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ABSTRACT. The structure of a ternary complex of the R65Q mutant of yeast 3-phosphoglycerate kinase
(PGK) with magnesium 'sadenylylimidodiphosphate (Mg-AMP-PNP) and 3-phosphglycerate (3-

PG) has been determined by X-ray crystallography to 2.4 A resolution. The structure was solved by
single isomorphous replacement, anomalous scattering, and solvent flattening and has been refined to an
R-factor of 0.185, with rms deviations from ideal bond distance and angles of 0.009 A artj 1.78
respectively. PGK consists of two domains, with the 3-PG bound to a “basic patch” of residues from the
N-terminal domain and the Mg-AMP-PNP interacting with residues from the C-terminal domain. The
two ligands are separated byll A across the interdomain cleft. The model of the R65Q mutant of
yeast PGK is very similar to the structures of PGK isolated from horse, pigBacilus stearothermophilus

(rms deviations between equivalentarbons in the individual domains 1.0 A) but exhibits substantial
variations with a previously reported yeast structure (rms deviations between equivaiartons in the
individual domains of 2.93.2 A). The most significant tertiary structural differences among the yeast
R65Q, equine, porcine, argl stearothermophiluBGK structures occur in the relative orientations of the

two domains. However, the relationships between the observed conformations of PGK are inconsistent
with a “hinge-bending” behavior that would close the interdomain cleft. It is proposed that the available
structural and biochemical data on PGK may indicate that the basic patch primarily represents the site of
anion activation and not the catalytically active binding site for 3-PG.

PGK catalyzes a key phosphorylation step in the glycolytic  PGK has a molecular weight of approximately 45 kDa
pathway. Under physiological conditions, PGK facilitates and is monomeric under most conditions (Larsson-Razni-
transfer of the anhydride phosphate of 1,3-bisphospho- kiewicz, 1970). Structural studies of PGK from four species,
glycerate (1,3-BPG)to MgADP, yielding 3-phospho- spanning prokaryotes to mammals, reveal that the single
glycerate (3-PG) and MgATP (Scopes, 1978a). The insta- polypeptide chain of PGK folds into two globular domains,
bility of the 1,3-BPG substrate makes the reverse reactionthe N-domain and the C-domain, of approximately equal size.
more convenient to study under laboratory conditions. Since Approximately 30 of the~400 residues make up two
most mechanistic studies have focused on the MgATP polypeptide linkages connecting the two domains. Both
Consuming reaction, the g|yco|yt|c reactants MgADP and 1,3- domains are involved in substrate blndlng Multiple crystal—
BPG are usually referred to as the products of PGK catalysis.|0graphic studies have demonstrated that nucleotide sub-
Kinetic studies have shown that this catalysis is particularly Strates or analogs bind to the C-domain (Blake & Evans,
sensitive to anion concentration (Larsson-Raznikiewicz & 1974; Watson et al., 1982; Davies et al., 1994), while a
Anvidsson, 1971; Schierbeck & Larsson-Raznikiewicz, 1979). crystallographic study of porcine PGK has confirmed predic-
The enzyme is activated by low concentrations of anions, ions that 3-PG binds to the N-domain in a “basic patch”
including 3-PG, and inhibited by high concentrations of non- consisting of arginines 21, 38, 65, 121, and 168 and histidines
substrate anions (Scopes, 1978b). 62, 167, and 170 (Harlos et al., 1992).

All crystallographic studies agree that the peripheries of
the nucleotide binding site and the basic patch are separated
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1 Abbreviations: ADP, adenosine diphosphate; AMP-PNRden- e ~ P . .
ylylimidodiphosphate; ATP, adenosine triphosphate; 1,3-BPG, 1,3- large “hinge-bending” motion, transforming the enzyme from

bisphospha-glycerate; CMNP, 2-chloromercuri-4-nitrophenol; HEPES, the open to the closed conformations, could bring the
N-2-hydroxyethylpiperaziné¥-2-ethanesulfonic acid; PDB, proteindata  substrates of PGK into proximity before phosphate transfer

bank; 3-PG, 3-phospho-glycerate; PGK, 3-phosphoglycerate kinase; ; i
R65Q, mutant of yeast PGK with arginine 65 replaced by glutamine; (Banks etal., 1979), although no crystallographic studies of

rms, root mean square; rmsd, root mean square deviation; SIRAS, single” GK have revealed the structure of a completely closed
isomorphous replacement with anomalous scattering. conformation. Small-angle X-ray scattering (Pickover et al.,
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1979; Timchenko & Tsyuryupa, 1982), ﬂuorescence SPEC- Taple 1: Data Collection and Final Refinement Statistics for Yeast
troscopy (Mouawad et al., 1990; Desmadril et al., 1991), R65Q PGK Complexed with Mg-AMP-PNP and 3-PG

NMR (Tanswell et al., 1976; Fairbrother et al., 1990), and
other experiments have confirmed that a structural adjustment

