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Substrate~Cofactor Interactions for Glycogen Phosphorylase b: A Binding
Study in the Crystal with Heptenitol and Heptulose 2-Phosphate’

P. J. McLaughlin, D. I. Stuart, H. W. Klein, N. G. Oikonomakos,* and L. N. Johnson*

ABSTRACT: The structural relationships between substrate and
pyridoxal phosphate in glycogen phosphorylase b (EC 2.4.1.1)
have been studied by X-ray diffraction experiments at 3-A
resolution. Recent work [Klein, H. W., Im, M. J., & Helm-
reich, E. J. M. (1984) in Chemical and Biological Aspects of
Vitamin B¢ Catalysis (Evangelopoulos, A. E., Ed.) pp
147-160, Liss, New York] has shown that phosphorylase in
the presence of inorganic phosphate catalyzes the conversion
of heptenitol to heptulose 2-phosphate. The latter compound
is a dead-end product and a most potent inhibitor (K; = 14
uM). The X-ray diffraction studies show that heptenitol binds
at the catalytic site of phosphorylase in a position essentially
identical with that observed for the glucopyranose moiety of
glucose 1-phosphate. Incubation of a phosphorylase b crystal
for 50 h in a solution containing the substrates heptenitol and
inorganic phosphate and the activators AMP and maltohetaose
resulted in the formation of a phosphorylated product bound
at the active site. The structure of this product, as analyzed
by a difference Fourier synthesis at 3 A, is consistent with that
of heptulose 2-phosphate. Analysis of the surrounding soak
solution by thin-layer chromatography showed that heptulose
2-phosphate was produced under these conditions. Heptulose
2-phosphate binds with its glucopyranose moiety in the same
position as that for glucose 1-phosphate, but there is a marked
difference in phosphate positions. The presence of the methyl
group in the B-configuration in heptulose 2-phosphate forces

Glycogen phosphorylase (EC 2.4.1.1) catalyzes the rever-
sible phosphorylation of the a(1-4) glycosidic linkage from
the nonreducing ends of glycogen. The mechanism by which
the enzyme uses its essential cofactor, pyridoxal phosphate,
in this reaction has long been a mystery. Reconstitution studies
of the apoenzyme with modified cofactors and *'P NMR!
experiments have established that the 5’-phosphate group is
essential for activity [see reviews by Graves & Wang (1972),
Parrish et al (1977), and Helmreich & Klein (1980)]. The
structural studies on both phosphorylase a (Sprang & Flet-
terick, 1979) and phosphorylase b (Weber et al., 1978) have
demonstrated the proximity of the pyridoxal phosphate to the
substrate binding site of this large enzyme.

Recent X-ray crystallographic experiments and further *'P
NMR measurements and reconstitution studies with cofactor
and substrate analogues have shown that the substrate
phosphate and S’-phosphate of the cofactor are in close
proximity in the enzyme—substrate complex (Johnson et al.,
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a change in the torsion angle O5-C1-O1-P from 117° as
observe in glucose 1-phosphate to —136° in heptulose 2-
phosphate. The “down” position of the phosphate (with respect
to the crystallographic z axis) results in a change in the dis-
tance between the 5’-phosphorus atom of the pyridoxal
phosphate and the phosphorus atom of the substrate from 6.8
(with glucose 1-phosphate) to 4.5 A (with heptulose 2-phos-
phate). The closest distance between the phosphate oxygen
of the cofactor and a phosphate oxygen of heptulose 2-phos-
phate is 2.7 A, and it is assumed that there must be a hydrogen
bond between them. These observations are consistent with
the NMR experiments reported in the preceding paper in
which sharing of a proton between heptulose 2-phosphate and
pyridoxal §’-phosphate is observed [Klein, H. W., Im, M. J.,
Palm, D., & Helmreich, E. J. M. (1984) Biochemistry (pre-
ceding paper in this issue)]. The crystallographic results are
discussed in light of current proposals for the role in catalysis
of the 5’-phosphate of the cofactor. It is argued that the down
position observed for the phosphate of heptulose 2-phosphate
is likely to be the position occupied during catalysis. When
the substrate phosphate is in this position, the cofactor
phosphate can participate directly in catalysis, most likely as
an acid-base but possibly as an electrophile. The down position
of the phosphate allows greater scope for aproach of the oli-
gosaccharide substrate and interconversion of the ternary
enzyme-substrate complex.

