enzyna@)( interaction with the inhibiting pyrophosphate is weakened
According to this model, two separate sites have beenupon mutation of Lys 215, similar to the above findings.
assumed for activating and inhibiting anions, but more The absence of activation is fully consistent with the simple
importantly, these sites are exclusive characteristics of theMichaelis-Menten kinetic behavior and argues for the
active, domain-closed PGK conformation; i.e., they are absence of the activation phenomena, even in case of the
formed (or completed) upon domain closure. Here with wild-type enzyme in this direction of the catalysis.
hPGK we have extended the previous measurements to other Binding of Substrate and Anion to K215A, K215R, and
physiological anions (phosphate, citrate, and pyrophosphate)D218N Mutants of hPGKTo assess whether the increases
and various substrate concentrations (data not shown).in the substratd,, values are reflected in theky values,
Careful quantitative analysis of the data based on the binding studies were carried out. In general, no or much
published equation that assumes one activating and onesmaller changes have been observed inkhgalues upon
inhibiting site 60), however, has always led to a significant mutation, as compared to th&, values of the respective
deviation from the fitted curve. This observation prompted substrates. There were no detectable differences between Lys
us to modify the model. To this end, the data were found to 215 mutants and wild-type hPGK in terms of tkgvalues
be best described by a model that assumes one activatinggf MgADP, 3-PG, and 1,3-BPG. The, values of MgATP,
and two cooperatively interacting inhibiting anionic sites (eq however, increased significantly, although moderately, for
2) and exemplified by using the most effectively interacting both K215A and K215R (Table 1). In contrast, mutation of
pyrophosphate in Figure 3A. This model is fully consistent Arg 38 into Ala has led to large increases in Kgvalues
with the structural observation of two separate phosphate of both 3-PG and 1,3-BPG, whilg, values of the nucleotide
sites (cf. Discussion). substrates are not much affected. In cases of D218N and
As for the mutants produced here, mainly activation is R38K mutants, no significant changesdnvalues of either
affected, and the inhibition is much less changed. Both of the substrates have been observed. Since anion activation
mutations of Lys 215 completely abolish anion activation experiments revealed the disappearance or significant de-
[similar to the previous39) and present findings (not shown) crease in the level of activation by pyrophosphate upon
with the mutant R38A], but mutation of Asp 218 only largely mutation, theKy values of binding of pyrophosphate to the
reduces it (Figure 3A). Thus, mutations influence anion Lys 215 mutants were also determined. Among these values,
activation in a manner similar to that observed above for however, no significant differences were found (Table 1).
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Ficure 5: Interactions of the mutated side chains with substrates and anions in the active site of PGK. The surrounding helices (black
ribbon) and the interacting side chains [black stick models, except for the highlighted (violet) Arg Tb39/38, Lys Th219/215, and Asp
Th222/218] around the bound substrates (green) are shown as determined from the closed crystal strictbrased{67) (A and B).

The possible binding modes of 1,3-BPG (blue stick model) and modeled activating phosphate ions 1 and 2 (orange stick models), as
determined by docking into the closed structurelTobruceiPGK ternary complex, are illustrated in panel A. The side chains interacting

with only the modeled phosphates and not with the substrates are represented with orange sticks. In panel B, the red-colored phosphate ion
1 is bound in the crystal structure of tie bruceiPGK ternary complex with MgADP and 3-PG crystallized from phosphéig (vhile

the other red-colored phosphate ion 2 is determined in a separate structure of the pig muscle PGK binary complex with MgATP, crystallized
from phosphate30). The latter structure of pig muscle PGK (not shown) is superimposed with the strucflirbroiceiPGK (shown here)
according to the backbone atoms of their N-domaistrands. The dashed lines represent H-bonds (up to 3.5 A) and ionic interactions (up

to 4.0 A). In panels C and D, the surface-covered model of the closed structureTofiheceiPGK molecule is shown, colored according

to the calculated electrostatic potential map (red for positive, blue for negative, and white for neutral). Numbers indicate the binding sites
of the modeled phosphates.