Data Collection Statistics

does occur on 3-PG binding. However, these spectroscopic - native CMNP derivative
studies have not clearly described either the nature or the resolution limit (A) 2.43 2.75
itude of thi f ti I ch | ticular. th no. of measured refins 100 828 52 248
magnitude of this conformational change. In particular, they 5" ¢ independent refins 16 281 10 987
have not established that a hinge-bending interdomain motion  gata completion (%) 92.4 90.4
actually occurs in PGK. Resym (%) 7.65 7.36
Dramatically different open and closed conformations of Refinement Statistics
PGK are necessary to the catalytic mechanism only if the resolution range (A) 8.02.4
basic patch is the part of the active site that binds the reactive no. of refins 13 387 (78.3% complete)
3-PG during phosphate transfer. If the basic patch is not No- Of scatterers 3271
t of the active site of PGK, then the N-domain need not |\, of water molecules 82
par . ' WA weight used 3.6« 1¢°
approach the C-domain as closely. Thus, the observed msaB values for adjacent atoms 2.0
structural adjustment may interconvert two closely related crystallographid-factor 0.185
conformations. This adjustment could subtly modify the true ™5 dr?&"at'}fns from ideal values 0.000
active site to create the catalytically active binding site for onds (4) X
. . angles (deg) 1.78
3-PG. In this case, the role of the basic patch could be dihedrals (deg) 21.7
regulatory, with the binding of 3-PG or other anions to the impropers (deg) 1.26

basic patch altering the equilibrium among different con-

formations or stabilizing the transition states between them. regulatory function and that domain-domain motion may

Evidence has been presented that suggests that 3-PG bindsieate a distinct catalytic binding site for 3-PG.
to PGK in multiple sites with both regulatory and catalytic

functions (Schierbeck & Larsson-Raznikiewicz, 1979). EXPERIMENTAL PROCEDURES
The possibility that the basic patch primarily plays a

regulatory role is consistent with results of mutagenesis n ant of yeast 3-phosphoglycerate kinase was isolated as
experiments probing the roles of basic patch histidines 62, previously described (Sherman et al., 1991). Crystals for

167, and 170 a.nd arginines 21, 38, §5, and 168 (Fairbrotherx_ray analysis were prepared by the hanging-drop method
et al., 1989a,b; Walker et al., 1989; Sherman et al., 1990, ging |inbro tissue culture plates and silanized glass cov-
1991, 1992). These investigations show that although grgjins. Well solutions consisted of 21% polyethylene glycol-
mutagenesis of any of these basic patch residues diminishegggg 20 mm magnesium acetate, 0.02% haihd 50 mM

the ability of anions to activate PGK, near-total elimination yepgs at pH 7.5. The hanging drops were prepared by
of catalytic activity is observed only for mutations of arginine mixing the well solution with an equal volume of a protein/

38 (Sherman etal., 1992).. The failure of the other.mutations substrate solution containing 18 mg/mL of R65Q PGK; 10
to dramatlpally reduce activity suggests that the primary role v 5'-adenylylimidodiphosphate, tetralithium salt (AMP-
qf the basic patch cannot be catal_ytlc. Indeeq, thg qbser\_/a—pr); and 10 mMb-(—)-3-phosphoglycerate, disodium salt
tion that the mutations in the basic patch primarily impair (3 pG). The presence of both substrates was required for
anion activation indicates the basic patch is involved in anion crystallization. Drops 1620 uL in volume were equili-
regulation (Sherman et al, 1990). brated against well solution at%€. Microcrystals grown

To further address the role of basic patch residues in PGK over a period of 2 weeks were transferred to fresh drops
activity and regulation, we have solved the structure of the that had been pre-equilibrated against well solution for 2
R65Q mutant of yeast PGK in the presence of 3-PG?'Mg  days. A reiteration of this macroseeding procedure resulted
and an ATP-analog, AMP-PNP. The most striking conse- in the growth of crystals with dimensions as large as2.0
guence of the R65Q substitution is the complete loss of anion0.5 x 0.3 mn¥. The crystals were determined to be of the
activatory behavior, with relatively small effects on catalytic monoclinic space grou@2, with unit cell parametera =
activity. The maximum velocityVma Of the enzyme is  96.0 A/b=70.1 A,c =823 A g =122.2, andZ = 4.
nearly twice that of the wild type enzyme, while tlg, Data Collection. X-ray diffraction data were collected at
values of the mutant for 3-PG and ATP are increased by room temperature on crystals mounted in quartz capillaries.
factors of 2-6 relative to the wild type values. Thus, the X-rays were generated using a Siemens rotating anode with
catalytic efficiency of the enzyme is actually reduced by the a Cu target operating at 4500 W (50 k¥ 90 mA). A
mutation (Sherman et al., 1991). The crystal structure of graphite monochromator was used to select the @u K
this mutant was determined to assess the structural consewavelength of 1.5418 A. X-ray diffraction measurements
guences of the R65Q substitution. The high activity of the were made using a Siemens X-1000 multiwire area detector.
mutant in the absence of activating anions suggested thatAll data were indexed, integrated, and scaled using the
the interdomain orientation of the R65Q enzyme might differ program XENGEN (Howard et al., 1987). The native and
significantly from previously reported crystal structures. derivative data sets were collected on one crystal each. Table
While differences in the interdomain orientation are observed, 1 provides data collection statistics for both data sets.
they are inconsistent with the changes expected for hinge- Molecular Replacement AttempPhasing by molecular
bending behavior that would close the interdomain cleft. replacement was attempted using X-PLOR (&yer, 1992).
Rather, the observed variations in the interdomain orienta- The search model used was the yeast PGK coordinate set
tions suggest that the basic patch may primarily serve a3PGK (Watson et. al., 1982) from the Brookhaven protein

Protein Preparation and Crystallization.The R65Q
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data base (Bernstein et al., 1977). Top solutions from the 180 =

rotation function were refined against the Patterson-correla- b
tion function in X-PLOR. In order to account for possible 135
differences in the relative orientations of the domains, the
model used for PC-refinement was broken into three rigid ¢,
bodies corresponding to the N-domain, the C-domain, and
the interdomain junction. Although a translation search using
the best result from PC-refinement gave an unambiguous
solution, maps calculated from this solution were poor.