1980; Jenkins et al.,, 1981; Withers et al., 1982a,b, 1981a,b;
Klein et al., 1982, 1984a,b; Takagi et al., 1982; Madsen &
Withers, 1984; Shimomura & Fukui, 1980; Fukui et al., 1984).
However, several different mechanisms have been proposed
for the role of the 5’-phosphate group: as a nucleophile or
electrostatic stabilizing group (Johnson et al., 1980); as an
acid-base catalyst (Feldman et al., 1978; Helmreich & Klein,
1980; Klein et al., 1982); with the phosphorus atom as an
electrophile (Withers et al., 1981b, 1982a; Takagi et al., 1982).
It is therefore of interest to establish as precisely as possible
the disposition of the two phosphate groups in the enzyme-
substrate complex.

Crystallographic studies with phosphorylase b have shown
that the phosphorus-phosphorus distance when glucose 1-
phosphate (X,,, = 37 mM) is bound is 6.5 A but that with the
more strongly binding competitive inhibitor glucose cyclic
1,2-phosphate (K; = 500 uM) the phosphorus-phosphorus
distance is only 5.3 A. In this case, the phosphate oxygens

! Abbreviations: heptenitol, 2,6-anhydro-1-deoxy-D-gluco-hept-1-en-
itol; heptulose 2-phosphate, 1-deoxy-p-gluco-heptulose 2-phosphate;
glucose 1-phosphate, a-D-glucopyranose 1-phosphate; glucose cyclic
1,2-phosphate, a-D-glucopyranose cyclic 1,2-phosphate; AMP, adenosine
5’-monophosphate; BES, N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic
acid; EDTA, ethylenediaminetetraacetic acid; IMP, inosine 5’-mono-
phosphate; NMR, nuclear magnetic resonance. The nomenclature used
to describe the atoms of amino acid residues follows that of the Protein
Data Bank (Bernstein et al., 1977); this nomenclature is similar to that
of the IUPAC-IUB convention except that Roman characters replace
the Greek letters.
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are sufficiently close to allow (if not to require) a hydrogen
bond between them (Johnson et al., 1980; Jenkins et al., 1981;
Sansom et al., 1984). These binding studies were carried out
with crystals of a partially activated form of the enzyme that
are obtained in the presence of 2 mM IMP. IMP is a weak
activator: it promotes activity but without bringing about the
concomitant increase in affinity for substrate that is observed
in the presence of the strong activator AMP (Black & Wang,
1968). A difficulty arose, however, in attempting to extrap-
olate from these substrate (inhibitor) binding studies to a
mechanism. No binding at the active site of the second sub-
strate, glycogen, was observed in the crystal. Examination of
the molecular model showed that a substantial movement of
the protein and/or a distortion of the substrate from the
preferred conformation of a(1-4)-linked oligosaccharides was
required before glycogen analogues could bind. Hence, until
direct observations on the ternary enzyme—substrate complex
are possible, there is some doubt as to the nature of the
productive enzyme—-substrate complex.

In the preceding paper and previously, Klein et al. (1984a,b)
have described heptenitol as a substrate for phosphorylase. In
the presence of inorganic phosphate, phosphorylase converts
heptenitol to heptulose 2-phosphate in a reaction that does not
require oligo- or polysaccharide. Heptulose 2-phosphate is a
dead-end product and inhibits the phosphorylase reaction with
a K; = 14 uM, making it the tightest of all inhibitors known
for phosphorylase. This reaction is an attractive system for
study in the crystal because it does not require oligosaccharide
substrate and because it leads to a high-affinity product that
may resemble the transition state of the natural reaction. In
this paper, we report on the binding of heptenitol to phos-
phorylase at 3-A resolution. We have also used a crystal of
phosphorylase b soaked in a mixture of heptenitol and phos-
phate in the presence of activators AMP and oligosaccharide
to synthesise heptulose 2-phosphate. The binding of the latter
compound has been studied with the aid of the intense syn-
chrotron radiation source at the Science and Engineering
Research Council’s Laboratory at Daresbury.

The numbering system for the atoms of heptenitol and
heptulose 2-phosphate is shown in Chart I. We prefer this
system to that of conventional carbohydrate chemistry because
it allows direct comparison with our previous results for glucose
1-phosphate and glucose cyclic 1,2-phosphate.

Materials and Methods

Rabbit muscle phosphorylase b was prepared by the method
of Fischer & Krebs (1962), with minor modifications. Crystals

were grown from a solution of 25-30 mg/mL phosphorylase
b, 2 mM IMP, 10 mM BES, 10 mM magnesium acetate, 3
mM dithiothreitol, and 0.1 mM EDTA, pH 6.7 (Johnson et
al., 1974). The crystals are tetragonal, space group P4;2,2
with unit-cell dimensions @ = b = 128.6 A and ¢ = 116.6 A.
The crystallographic asymmetric unit contains one subunit of
the enzyme (M, 97 412), and the two subunits of the physio-
logically active dimer are related by the crystallographic
two-fold axis at z = 0.5.