Stability and Conformation of the Mutant Proteirtzar- per protein molecule is largely increased with the R38A
and near-UV CD spectra (not shown) showed no detectablemutation, while it is not affected by the other mutations
conformational changes for all the investigated mutants of (Figure 4B). This conformational change upon mutation of
Lys 215 and Arg 38 compared to wild-type hPGK. This Arg 38 was not detected in a previous NMR study where
excludes the occurrence of gross conformational changes.chemical shift perturbation of the histidine side chain at the
The cooperative heat transition curves, as observed by DSC3-PG site was tested ).
calorimetry (Figure 4A), also indicate the presence of well-  Docking of 1,3-BPG and of the Potential Agtting Anion-
folded structures for all mutants. The midtransition temper- (s) into Wild-Type PGKUntil now, there has been no direct
atures Ty do not deviate significantly (except that of R38A) crystallographic information about the mode of binding of
from that of the wild-type enzyme. In the case of the R38A 1,3-BPG to PGK. This substrate most probably binds to the
mutant, a decrease of as much-a%-5 °C was observed in ~ same site where 3-PG binding is located. Accordingly, the
the Ty value. This is an indication of a more flexible structure binding mode of 1,3-BPG is suggested by Bernstein and Hol
of the mutant R38A, compared to the other mutants as well from their separate crystallographic data on 3-PG and
as to wild-type hPGK. This change correlates well with the phosphate ion binding6{). Binding studies using NMR
smaller AH obtained in the case of R38A. In agreement, chemical shift perturbation, carried out with various bispho-
these thiol reactivity studies also indicate the occurrence of sphonate analogues of 1,3-BP&3{70), also approved its
local conformational changes in the surrounding of the binding to the 3-PG site, but some uncertainty remained in
reactive thiol groups, since the number of fast-reacting thiols its orientation in PGK active site. We modeled 1,3-BPG by
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docking it into the active sites of the open conformation both proving the essential role of this residue in the catalysis.
of the binary complex oBacillus stearothermophiluBGK Moreover, mutation to not only the neutral Ala (K215A) but
with MgADP (28) (not shown) and of the closed conforma- also another positively charged residue, Arg (K215R), has
tion of the T. brucei PGK ternary complex with MgADP  led to an almost similar amount of activity lost (Table 1).
and 3-PG §7) (blue model in Figure 5A). In both cases, The decrease in PGK activity with these mutations of Lys
essentially similar binding modes of 1,3-BPG were obtained 215 cannot be due to improper folding of the structures, as
in place of 3-PG (cf. Figure 5B), showing good interaction evidenced by DSC, CD measurements, and thiol reactivity
of its 1-phosphate with the side chain of Arg 38/Bs36/Th39, studies. At the same time, we show here that mutation of
in agreement with the suggestion by Bernstein et &l).( the known catalytic residue, Arg 38, to Ala (R38A) induces
An additional interaction of the 1-phosphate of 1,3-BPG with local conformational changes (Figure 4) that may contribute
Lys Th219/215 in this closed structure is also supported by to the activity loss of this mutant. Furthermore, mutation of
our modeling studies (Figure 5A), but no interaction with Arg 38 to Lys (R38K) only moderately perturbs the catalytic
the equivalent Lys Bs197 of the docked 1,3-BPG could be properties. Thus, in contrast to Arg 38, the size and shape
detected in the open conformation®f stearothermophilus  of the side chain of Lys 215 are also essential for catalysis,
PGK (not shown). It is to be noted that an O atom of the besides its positive charge. This emphasizes the importance
1-phosphate of 1,3-BPG also forms a good H-bond with the of the very precise positioning of Lys 215 in the enzyme
main chain N atom of Gly Tbh399/396 at the N-terminus of active site.

helix 14, not suggested previousi7j. In the known crystal In contrast to the drastic decrease in thgvalues, a much
structure of the 3-PG binary complex of pig muscle PGK smaller, but significant, decrease was obtained inKhe
(19—24, 28—-30), the carboxylate group of 3-PG interacts values for the substrates, except MgADP, upon mutation of
loosely with the same Gly 396(N) atom, through a bound Lys 215. This further specifies the importance of Lys 215
water molecule (Figure 1C). In the case presented here, anduring catalysis. The largest (20-fold) increase in kheof
interaction through a water molecule is formed between the MgATP in the case of the neutral K215A mutant (relative
1-phosphate of the modeled 1,3-BPG and the main chain Nto the absence of any change for MgADP) argues in favor
atom of Gly Tb376/373 at the N-terminus of helix 13, as of the role of Lys 215 in stabilization of the transferring
well as with the catalytic Mg (Figure 5A). y-phospho group of the nucleotide. The significantl@-