SIRAS Phasing and Seant Flattening. A single heavy-
atom derivative data set (see Table 1) was collected from a | l—‘——
crystal soaked in a solution of 2-chloromercuri-4-nitrophenol 43 i
(CMNP) and used for phasing. A single Hg(ll) site was
located from a difference-Patterson map. The program 90+
PHASES (Furey & Swaminathan, 1990) was then used to
refine the heavy-atom parameters, resulting in fractional cell  -1354" =&
coordinates ok = 0.1164 andz= 0.0411, and an isotropic LS
B-factor of 34.01 & Phases were calculated from both et i
isomorphous difference and anomalous scattering effectsto 180 135
2.90 A resolution. The overall phasing power from single . _ ] _
isomorphous replacement effects was 2.72 for 9520 reflec—E'IGUF*E L Rar?]achandrta_n d'?gram Ijor the f;”"".' reflne_g coordmahes.
ton,For anomalous scatering,the overal phasing power SYCIe® S Soun 2 iagles,and o e resides e shoun
was 2.47 for 8697 reflections. The overall figure of merit
for the 9520 reflections phased was 0.665 at this stage. during refinement. Electron density corresponding in shape

Maps calculated using the SIRAS phases alone were notand size to a 3-PG molecule was observed in maps calculated
clear enough to build a model. Comparison of the Hg(ll) in the final stages of model building and refinement.
site in the derivative with the molecular replacement solution Refinement of a 3-PG molecule modeled in this density
indicated that the metal atom was near the only cysteine resulted in highB-factors for the 3-PG atoms, indicating
residue (C97) in the model. Combination of the SIRAS partial occupancy of the site or disordering of the molecule.
phases with the molecular replacement model phases did noTThe occupancy of the 3-PG molecule was set to 0.50 for the
improve the quality of the maps, however. In the end, no final refinements which yielded an averaBdactor of 62
phase information from the molecular replacement solution A2 for the 3-PG atoms, but clear electron density for the
was used in solving the structure. substrate.

The SIRAS phases were substantially improved by solvent  The final R-factor after refinement is 0.185, calculated
flattening using PHASES. A solvent fraction of 30% and a using all positive structure factors in the data set above 8.0
sphere radius of 8 A were used for calculating the Wang A resolution, without application of a cutoff or bulk solvent
solvent masks. A total of three successive solvent maskscorrection. The restraint weight used was that calculated
were used over the course of 28 cycles of solvent flattening. by the CHECK routine of X-PLOR yielding rms bond and
No phase extension was performed. Téactor between  angle deviations from ideality of 0.009 A and 1°78
observed structure factors and those calculated from the final,respectively. The Ramachandran plot from PROCHECK
solvent-flattened map was 18.5%. The final overall figure (Laskowski et al., 1993) in Figure 1 shows that over 88%
of merit for the 9520 phased reflections was 0.863. An of the non-glycine, non-proline residues are found in the most
electron density map calculated using the solvent-flattenedfavored regions, with no residues in disallowed regions.
phases was interpretable in most of the unflattened region.Analysis of side chain geometry by — 2 plots does not

Model Building and Refinementll model building was indicate any unfavorable conformations.
performed with TOM/FRODO (Jones, 1985) modifiedtorun  Seven short segments of the chain, containing residues
on a Silicon Graphics workstation. The AMP-PNP molecule 29-32, 132-136, 287297, 301-307, 3406-348, 3606-364,
and nearly 80% of the peptide chain were built into the and 377385, appear to be either somewhat disordered or
solvent-flattened map. Refining the initial coordinates with thermally mobile about the average, modeled position.
the TNT package (Tronrud et al., 1987) yieldedRfactor Ambiguities in these sections of the structure were resolved
of 0.390 to 2.9 A resolution. A phase-combined map was by best fit to the available density and use of geometric
calculated, and model building resumed. Four cycles of constraints imposed by distinct density in adjoining regions.
model building, TNT refinement, and phase combination Additionally, negligible density was observed for the side
revealed the remaining residues and reducedrtfector to chains of 13 non-glycine, non-alanine residues. The oc-
0.251 at 2.9 A resolution. cupancies of the side chain atoms beyopdGhese residues