Heptenitol was synthesised as described in the preceding
paper (Klein et al., 1984b) following the method of Hehre et
al. (1980). Maltoheptaose was a gift from Boehringer Co.,
Mannheim, Germany. Other chemicals were obtained from
Sigma Chemical Co.

Soaking Conditions and Data Collection. (a) Heptenitol.
Crystals were soaked for 18 h already mounted in thin-walled
glass capillary tubes in 100 mM heptenitol, 10 mM BES, 10
mM magnesium acetate, and 0.1 mM EDTA, pH 6.7. Data
to 3-A resolution were recorded with an Arndt-Wonacott
oscillation camera using Ni-filtered Cu K radiation from an
Elliott GX6 rotating anode X-ray generator run at 40 kV, 40
mA. The crystal to film distance and collimator aperture size
were 100 mm and 0.6 mm, respectively. The crystal was
oscillated about the ¢ axis with oscillation range (Ag) 1.5° per
film with a speed of 7.5 X 10% s deg™’. Data collection for the
total range of ¢ = 0-45° required two crystals and took 1
week. The data, after reduction to a unique data set, repre-
sented over 85% of the total data to 3-A resolution.

(b) Heptulose 2-Phosphate. Because heptulose 2-phosphate
is not readily available, it was synthesised in situ from hep-
tenitol and phosphate by using phosphorylase crystals.
Crystals, extensively washed and already mounted for dif-
fraction studies in thin-walled glass capillaries, were soaked
in a solution containing 100 mM heptenitol, 50 mM NaH,-
PO,2H,0, 50 mM maltoheptaose, 2.5 mM AMP, 10 mM
BES, 10 mM magnesium acetate, and 0.1 mM EDTA, pH
7.0, for 50 h at 23 °C. Oligosaccharide was included as
activator in the soaking mixture because the rabbit muscle
enzyme (in contrast to the potato enzyme) requires occupation
of the glycogen storage site for the heptenitol reaction. AMP
(and not IMP) was added to the soaking solution in order to
facilitate activation of phosphorylase b to its high-affinity state
(Black & Wang, 1968). The concentration of AMP (2.5 mM)
was adjusted so as to optimize occupation of the allosteric
effector site without occupation of the nucleoside inhibitor site.
[The X; values for AMP and IMP binding to the nucleoside
inhibitor site are 6.0 mM and 1.5 mM, respectively (Kasvinsky
et al.,, 1978).] During soaking, large cracks perpendicular to
the ¢ axis appeared in the crystals.

Data to 3-A resolution were collected at the Science and
Engineering Research Council’s Synchrotron Radiation Source
at Daresbury, Warrington. The storage ring was operated at
2 GeV, 150 mA, multibunch mode. The X-ray beam was
focused in the vertical direction by a bent quartz mirror and
focused in the horizontal direction and monochromated by a
germanium curved triangular crystal with the (111) planes
cut at an angle to the surface (Helliwell et al., 1982). The
wavelength was 1.488 A. A similar procedure for data col-
lection as that described for the heptenitol experiment was used
but with a 100-fold reduction in exposure time (speed 75 s
deg™). The data were collected in 2.5 h. After reduction to
the unique data set, these measurements represent 94% of the
total data to 3-A resolution.
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Data Processing and Interpretation. The X-ray films were
digitized on a Scandig 3 microdensitometer with a 100-um spot
and raster. Integrations were carried out on a PDP11/70
computer with a version of the MOSCO suite of programs
(Stuart et al., 1979; Wilson et al., 1983), which had been
further modified for profile fitting of the spot shape. Subse-
quent data processing was carried out as described by Wilson
& Yeates (1979), and the data were scaled to the master 2-A
native data set (Wilson et al., 1983).

The crystal structure of phosphorylase b has been refined
at 2-A resolution by the method of restrained least-square
crystallographic refinement (Konnert, 1976; Hendrickson &
Konnert, 1980). At the present stage in the analysis, the
crystallographic R value for some 52 329 reflections in the
5-2-A resolution range is 0.37. The root mean square devi-
ation from ideal bond lengths for some 6640 atoms is 0.019
A. The refinement has some way to go before completion, but
analysis suggests that about 75% of the structure is correct.
Careful examination of the native electron density map based
on improved phases has shown several corrections to the
structure since our last publication (Sansom et al., 1984). The
changes that are important for the discussion in this paper are
(i) a refitting of residues Asn-337 and Asp-338 so that Asp-338
makes an internal hydrogen bond to His-376 but is not involved
in the substrate binding site, (ii) a rearrangement of residues
570-574, which results in His-570 pointing away from and
Tyr-572 pointing toward the catalytic site, and (iii) a rear-
rangement of residues 283-284 to allow better use of the
density and which results in Asn-284 pointing into the catalytic
site and an interaction of Asp-283 with Arg-568, as observed
for phosphorylase a (Sprang et al., 1982).