In searching for the possible activating site, we also fold) increase in th&r of 1,3-BPG, bearing the transferring
modeled a phosphate ion into the closed ternary complex1-phosphate, is also consistent with this assumption. The
structure ofT. bruceiPGK, containing the modeled 1,3-BPG Mmoderate{3—4-fold) increase of th&r, value of 3-PG may
and the bound MgADP at the substrate binding sites. We be consistent with the X-ray pictures of the closed ternary
found at least two different possibilities for binding of complexes offh. maritima(22) and of T. bruceiPGK (67;
phosphate ion(s) as illustrated by orange models in Figure Figure SB) ShOWing simultaneous interactions of LyS Tm197/
5A. One modeled bound phosphate ion, numbered 1, bindsTb219/215 with both the 3-phosphate and the carboxylate
through interactions with Arg Th65/65 and Lys Th219/215 of 3-PG.
in the interdomain region, but outside of the closed active ~ With regard to the role of nearby Asp 218/Tb222, it is
site. This anion site is almost identical with the site obtained Not an essential residue like Lys 215/Th219, since PGK
from previous modeling studies of our laborator§0 activity is decreased only 3-fold in the mutant D218N. Since
Another phosphate ion, numbered 2, binds in a small, well- neither theKq nor the K, values of MgATP are changed
defined hole at the outer surface of the N-domain, with With this mutation, no evidence is provided in favor of the
participation of 3-PG binding side chains His Th62/62 and assumed ionic interaction of Asp 218 with RgFigure 1B).

Arg Tb135/122, as well as with the conserved Arg Th22/ The moderate~4-fold) increase in th&n, of 3-PG, however,
21, and also forms a H-bond with the carboxylate group of may indicate that Asp 218 indirectly contributes to the
Glu Th140/127. Among the interacting residues, mutagenesisinteraction with 3-PG during catalysis. This may be achieved
studies provided reasonable arguments for only Arg 21 as athrough the known salt bridge with Arg 65/Tb65/Tm62 as
possible participant in the anion-dependent activati®),(  observed in the structures h. maritima(22) and of T.

but no clear results were obtained in the case of either His brucei(67) PGKs, i.e., with the residue that interacts with
62 (39, 41) or Arg 122 @4—26, 38—43). Binding of the =~ 3-PG (Figure 5A,B).

modeled phosphates is also illustrated by the electrostatic Mutation of Lys 215 Abolishes while Mutation of Asp 218
surface map of the PGK molecule (Figure 5C,D). It may be Reduces Substrate- and Anion-Dependentatitin: Loca-
notable that when the crystallographically bound water tion of the Actiating Anion Site(s) by ModelingBoth
molecules were removed from the active site before docking, mutations of Lys 215 abolish activation by either the excess
a third phosphate ion could be docked close to the 1-phos-substrates or anions, while mutation of Asp 218 to Asn
phate of the bound 1,3-BPG (not shown). largely suppresses both phenomena. As for other mutations,

Docking of other anions (pyrophosphate, citrate, 3-PG, or SUCh @s R38A [described previousBY( 41) and confirmed

1,3-BPG) to the ternary MgADP1,3-BPG complex has also  N€r€] as well as for R65A3@, 40), the two activation
resulted in binding to the anionic sites described above. ~Phenomena are perturbed together. These findings support
the previous suggestio®@) that the site for the activating