No solvent molecules were added until further model were fixed at zero for all structure factor calculations.
building followed by X-PLOR (Bfmger, 1992) refinement  Occupancies of atoms of residue 415 were similarly treated
had reduced thB-factor to 19.8% at 2.4 A resolution, with  because they lacked density. Overall, the aveBdactor
rms bond and angle deviations of 0.017 A and®°Zrbm in the N-domain, 31 A is lower than in the C-domain, 39
ideality. Water molecules were added whdfg — F A2, reflecting a clearer electron density map of the N-domain
positive difference peaks of at least 8.0eight occurred in  than of the C-domain. The final model consists of all 415
chemically reasonable positions. Occupancies for all watersprotein residues, the AMP-PNP and 3-PG molecules, a single
were fixed at 1.0, and thB-factors were left unrestrained Mg?" ion, and 82 water molecules. Coordinates have been

P
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N-Domain C-Domain

Ficure 2: Stereoview of the overall structure of yeast R65Q PGK. The ball-and-stick structures represent the nucleotide substrate analog
Mg-AMP-PNP bound to the C-domain and 3-PG bound to the basic patch of the N-domain. Drawn with MOLSCRIPT (Kraulis, 1991).

Table 2: Constituent Residues of Secondary Elements in Yeast Phosphoglyceraté Kinase

N-domain C-domain
p-strands o-helices p-Strands o-helices
A 16—23 la 36-41 G 205-210 8 217227
1b 42-52 H 229-234 9 236-246
B 56—63 2 76-88 10 257273
C 89-94 3 106-108 | 275-280
D 113-118 0 282-286
m 129-132 p 294-299 11 315-327
n 135-139 4 141154 J 336-334 12 346-362
E 157-162 5 163-167 K 365-369 13 371380
6 171-174 L 388-390 14 394-401
F 180-184 7 185-199 15 406-410

a Parallels-strands in each domain are labeled sequentially by uppercase letters. Antiasaiéaids are labeled with lowercase letters. Helices
are numbered in sequential order. Helix 1 is broken by proline 44 into two sections labeled 1a and 1b.

deposited in the Brookhaven Protein Data Bank (Bernstein The secondary structural elements are listed in Table 2,
et al., 1977). labeled according to the equine PGK nomenclature (Banks
Analysis of Domain OrientationThe relative orientation et al., 1979). 5-Strands A-F form the core of the N-domain
of the N-domain and C-domain in the yeast R65Q structure in the order CDBAEF (counting toward the C-domain). This
was compared to orientations observed in structures of PGKsheet is shielded by helices 1 and 2 on one side and helices
from horse (Blake & Rice, 1981), pig (Harlos et al., 1992), 3 and 4 on the other. The core of the C-domain is made up

andBacillus stearothermophili@Davies et al., 1994). First, of g-strands G-L in the order IHGJKL (counting toward
the four structures were superimposed (Kabsch, 1976) usingthe N-domain). Helices 8 and 10 shield one side of this
only atoms from the N-domains in the superposition algo- sheet, while helices 11 and 12 border the opposite face. In
rithm. This overlaid the N-domains on each other but left both domains, the finaB-strand is the one nearest the
the C-domains askew. Next, the C-domain of each structureopposite domain. Each precedes a helix that crosses the
was transformed to best superimpose on the C-domains ofinterdomain space: helix 7 follows strand F, and helix 14
the other structures. Each of these transformations was therfollows strand L.
resolved into a rotation about the center of mass of the There are fiven-helices in addition to the helices previ-
moving C-domain and a translation of it to superimpose it ously described. The short helix 15 follows helix 14 and
on the stationary C-domain. associates with the N-domain next to the very short helical
element 6. Helix 5 consists of a single turn preceding helix
RESULTS 6 and forms an integral part of the interdomain junction.
Description of the StructureAs in previously described ~ Elements 9 and 13 are helices of medium length in the
PGK structures, the single polypeptide chain of yeast R65Q C-domain perpendicular to the direction of the core strands.
folds into two domains, the N-domain and C-domain, Helix 9 is on a skew line parallel to thg-sheet. The
consisting of residues-1184 and 206-393, respectively. The ~ N-terminus of this helix forms part of the hydrophobic pocket
remaining residues of the 415 amino acids in the sequencein Which the nucleotide binds. Helix 13 is normal to the
constitute the interdomain linkage. Each domain folds as #-sheet, with the N-terminus near the triphosphate group of
an a/p, twisted open-sheet structure composed of a single the nucleotide.
sheet of six parallgs-strands sandwiched between four long  Nucleotide Binding Site and Conformation of AMP-PNP.
a-helices, two to a side. In addition, each domain has a The residues following the C-termini of five of the core
pair of antiparalle3-strands located above the C-termini of S-strands in the C-domain form a hydrophobic pocket on
the parallel-strands. Both pairs of antiparallgtstrands the surface of the protein facing the opposite domain. The
end in solvent-exposed loops. A ribbon diagram of the pocket is bordered by residues 24200, 235-239, 334~
structure is given in Figure 2. 341, 376-373, and 393-397, following 5-strands G, H, J,
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Table 3: Hydrogen Bond Distances Between Mg-AMP-PNP and
Yeast R65Q PGK

atom from atom from distanceatom from atom from distance
nucleotideprotein/solvent (A)  nucleotideprotein/solvent (A)