Difference Fourier syntheses were computed by using the
phases obtained from a combination of those determined by
isomorphous replacement techniques and those calculated
during the crystallographic refinement for the 5-3-A resolution
range (mean figure of merit 0.78) and the isomorphous phases
for the «—5-A resolution range (mean figure of merit 0.85).
The coefficients for the difference Fourier syntheses were Fiyqpy
= F,, Fyyp — Fp, and Fygp — Fyepy, where Fy, and Fyy, and
Fyy,p are the structure factor amplitudes for the native, the
heptenitol complex, and the heptulose 2-phosphate~AMP-
maltoheptaose complex, respectively.

Binding sites were located on small-scale difference maps
of the complete asymmetric unit (scale 2 mm/A) and exam-
ined in detail with the program FrRoDO (Jones, 1978, 1982)
implemented on an Evans and Sutherland Picture System 11
/PDP 11/70 computer. The coordinates for the “averaged”
glucopyranose ring (Arnott & Scott, 1972) were used to fit
the glucose moieties. Atoms were considered to be in van der
Waals contact with those of the protein if their separations
were less than 4.5 A. Possible hydrogen bonds were noted if
the distance between donor and acceptor was less than 3.5 A
and if the bond was linear to within 40°. These rather gen-
erous limits reflect the present accuracy of our model.

Heptenitol Reaction in Crystals. Thin-layer chromatog-
raphy was performed on silica gel 60 F-250 plates from Merck
in a solvent system of ethanol/propan-2-ol/ammonia/water
(7:1:1:2). Sugar and phosphate were stained with phospho-
molybdic acid (3% in ethanol). R, values for glucose 1-
phosphate, heptulose 2-phosphate, heptenitol, heptitol, and
maltoheptaose were found from control experiments with
purified compounds.

Three crystals (approximate size 1 mm X 0.3 mm X 0.3
mm) were carefully washed with five changes of 10 mM BES,
10 mM magnesium acetate, and 0.1 mM EDTA buffer, pH
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Table I: Summary of Data Processing Statistics for Phosphorylase b
Complexes

resolu- total no. of fractional
tion reflections independent merging change
complex (A)  measured reflections R in F
heptenitol 3 73677 16041 0.066 0.103
heptulose-2- 3 88108 18715 0.063 0.145
P-AMP-
maltohept-

aose

“R = 5T AI(h) - LW/ [ SH(k)], where (k) is the ith mea-
surement of the intensity of reflection # and I(4) is the mean of these
measurements.

7.0. Each crystal was placed in a small test tube containing
50 uL of 100 mM heptenitol, 50 mM NaH,PO,2H,0, 50 mM
maltoheptaose, 2.5 mM AMP, 10 mM BES, 10 mM mag-
nesium acetate, and 0.1 mM EDTA, pH 7.0 (solution A, i.e.,
a solution of identical composition to that used in the X-ray
experiment). Incubations were carried out at 25 °C. Aliquots
(approximately 2 uL) were removed after 10 min, 1 h, 24 h,
and 50 h and analyzed by thin-layer chromatography. Two
control experiments were run in parallel. In the first, the
crystal was omitted in order to detect the stability of the
compounds without enzyme, and in the second, the malto-
heptaose was omitted in order to test the activating properties
of the oligosaccharide.

A second experiment was carried out to determine whether
the surrounding soak solution of the crystal after 50-h incu-
bation contained sufficient enzyme molecules to bring about
catalysis. Three crystals were washed and soaked in solution
A except that the substrate, heptenitol, was omitted. A total
of 10 uL of the soak solution was removed after 50 h, and
reaction was started by mixing this with an equal volume of
solution A in which the heptenitol was 200 mM. Incubations
were continued for a further 50 h and aliquots analyzed by
thin-layer chromatography. Three control experiments were
carried through: in the first, the crystal was omitted from the
soak solution; in the second, maltoheptaose was omitted
throughout; and in the third, heptenitol was omitted throughout
in order to detect reaction of oligosaccharide and phosphate
to form glucose 1-phosphate.