DISCUSSION anion and for the activating substrate is a common site. The
location of this site is, however, still unknown, since neither
Lys 215 Is Essential for PGK Aectty, while Asp 218 Isa  NMR nor X-ray studies could identify an extra anionic site,
Nonessential Residu¢lere we demonstrate a drastic de- independent of the catalytic substrate sites. Its detection by
crease in PGK activitykt,; value) upon mutation of Lys 215,  other physicochemical methods (e.g., using isothermal ti-
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tration binding calorimetry) has also met with difficulty (A. of the closed conformation of th€. brucei PGK ternary
Varga, B. Flachner, Z. Gugolya, F. Vonderviszt, and M. Vas, complex with MgADP and 3-PG5(7). This site seems to be
unpublished observations) that may be due to the extremelyidentical with the 1-phosphate site of the bound 1,3-BPG,
weak binding of the anions to this site. Despite these as suggested by Bernstein et a&.7) However, careful
difficulties in proving the existence of the activating site, comparison of the positions of this crystallographically
the observation that the essential catalytic residues, Arg 38determined phosphate and the 1-phosphate of the modeled
and Lys 215, are also essential for anion activation may 1,3-BPG shows that, although they are close to each other,
indicate that the activating site is very close to the site of they are not overlapping. Thus, the cavity of the active site
the transferring phosphate or that at a certain stage of thein the closed conformation is not fully packed, which may
catalytic cycle the two sites are overlapping. This conclusion allow a certain level of mobility of the 1-phosphate of 1,3-
would also be compatible with the absence of activation in BPG. This observation is consistent with the notion that
the enzyme reaction with 1,3 BPG, which is suggested from binding of 1,3-BPG should not be as favorable as binding
the results presented here. If, for example, 1,3-BPG possessesf the transition state. For the same reason, while the red
itself the activating phosphate, no further activation is phosphate site 1 is a putative inhibiting anion site, another
required. anion can still bind very close to it. This latter anion can
Previous $0) and present modeling studies of anion even fulfill an opposite, activating role, simply by promoting
binding, indeed, showed the possibility of binding of the dissociation of the tightly bound product, 1,3-BPG.
additional anion(s) to the same basic residues that are alreadyndeed, in addition to the two phosphates in Figure 5A, a
involved in substrate binding and catalysis (orange phosphatethird phosphate could also be modeled in this place, close
ions in Figure 5A,D). to the 1-phosphate of the bound 1,3-BPG, when part of the
Phosphate site 2 possibly exists independent of domaincrystallographically bound water molecules was removed
closure. The relevance of this site may be supported by thefrom the active site before docking (not shown). The anion-
finding that mutation of one of its constituent residues, Arg assisted product dissociation seems to be a general activation
Tbh22/21, to Ala eliminates the anion-caused activat&8).( mechanism in enzymology, and there are several examples
Surveying the crystal structure around the modeled phosphaten the literature 71—74).
2 suggests that this anion may weaken the interactions of The other putative inhibiting phosphate site 2 (Figure 5B)
the 3-phosphate of either 3-PG or 1,3-BPG with the enzyme. is identical with the 3-phosphate site of 3-PG as determined
Further work is required to determine whether the function in the X-ray structure of the pig muscle PGK binary complex
of this site is really activation or inhibition. with MgATP, crystallized in the presence of phosphates, in
Phosphate ion 1 interacts with both Arg Th65/65 and Lys which 3-PG does not occupy this sit80f. This single
Tbh219/215. The side chain of Arg 65 was shown to be anionic site of PGK already exists in the open structure, i.e.,
responsible for anion activation by mutagenesis studi@s ( even in the substrate-free enzyme, as confirmed by earlier
while the importance of Lys Th219/215 in anion activation NMR studies and by our isothermal titration studies (A.
is proven by the work presented here. This site was alsoVarga, B. Flachner, Z. Gugolya, F. Vonderviszt, and M. Vas,
detected in the previous modeling by our laboratd)( unpublished observations). This site is not influenced by the
This bound anion may regulate domain closure and opening,mutation of Lys Th219/215, since this residue is far from
for example, simply by simultaneously interacting with Arg the 3-phosphate site of 3-PG in the open PGK structure.
65 and Lys 215 in the closed conformation or by competing Indeed, mutations of Lys 215 did not affect the binding
with Asp Th222/218 in formation of the salt bridge with constants of pyrophosphate (Table 1). This site 2 should be
Arg Th65/65 that fixes the closed conformation. The finding an inhibiting site, since binding of an anion here directly
that the mutant D218N exhibits greatly diminished anion and competes with either 3-PG or 1,3-BPG binding. While site
substrate activation supports the latter assumption. Alterna-2 exists independent of the domain closure, anion site 1 may
tively, anion binding may promote dissociation of the slowly be characteristic of only the closed conformation.
dissociating product, 1,3-BPG, by competing in its interaction ~ Figure 5B shows that Lys Tb219/215 interacts with both
with Lys Tb219/215. In either way, binding of anion to phosphate ions. Mutations of Lys 215 in hPGK, indeed, cause
phosphate site 1 can cause activation. The importance ofslight weakening of the inhibition by pyrophosphate at one
anion activation is underlined by the fact that it is a or both sites (we can only characterize them with a common
widespread phenomenon among the enzymes that handl&, value) (Table 1).
various anionic metabolite¥ {—80). Model of Substrate-Assisted Domain Closure: The Im-
Modeling with other anions (pyrophosphate or citrate), in portance of Lys 215The findings presented here provide a
place of phosphate, has led to similar results. Furthermore,comprehensive picture of the essential role of Lys 215 in
3-PG or 1,3-BPG could also be docked to these, possibly PGK catalysis. Since binding of MgATP, and not MgADP,
activating anionic sites. Thus, the common molecular mech- is slightly weakened by mutations of Lys 215 (Table 1), it
anism of the anion- and substrate-caused activation is furtherfollows that they-phosphate of MgATP interacts weakly with
supported. thee-amino group of Lys 215 already in the nonfunctioning
Existence of Two Coopera# Inhibiting Anionic Sites and  open conformation of the enzyme. This supports the existence
Their Weakening upon Mutatiofhis kinetic study provided  of an alternative binding site for MgGATP phosphates at the
evidence for the existence of two cooperatively interacting N-terminus of helix 8 (Figure 1B)30). This interaction may
inhibiting anionic sites. These sites are possibly equivalent assist in the movement of helix 8 relative to helix 13 during
with the two structurally determined phosphate sites (red domain closure and illustrated in Figure 1D. During this
models in Figure 5B) derived from two independent crystal movement, the side chain of Lys 215 moves together with
structures. Site 1 has been identified in the X-ray structure the y-phosphate of MgATP at least10 A (Figure 1A,D).
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In addition, as follows from the kinetic results, in the closed REFERENCES