N6 NGly 236 3.5 o1B NGly 371 3.1
OGly310 3.4 NAsp 372 2.7
OWwat545 2.6

O1A OWat541 2.9

N7 OWwat545 3.4

02B OG1Thr373 2.6
oz OE1Glu341 3.4 NGly 371 3.6
OE2GIlu341 2.9 NAsp 372 3.3
OGly338 3.1 NThr373 2.9
NPhe 340 3.4
02G NGly 371 2.8
o3 OE1Glu341 2.9
OE2Glu341 3.1 03G ND2Asn 334 3.4
o4 NAla 212 3.8 N3B OD1Asn 334 2.8

7R

Ficure 3: Stereoview of Mg-AMP-PNP bound to the nucleotide binding site on the C-domain of yeast R65Q PGK. Side chains that
interact with the nucleotide are labeled. Drawn with MOLSCRIPT (Kraulis, 1991).

are on turns followings-strands A, B, and D, respectively,
and form one side of the pocket. Residues-1621 follow
strand E, include helix 5, and make up the opposite face of
the pocket. Charged and polar side chains in the basic patch
are contributed by arginines 21, 38, 121, and 168; histidines
62, 167, and 170; asparagines 25 and 67; glutamine 65;
threonine 165; and aspartate 23.

Electron density for a 3-PG molecule occupies the center
of the basic patch. Refinement of a 3-PG model against the
crystallographic data resulted in higkfactors for the 3-PG
atoms. Setting the occupancy of the 3-PG atoms to 0.5
resulted inB-factors between 50 and 7524or the 3-PG
atoms, with atoms at the carboxyl end of the molecule having
the lowestB-factor, and the phosphate atoms having the
highest. Although the density is well defined (see Figure
4), this behavior indicates that the 3-PG is either present in
low occupancy or disordered around the modeled position.
The model of 3-PG that best fits the observed density

K, and L, respectively. Residues 253, 254, 310, and 311 indicates that the 3-PG carboxyl group interacts with the side

also contribute to the surface of the pocket. A molecule o
AMP-PNP is bound in this pocket, stretched out along the

top of the sheet. The nucleotide is oriented with the adenine

ring distal to the N-domain and the triphosphate moiety
adjacent to the interdomain cleft. Figure 3 shows the
nucleotide and the residues that directly interact with it.
Pertinent hydrogen bond distance information is given in
Table 3.

The conformation of the nucleotide is currently modeled
with a C2-endoribose groupanti to the adenine ring. The
Mg?*t ion is coordinated by a single, nonbridging oxygen

f chains of D23, N25, R38, and H62 (Figure 5). The 3-PG

hydroxyl group interacts favorably with side chains of N25
and R38, and the 3-PG phosphate binds to the side chains
of H62 and R121. The shape of the electron density (see
Figure 4), however, indicates that a significant population
of 3-PG may occupy the basic patch in an orientation
opposite of that modeled, with the phosphate and carboxyl
groups reversed.

Comparison with Other PGK Structure€Comparison of
the present model of yeast PGK with PDB (Bernstein et al.,
1977) entry 3PGK (Watson et al., 1982) revealed significant

atom from each phosphate group. The phosphate oxygendifferences. While the overall topology of the two yeast

ligands occupycis coordination sites of a distorted octahe-
dron. Thisa,j3,y-tridentate coordination of a divalent metal

structures is nearly the same, least-squares superposition of
the a-carbon positions in the two structures yielded an rms

ion by a triphosphate group has been observed previouslydeviation of 3.4 A. Superposition of the N- and C-domains
in the crystal structures of the magnesium and manganeseseparately provided comparable values (2.9 A for residues
complexes of ATP (Cini et al., 1984; Sabat et al., 1985). 1-185 and 3.2 A for residues 19893), indicating that the
The magnesium ion is also coordinated by a single carboxy- differences between the two structures reflect differences
late oxygen of Asp 372, with the carboxylate oxygesms within the domains, and not in the relative orientation of
to the y-phosphate oxygen. Water molecules presumably the domains. In particular, th&strands in the core of the
occupy the remaining two octahedral coordination sites of C-domain in our model are much less curved along their
the metal ion but are not visible in the electron density map. lengths than in 3PGK, and this behavior gives rise to most
Basic Patch and 3-PG Binding Sitelust as the residues of the other differences in the C-domain. According to the
following five of the coref-strands of the C-domain form  header of the PDB file, the 3PGK coordinates were obtained
the nucleotide binding pocket, the residues following four by “normalizing” a model built into an experimental electron
of the cores-strands of the N-domain form the anion binding density map. Consequently, it is likely that many of the
pocket, or basic patch. Residues-25b, 62-67, and 121 discrepancies between the R65Q and 3PGK structures
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FiGure 4: Stereoview of omitrefine difference density for 3-PG bound to the basic patch on the N-domain of yeast R65Q PGK. The
contour level shown is 20 3-PG coordinates shown are those resulting from refinement before omission. The extra density adjacent to
the phosphate group may arise from a population of 3-PG molecules bound with the phosphate and carboxyl groups reversed.
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Ficure 5: Stereoview of 3-PG bound to the basic patch on the N-domain of yeast R65Q PGK. Side chains that interact with the substrate

are labeled. Drawn with MOLSCRIPT (Kraulis, 1991).

originate from the unrefined state of the 3PGK model, and Table 4: Results of Superimposing Yeast R65Q PGK Coordinates
do not reflect genuine biochemical differences between the on PGK Structures from Three Other Speties

structures.