Results

Data Collection. A summary of the three-dimensional data
processing statistics is given in Table . The statistics are
especially good for the heptulose 2-phosphate complex. These
crystals were cracked, but use of the finely collimated, non-
divergent, synchrotron radiation beam allowed data to be
recorded by shooting between the cracks. Radiation damage,
which is always more severe in cracked crystals, was alleviated
by the presence of oligosaccharide in the crystals (Stura, 1981)
and the use of the brilliant source. Radiation damage is not
simply related to total dose, and experience [e.g., Wilson et
al., (1983)] suggests that for phosphorylase crystals a high dose
for a short time is less damaging than a low dose for a long
time. In this instance, the short data collection time (2.5 h)
with synchrotron radiation made possible an experiment that
would have been extremely difficult with a conventional source.

The Binding Sites. A general description of the phospho-
rylase b molecule has been given in previous publications
(Weber et al., 1978; Johnson et al., 1980; Jenkins et al., 1981;
Stura et al., 1983; Sansom et al., 1984). The results, with an
explanation of the nomenclature, are summarized in Figure
1. The catalytic site (site C), identified from the binding of
the substrate glucose 1-phosphate, is situated at the center of
the molecule where the structural domains come together and
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FIGURE 1: Schematic diagram of the phosphorylase b subunit viewed down the crystallographic y axis. a-Helices and 8-strands are represented
by cylinders and arrows, respectively. The first 18 residues from the N-terminus and the last 8 residues from the C terminus are not located
in the native electron density map. Glucose 1-phosphate and pyridoxai phosphate (partially obscured by structural elements of the protein)
are shown bound at catalytic site C, AMP at the allosteric effector site N, maltoheptaose at the glycogen storage site G, and AMP at the
nucleoside inhibitor site I. The structural elements of the nucleotide binding domain are labeled (8A-aB, §B-aC, fC-aD, SD-aE, SE-oF,

BF).

is close to the essential cofactor pyridoxal phosphate. The
allosteric effector site (site N) is some 32 A from site C. It
utilizes residues solely from the N-terminal domain (residues
19-320) and is close to the subunit-subunit interface. The
glycogen storage site (site G) is situated on the surface of the
enzyme and is about 30 and 39 A from the catalytic site and
allosteric effector site, respectively. The amino acid sequence
of phosphorylase, which is essential for interpretation of the
X-ray results, has been determined by Titani et al. (1977).

The cofactor is buried in a location where residues from
different structural domains come together. Solvent contact
area calculations show that over 90% of its surface area is
inaccessible to water. The cofactor is linked via a Schiff base
to the e-amino group of Lys-679. The aliphatic part of the
lysyl side chain is extended as would be expected in order to
accomodate the bulk cofactor. The Schiff base is almost planar
and has the trans configuration. There is a hydrogen bond
between the Schiff base nitrogen and the O3-hydroxyl group
of the pyridoxal ring (Sansom et al., 1984).

The pyridoxal ring fits snugly into a hydrophobic pocket
deep in the enzyme molecule and makes contacts with the
structural elements of the “nucleotide binding domain” of
phosphorylase including residues 567-569 (BA strand), 573
(BA-aB loop), 647649 (SC—aD loop), 652 (aD), 671 and
674 (BD—aE loop), and 675-679 («E) and to residues from
the N-terminal domain “glycine” loop including residues

Table II: Summary of Possible® Interactions between Phosphorylase
b and Pyridoxal Phosphate

cofactor protein

atom atom side chain
Hydrogen Bonds and lonic Interactions
03 NZ Lys-679
phosphorus  NZ Lys-567
0O11 N Thr-675
N Gly-676
ND2  Asn-677
phosphorus  NZ Lys-567
022 NZ Lys-573
phosphorus N Gly-135
033
van der Waals Interactions
Ni Gly-134, Lys-567, Tyr-647
Cc2 Tyr-90, Tyr-647, Val-649
cz Tyr-647, Val-649
C3 Tyr-647, Val-649
0¥ Trp-490, Tyr-647, Val-649, Ala-652
C4 Lys-567
C5 Gly-134, Lys-567, Tyr-647
Cy Gly-134, Gly-135, Lys-567, Thr-675, Gly-676
05’ Lys-567, Thr-675, Gly-676

?These interactions appear plausible in terms of our current inter-
pretation of the model, but they are tentative until the refinements of
the native and complex structures are complete. Asn-284, in particu-
lar, is subject to some uncertainty (see text).
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Table III: Summary of Possible? Interactions between Phosphorylase
b and Heptulose 2-Phosphate

protein
sugar atom atom

side chain

Hydrogen Bonds and Ionic Interactions with Polar Groups
01 N Leu-136 (bent)