conformation, the contact with Lys 215 is strengthened and
this side chain stabilizes the transferring phospho group
during the catalysis. This mechanism is an interesting
example of a substrate-assisted movement of an essential
catalytic residue.

Considering the reverse reaction, the question of whether
the substrate 1,3-BPG could fulfill a similar role arises; i.e.,
would its 1-phosphate be able to initiate any interaction with
Lys 215 already in the open enzyme conformation? Since
no structural data are available, we have modeled binding
of 1,3-BPG to the known open conformation of the MgADP
binary complex, obtained from the crystal structureBof
stearothermophiluPGK (28). The more favorable binding
mode of 1,3-BPG, however, does not show any interaction
with Lys Bs197/215 but, instead, shows strong interaction
with Arg Bs36/38. This finding is consistent with our binding
data, showing no any change in the binding constant of 1,3-
BPG upon mutation of Lys 215, but a rather drastic change
upon mutation of Arg 38 to Ala (Table 1). Thus, in the
reaction of 1,3-BPG with MgADP, no evidence in favor of
operation of a substrate-assisted movement of the catalytic
lysyl side chain is obtained. There are, however, other types
of notions. Namely, (i) the 1-phosphate of the modeled bound
1,3-BPG, in addition to its interaction with Arg Th39/38 at
the N-terminus of helix 1, also interacts with Gly Th399/
396 at the N-terminus of helix 14, and (ii) the 1-phosphate
of the bound 1,3-BPG is allowed to move to a certain extent,
even within the closed active site cavity. On these bases,
we propose that the 1-phosphate of the bound 1,3-BPG
contributes to the movement of helix 14 closer to helix 1
during domain closure. The similar relative movement of
these helices¥3 A) indeed occurs also in the 3-PG binary
complex of PGK (compared to the substrate-free enzyme,

as illustrated in Figure 1C), leading to approximately the 11

first 8° of domain rotation 19).

As a conclusion, mechanisms including substrate-assisted 12.

movements of interdomain helices may operate in both

directions of the PGK-catalyzed reaction. Namely, at the 13.

initial phase of Michaelis complex formation, the transferring
phosphate (i.e., in one direction the terminal phosphate of

MgATP or in the other direction the 1-phosphate of 1,3 BPG) 14.

can interact with either the Lys 215 side chain of helix 8 or
Gly 396(N) of helix 14, respectively. Thereby, in one
direction, MgATP assists in ar10 A movement of helix 8
(bearing the catalytic residue Lys 215) toward the N-terminus
of helix 13, while in the other direction, 1,3-BPG assists in
an at leas3 A movement of the N-termini of helix 14 toward
helix 1 (bearing the catalytic residue Arg 38). These
movements greatly contribute to the positioning of the two
key important residues (Lys 215 and Arg 38), as well as of
the N-termini of helices 13 and 14, to form the proper
geometry of the active site for the phospho transfer.
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