In contrast, the R65Q yeast structure is very similar to —5° stearothermophilus

PGK structures from three other species: horse (Blake &
Rice, 1981), pig (Harlos et al., 1992), aBd stearothermo-
philus(Davies et al., 1994). Table 4 indicates the results of
least-squares superpositions of the R65Q PGK model onto
PGK structures from these species. Calculations based on
single domains resulted in each case in an rms deviation of
less than 1 A, with an average rmsd of 0.87 A for the six
single domain comparisons. The three rms deviations
resulting from whole-molecule comparisons are also signifi-
cantly lower (the largest is 2.0 A) than the whole-molecule
RMSD value for 3PGK (3.4 A).

Chothia and Lesk (1986) have noted that the rmsd between

N-domain C-domain both
no. ofa-carbons used 156 186 372
sequence identity 0.51 0.54 0.53
predicted rmsd 1.00 0.95 0.96
observed rmsd 0.78 0.91 1.22

horse

no. ofa-carbons used 173 185 390
sequence identity 0.62 0.67 0.65
predicted rmsd 0.81 0.74 0.77
observed rmsd 0.93 0.89 1.46
no. ofa-carbons used 173 200 405
sequence identity 0.62 0.66 0.65
predicted rmsd 0.81 0.76 0.77
observed rmsd 0.94 0.78 2.02

two homologous structures can be estimated to witf20%
using the equation

A = 0.40&8™

whereH is the fraction of the sequence different between
the two homologous structures andis the predicted rms
deviation in main chain atom positions in angstroms (Chothia

a Superposition was performed for residues in the N-domain, the
C-domain, and the entire molecule--Carbons corresponding to yeast
residues 4 (N-terminal segment), 186198 (helix 7), and 406415
(C-terminal segment) were included in the whole molecule superposi-
tions only. Residues in antiparallgtstrands m and n, and residues
near insertions or deletions were not included in any of the calculations.
Residues in helix 13 were not used in calculations involving horse PGK.
The rms deviations are in angstroms.

& Lesk, 1986). Estimates for the deviations between yeast superposition. The average deviation of the observed rmsd

PGK and PGK from pig, horse, and bacteria are included in
Table 4. The observed rmsd values differ no more than
+22% from the predicted values for each single-domain

values is only 4% higher than the estimates. Thus, the
structure of each domain of yeast R65Q PGK appears to be
equivalent to that observed in each of the other species.
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Table 5: Rotational and Translational Components of Coordinate Transformations Relating the C-Domain Orientations in PGK from Four
Different Crystal Structurés

final orientations

starting orientations pig horse bacteria
yeast R65Q ¢=-91°, 9 =113,k = 15° ¢=—92°, =89, k=9° O=—T2°, 9 =89, k=T7°
Ax=4.0,Ay=—-2.8,Az=—-0.1 Ax=0.6,Ay=0.3,Az=0.9 Ax=0.9,Ay=0.2,Az= —-0.2
bacteria ¢=—109,y =128,k =9° ¢=—15Ly =77 k=3
Ax=3.2,Ay=-29,Az=0.0 Ax=—-0.3,Ay=0.2,Az=1.1
horse ¢=—84,yp=138,k=8°

Ax=35Ay=-32,Az=-1.1

aEach transformation superimposes a C-domain in a starting orientation on a C-domain in a final orientation. Rotations are represented as
spherical polar angles measured from ykexis. Translations are represented as components along the coordinate axes of an orthogonal reference
frame in angstroms.

Ficure 6: Direction of the observed, average interdomain rotation axis in PGK and comparison with the optimal rotation axis for domain
closure by hinge-bending.

In contrast to the situation for individual domains, relative positions of the two domains are similar in the equine
however, the observed rms deviations resulting from whole- and bacterial structures, transformations involving the equine
molecule comparisons are larger than predicted, with bacte-and bacterial C-domains are also similar. The average
rial PGK having the smallest deviation and porcine PGK rotation axis relating all three conformations of PGK is
having the largest deviation from yeast PGK. Since the shown in Figure 6.
individual domains superimpose well, differences in the
relative orientation of the domains must be responsible for p|ISCUSSION
the larger sizes of the whole-molecule RMS deviations.

Larger deviations indicate correspondingly greater differences The chief consequence of the R65Q mutation to PGK is
in relative orientation. Thus, the rmsd values suggest thatthe loss of anion-activatory behavior. The activity of the
the relative domain orientation of the yeast R65Q structure enzyme is relatively high in the absence of anions and does
is most like that ofB. stearothermophilu®GK and least  notincrease in the presence of anions. Comparing the R65Q
like that of porcine PGK. form of yeast PGK to equine, porcine, and bacterial forms

Analysis of the relative orientation of the domains of PGK  of pGK, all of which contain an arginine at this site, indicates
in the yeast R65Q, equine, porcine, and bacterial PGK that the mutation does not change the tertiary structure
structures supports this conclusion. Table 5 lists the rigid- gignificantly. Instead, the mutation may change the catalytic
body coordinate transformations required to superimpose theyroperties of PGK by altering the dynamics of the enzyme
C-domain of each of these structures on the C-domains of 1y, ghifting the equilibria among various conformations

the O(tjhﬁr dstrucFureslrf]tartl?gt_fron? m|0|t§CUIT]S_ W'E)h tsuperlrt?]- of PGK. Such an effect is consistent with the kinetics of
posed N-domains. - 1he rotational relationsnips DEIWEEN e 0 1y ytations of yeast PGK. Mutations outside the