02 ND2  Asn-284°
OH Tyr-572
03 OEl  Glu-671
N Ser-673
04 ND2  Asn-483
N Gly-674
05 ND1  His-376°
06 ND1 His-376°
phosphorus O7 N Gly-135 (bent)
Nz Lys-573
phosphorus O8 ND2  Asn-284°

phosphorus 09 033 pyridoxal phosphate?

van der Waals Interactions with Nonpolar Groups

C1 Leu-136, Asn-284, His-376

C2 His-376, Ala-672

C3 Ala-672, Gly-674

C4 His-376, Asn-483, Ala-672, Gly-674
C5 Gly-135, Leu-136, His-376

Cé6 Gly-135, Leu-136, His-376

C7 Leu-136, Asn-284,% His-376, Thr-377

9These interactions appear plausible in terms of our current inter-
pretation of the model, but they are tentative until the refinements of
the native and complex structures are complete. Asn-284, in particu-
lar, is subject to some uncertainty (see text). ®The numbering system
of the pyridoxal ring follows that conventionally used and is described
in Sansom et al. (1983). °His-376 moves away from the sugar (~1.5
A) in order to make this contact.

133-139 and Tyr-90. A summary of the contacts is given in
Tables II and III. If, according to convention, we define the
A face and the B face as those in which the numbering system
appears in a clockwise and anticlockwise direction, respectively,
then the major interaction involves the B face with the side
chain of Tyr-647 (closest contact ~ 3 A and interplanar angle
between the rings of 41°). The same face also interacts with
the aliphatic side-chain atoms (CD and CE) of Lys-567. The
A face of the pyridoxal ring is in van der Waals contact with
Tyr-90, Gly-134, Gly-135, and Val-649. The ring nitrogen
does not appear to be involved in any polar interactions. The
nearest non-carbon atom is the carbonyl oxygen of residue 648,
4.3 A away. Likewise, the O3’ hydroxyl does not make any
other polar contacts apart from that to the NZ of Lys-679.

The 5’-phosphate group of the cofactor interacts via one of
its oxygens (O11) with the NZ atom of Lys-567, with the side
chain of Asn-677, and with the main-chain N atoms of Thr-
675 and Gly-676. These last two residues lie at the start of
the «E helix (residues 675-691) of the nucleotide binding
domain, and since the amino-terminal end of this helix is
buried, the stabilization of the phosphate by the helix dipole
(Hol et al., 1978) is likely to be strong. Another phosphate
oxygen (0O22) interacts with the NZ atoms of Lys-567 and
Lys-573. The third phosphate oxygen (O33) makes a distant
contact with the main-chain N of Gly-135 and is the only
phosphate oxygen accessible to water. Thus, the 5’-phosphate
is firmly held by helix dipole interactions, by contacts with
two cationic groups (Lys-567 and Lys-573), and by a hydrogen
bond to Asn-677.

Heptenitol Binding. The heptenitol difference Fourier
synthesis showed a single peak located at the catalytic site
[maximum peak height 1.3 arbitrary units; estimated root
mean square error in the difference synthesis (Blundell &
Johnson 1976) 0.20 unit]. The single-crystal structure of
heptenitol itself is not known. Observations with molecular
models suggest that the trigonal carbon at C1 can be incor-
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FIGURE 2: (A) Difference electron density for heptenitol bound at
the catalytic site of phosphorylase b with the fit for heptenitol and
surrounding protein atoms superimposed. Positive contours, 0.39 unit,
only are shown. (B) Difference electron density for heptulose 2-
phosphate bound at the catalytic site of phosphorylase b with the fit
for heptulose 2-phosphate and surrounding protein atoms superim-
posed. Positive contours, 0.39 unit, only are shown.

.

porated into the chair form of the glucopyranose ring without
significant distortion. The standard glucose ring (Arnott &
Scott, 1972) was modified accordingly with a trigonal carbon
at C1 and the C1-C7 double bond adjusted to 1.34 A. The
resulting satisfactory fit to the observed difference electron
density is shown in Figure 2A. A comparison of the coor-
dinates with those obtained independently for the gluco-
pyranose moieties of glucose (Sansom, 1983), glucose 1-
phosphate (Johnson et al., 1980), and glucose cyclic 1,2-
phosphate (Jenkins et al., 1981) shows no systematic differ-
ences.