C-domains of the four structures may be summarized as catalytic and regulatory sites, but near the interdomain region,
8° rotation, & rotation, can have a much greater effect on anion-regulatory behavior
i axis 1 sz than on catalytic activity (Mas et al., 1988). In particular,
yeast (R65Q horse, bacteri Pig the S412C, S412P, S412L, and E404C mutants of yeast PGK
show kinetic behavior similar to that of the R65Q mutation,
The porcine and yeast PGK structures represent the mosdespite being far removed from substrate binding sites
divergent conformations of this set of structures, being related (H.-H. Chen and M. T. Mas, unpublished results). Like the
by a 15 rotation (see Table 5). The horse and bacterial R65Q mutation, such mutations may emulate anion-activation
PGK structures represent an intermediate conformationby perturbing the interdomain region slightly and, thus,
between the pig and yeast R65Q PGK structures. Since thealtering the distribution of conformations of PGK.
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z 38.5 — . : : - - distance between the carboxylate oxygen of 3-PG and the
S asol a ] phosphate of the nucleotide is 8.3 A over the same range of
% motion. Continuing the rotations and translations beyond
g 375¢ : )
< those observed crystallographically does not result in either
g %oy the domains or the substrates moving significantly closer.
£ 365} This analysis further indicates that the rotations and
§ 36.0 | translations relating the observed conformations of PGK
8 *e-o-s differ significantly from those optimal for domain closure
g 95¢ 1 . . : . .
£ I [ [ | or hinge-bending. The optimal translation vector for domain
g B0 closure would be directed along the vector between the
§ 345 fyeast  horse/bacteria  pig T centroids of the two domains. Similarly, the optimal
8 s40l— : - : : : translation vector for joining the basic patch and nucleotide
0 5 o 15 20 25 binding site would be along the translation vector between
Rotation (degrees) the 3-PG and AMP-PNP molecules. The optimal rotation
axis for both operations would be one normal to both the
T 115 — - - T " , intercentroid and intersubstrate vectors. Table 6 compares
% 110+ b 1 these optimal rotation and translation axes with those relating
g 105 | the crystallographically observed orientations of the domains,
e and Figure 6 shows the direction of the optimal rotation axis
-g 100 ¢ along with that of the observed average rotation axis. In
2 9.5 | the first 8 of rotation/translation, the observed translation
E 9.0 | axis is fairly close to the optimal translations for domain
g 85 | closure. However, the actual translation along this axis is
g ] ] ] only 1.0 A, and the observed rotation axis deviates more
§ 80 ] than 70 from the optimal axis. In the final°8of rotation/
£ 75 ryeast  horse/bacteria  pig 1 translation, the rotation axis is less thar? 8m the optimal
g 7.0 — s : : : . axis, but the translation vector is nearly°8dwvay from the
0 5 1 15 20 35 intercentroid vector, and nearly 7@&way from the inter-
Rotation (degrees) substrate vector. Thus, the 4.6 A translation along this axis

FiGURe 7: (a) Distance between the centroids of the N- and results in only a 1 A decrease in the distance between the
C-domains of the transformed coordinates of yeast R65Q PGK ascentroids and less than a 2 A decrease in the distance between
a function of rotation angle. (b) Distance between substrates in thethe substrates. Consequently, the observed structures are
transformed coordinates of yeast R65Q PGK as a function of ,5re nearly interconverted by a “twisting” type motion
rotation angle. : . . .
around the interdomain vector than by a hinge-bending type

The crystal structures of yeast, equine, porcine, and change.
bacterial PGK may represent samples of PGK conformations Although the domain motions relating the observed
in solution. As stated earlier, comparing the yeast, equine, conformations of PGK do not bring the two domains
porcine, and bacterial forms of PGK shows that, within the together, the conformation of the polypeptide chain in the
domains, all four species have essentially the same structureinterdomain junction does change. To keep the two domains
The small structural variations observed within the domains connected over the range of domain motion, the segments
are consistent with predicted variations among homologousof the polypeptide chain bridging the two domains must
proteins with different sequences. In contrast, substantial adjust to compensate for the motion. Helix 7 either rotates
variations are observed in the relative orientations of the N- about an axis perpendicular to its length or bends signifi-
and C-domains of the available PGK structures. While cantly to accommodate the changing orientation of the
sequence differences complicate the analysis, the observedlomains. Similarly, helix 14 translates in a piston-like
variations in domain positions may reflect different natural fashion along its axis to keep the domains connected.
conformations of PGK selected by ligand and solution Comparison of the yeast and porcine structures illustrates
conditions. Assuming that the crystallographically observed the motions of the interdomain helices. Helix 7 is nearly
orientations of the PGK domains represent a few possible straight in the porcine structure but is clearly bent in the
orientations out of a continuous range of motion, it is possible yeast structure. Helix 14 in the porcine structure is shifted
to generate a series of PGK structures that encompass thd.5 A toward its N-terminus with respect to the helix in the
observed orientations by applying the transformations of yeast structure. Interestingly, the short helix 5 which forms
Table 5 to the yeast R65Q structure. This type of analysis one side of the basic patch in the N-domain is in contact
has been described recently by Vonrhein et al. (1995) to with helix 14 in both structures. Consequently, it too is
characterize domain motions in adenylate kinase. shifted toward its N-terminus, altering the geometry of the