There are two localized regions where small conformational
changes occur. There are positive and negative features that
indicate movement of His-376 (about 1.5 A) in order to relieve
overcrowding at the O6 hydroxyl group of heptenitol. A good
hydrogen bond is then formed between ND, of His-376 and
06. Secondly, the C7 atom and, to some extent, C1 and O5
come close to the “glycine loop” in the region of Leu-136, and
there are weak negative contours indicating movement away
of the protein.
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Apart from these movements, there are no indications of
other changes in the structure, although a more precise analysis
after crystallographic least-squares refinement may well
identify other movements. Details of the interactions of
heptenitol with the protein are discussed in the next section.

Heptulose 2-Phosphate—AMP-Maltoheptaose Complex.
The difference Fourier synthesis contained three peaks that
were interpreted as (i) heptulose 2-phosphate binding at site
C (peak height 1.53 units), (ii)) AMP binding weakly at site
N (peak height 0.86 unit), (iii) oligosaccharide at site G (peak
height 1.35 units). There were no other binding sites occupied.
The root mean square error in the map was 0.22 unit.

Site C. It was immediately clear from the distribution of
electron density at site C that conversion to a phosphorylated
product had taken place. There was density for the gluco-
pyranose moiety that corresponded with that observed for
heptenitol, and additional higher density for the phosphate.
Although unambiguous determination of chemical structure
is not possible from electron density maps at 3-A resolution,
the shape and peak heights are consistent with the structure
expected for heptulose 2-phosphate (Figure 2B). Observations
with models showed that if the torsion angle about C1-0O1 is
similar to that for glucose 1-phosphate (i.e., 05-C1-O1-P =
117°, close to the preferred conformation for a(1-4) glycosidic
links), then there is a bad contact between the a-linked
phosphate oxygens and the 8-linked C7 methyl group. This
bad contact can be relieved by a change in the torsion angle.
The best fit to the density was achieved with the glucopyranose
in the standard chair conformation and the torsion angle for
the phosphate ester O5~C1-O1-P = -136°. With this con-
formation, there is an internal hydrogen bond between one of
the phosphate oxygens (O8) and O2 hydroxyl of the sugar,
so that the structure roughly resembles that of glucose cyclic
1,2-phosphate where the corresponding torsion angle is —144°
(Jenkins et al., 1981; Sansom et al., 1984). The difference
electron density also indicated the position of the C7 methyl
group (Figure 2B).

Indications of the movement of His-376 and of Leu-136 are
also observed in the heptulose 2-phosphate difference map. As
a result of the tetrahedral geometry at C1 in the phosphory-
lated molecule, there is no longer overcrowding between
Leu-136 and C7 group. However, the region of Leu-136 is
close to His-376, and the movements of these residues may
be correlated. In addition, the difference map indicates some
disturbances around the pyridoxal ring and the side chains of
Arg-574, Asn-677, and Asp-283. The latter residue appears
to shift so that it is closer to His-570. Detailed analysis of
these movements must await refinement.

The catalytic site is formed where loops from the different
structural domains of phosphorylase come together. The
relevant residues include (N-terminal domain) residues
135-136 (glycine loop) and 284, (glycogen storage domain)
residues 376-377, 454, and 483 (C-terminal domain) residues
572-573 and 671-675 (the BA—aB and 8D—-«E loops of the
nucleotide binding domain), and Lys-679 and the pyridoxal
phosphate cofactor. A summary of van der Waals interactions
and possible hydrogen bonds for heptulose 2-phosphate is given
in Tables II and III. The sugar is held in place by hydrogen
bonds to each of its polar groups and by satisfactory van der
Waals interactions with its other atoms. The phosphate is
stabilized by the fractional positive charge arising from the
dipole of helix residues 135-149, an ionic interaction with
Lys-573, a hydrogen bond to Asn-284, and the contact between
09 of the heptulose 2-phosphate and the pyridoxal phosphate
oxygen O33 (Figure 3). The latter contact appears most
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Pyridoxal phosphate

FIGURE 3: Interactions of heptulose 2-phosphate with glycogen
phosphorylase b. Possible hydrogen bonds are shown dotted.
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FIGURE 4: Comparison of positions and environments of phosphate
groups of pyridoxal phosphate, heptulose 2-phosphate, and glucose
1-phosphate (P-O bond shown stippled). Asn-284, Tyr-572, and
Asn-677 are not shown for clarity.

significant. The separation of phosphate oxygen to phosphate
oxygen is 2.7 A, and there is presumably a hydrogen bond
between them.