The resulting generated structures were examined tobasic patch. This explains one difference in the way 3-PG
determine whether these transformations can close thebinds to the basic patches of the pig and yeast structures.
domains or decrease the distance between the basic patcBhifting helix 5 in the pig structure allows R168 at the
and the nucleotide binding site. The distance between theC-terminus of helix 5 to bind the phosphate group of the
centroids of the two domains and the distance between 3-PG3-PG molecule in the basic patch. In contrast, R168 is too
and AMP-PNP in the generated structures are plotted in far away from the 3-PG to bind it in the yeast structure. This
Figure 7. The distance between the domain centroids observation suggests that the affinity of the basic patch for
decreases only 1.7 A over 24f rotation, while the minimum ~ 3-PG varies with the orientation of the two domains.
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Table 6: Comparison of the Rotation and Translation Axes Optimal for Domain Closure with the Observed Rotations and Translations

optimal direction

observed direction

angular deviation

first 8° of rotation

rotation axis ¢ =—109, y = 160° ¢ =—82°, ¢y =8% 73
translation vectors
intercentroid ¢ =129,y =107° ¢ =154,y =107 26°
intersubstrate ¢ =138,y =98 22
last 8 of rotation
rotation axis ¢=-—131°, ¢ =132 ¢=-97°,y =133 27
translation axes
intercentroid ¢ =127,y =102 ¢ =170,y = 48° 7
intersubstrate ¢ =135,y = 9& 69°
full rotation
rotation axis ¢ =-109, y = 160 ¢=-91°, 9 =113 48°
translation axes
intercentroid ¢ =129,y =101° ¢=17%,yp =55° 67°
intersubstrate ¢ =138,y =98 59

2 The optimal translation axis for domain closure is defined as a vector directed from the centroid of the C-domain toward the centroid of the
N-domain. The optimal translation axis for joining the basic patch with the nucleotide binding pocket is defined as the vectorfrphotghate
of the nucleotide on the C-domain to the carboxyl group of 3-PG on the N-domain. The optimal rotation axis is defined as a vector normal to the
two optimal translation vectors.

Ficure 8: Result of modeling 3-PG into the porcine PGK coordinates adjacent to the N-terminus of helix 14. The protein structure shown,
including the conformation of R38, is based on the refined coordinates of porcine PGK. The nucleotide coordinates result from superpositioning
the R65Q yeast PGK coordinates on the C-domain of the porcine coordinates and transferring the Mg-AMP-PNP coordinates to the porcine
model. The 3-PG molecule was positioned by hand. Drawn with MOLSCRIPT (Kraulis, 1991).

Conversely, the observation might imply that the most terminal region of helix 14 and the side chain of R38. This
favored orientation of the two domains depends on whether position has already been suggested to be a possible binding
3-PG is bound in the basic patch. This agrees with solution site for 3-PG (Watson, 1982). The 3-PG may not bind to
studies that indicate that conformational changes are associthis site in the present crystal structure because either lattice
ated with 3-PG binding to PGK (Pickover et al., 1979; packing interactions or solution conditions selected a con-
Timchenko & Tsyuryupa, 1982). formation of PGK without the proposed binding site.
If, as the crystallographic evidence suggests, the inter- Modeling 3-PG into this proposed site in the pig structure,
domain motion in PGK is insufficient to position the two with the Mg-AMP-PNP molecule positioned as in the yeast
substrates close enough for phosphate transfer, then anotheR65Q structure, allows the carboxyl group of 3-PG to
mechanism must be operative. Observing the changes agoordinate the M ion (see Figure 8). Coordination of
the interdomain helices move from the yeast to the other the metal ion by 3-PG in this fashion could be the first step
PGK structures suggests one possible mechanism. As &n the phosphoryl transfer reaction. Thus, the combination
result of the changes described above, a potential bindingof the nucleotide binding site and the potential 3-PG binding
site for the phosphate group of 3-PG appears at thesijte at the N-terminus of helix 14 may represent the true
N-terminal end of helix 14. Three sequential glycines, active site of PGK, while the basic patch serves as an anion-
residues 392394, are positioned at this location, and they pinding region that modulates the interconversion among
form a structure similar to the P-loop, a phosphate binding different interdomain orientations.
structural element found in many nucleotide binding proteins
(Schulz, 1992). The side chain of R38, the only basic patch ACKNOWLEDGMENT
residue currently believed essential for catalysis, is near the
porcine counterpart of yeast G394 (minimum distarcé.6 The authors thank Dr. Colin F. Blake (Oxford) for
A). The distance between R38 and G394 varies among theproviding the unpublished atomic coordinates (porcine PGK,
different structures and is 6.9 A in yeast PGK. This suggests 2.0 A resolution; equine PGK, 2.5 A resolution) used in the
that interdomain motion may help create a catalytic binding comparative studies. M.T.M. thanks Dr. J. Kraut (UCSD)
site for 3-PG with the Gly-Gly-Gly sequence at the N- and members of his laboratory for hospitality and training
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