The distance between the phosphorus atoms of heptulose
2-phosphate and pyridoxal phosphate is 4.5 A. The heptulose
2-phosphate phosphorus position is similar to that of glucose
cyclic 1,2-phosphate but not identical with it (difference in
position of phosphorus atoms 1.2 A). Comparison of the
positions of glucose 1-phosphate and heptulose 2-phosphate
shows that the glucopyranose moieties bind in essentially the
same way but that their phosphorus positions differ by 2.3 A
(Figure 4). In the glucose 1-phosphate complex, the distance
between the phosphorus atoms of the substrate and the cofactor
is 6.5 A, and the closest approach of their phosphate oxygens
is 5.4 A. A recent kinetic study by Chang et al. (1983) with
pyridoxal-reconstituted apophosphorylase activated with
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phosphite led these authors to the conclusion that the bound
phosphite in pyridoxal phosphorylase and, possibly, the 5’-
phosphoryl group of pyridoxal phosphate in native phospho-
rylase do not effect the glucose 1-phosphate binding. The
phosphate of glucose 1-phosphate is stabilized by a helix dipole
interaction involving the main-chain N of Leu-136. The
phosphoryl group makes rather too close contacts with the side
chain of Asn-284, and in the glucose 1-phosphate difference
map there are indications of movement of this residue.

Comparison of the contacts between phosphorylase b and
heptenitol, glucose 1-phosphate, and heptulose 2-phosphate
with those between phosphorylase a and glucose and glucose
cyclic 1,2-phosphate (Sprag et al., 1982; Withers et al., 1982a)
shows that there are similarities in the portions of protein
involved and some interactions appear identical. For example,
His-376 interacts with the glucopyranose Q6 hydroxy and OS5
ring oxygen atoms in both cases. But in the phosphorylase
a complexes, His-376 moves toward the sugar while in the
phosphorylase b complexes it moves away from the sugar.
Since His-376 is linked via a buried ionic interaction to
Asp-338 and by van der Waals interactions to Leu-136, these
movements may be significant for catalysis and allostery. The
phosphorylase a crystals are grown in the presence of the
inhibitor glucose and are generally assumed to be in the T
state. Significant conformational changes take place in these
crystals on binding substrates. The phosphorylase b crystals
are grown under conditions in which the enzyme is partially
active (as described in the introduction), and the conforma-
tional changes on binding substrate are relatively minor. The
differences in substrate contacts between complexes with
phosphorylase @ and with phosphorylase b may be real or may
be due to differences in interpretation of the structure of the
native enzyme. However, the position of the 5’-phosphate of
the cofactor is quite unambiguous in both structures. In
phosphorylase a, the separation (phosphorus to phosphorus)
of the glucose cyclic 1,2-phosphate is 6.8 A (Withers et al.,
1982a) whereas in phosphorylase b the separation for glucose
cyclic 1,2-phosphate is 5.3 A (Jenkins et al., 1981) and for
heptulose 2-phosphate is 4.5 A. These distances represent
genuine differences in the way in which the substrates and
inhibitors interact with the two forms of the enzyme.

Site N. The difference electron density indicates that AMP
at 2.5 mM binds weakly to site N. The peak height was 68%
of that observed in a similar binding study in which the AMP
concentration was 100 mM (N. Oikonomakos, unpublished
results). In fact, the peak could best be distinguished in the
map based on Fypp — Fyyepy as coefficients, presumably because
the native structure factor amplitudes are derived from crystals
grown in the presence of 2 mM IMP and contain IMP bound
weakly at site N. Also, the data from heptulose 2-phos-
phate—AMP-maltoheptaose complex and the heptenitol com-
plex were collected and processed by the same method so that
any possible systematic errors cancel out. The adenine and
ribose portions of AMP occupy similar positions to those
previously reported (Stura et al., 1983). There is also an
indication of movement of Tyr-75 toward the base. The peak
for the phosphate is broad and has its maximum approximately
midway between the two phosphate sites identified at this site
(Lorek et al.,, 1984). The previously observed phosphate
positions for AMP and for inorganic phosphate were both in
the density with the peak minimum between them. It is of
interest that a similar shift in the phosphate position of AMP
is seen in binding studies both with 100 mM AMP-100 mM
glucose 1-phosphate and with 100 mM AMP-100 mM inor-
ganic phosphate (N. Oikonomakos, unpublished results).
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Site G. Binding studies with a variety of oligosaccharides
have identified a “glycogen storage” site, site G, on the surface
of phosphorylase to which linear oligosaccharides bind pref-
erentially (Johnson et al., 1983). No binding of oligosaccharide
at the catalytic site has been observed. At site G the oligo-
saccharides adopt a conformation close to the preferred con-
formation for a(1-4)-linked glucopyranoses [e.g., Rees &
Smith (1975)]. The amylose-like helix curves toward the long
polypeptide helix that extends from residue 397 to 417. In
the presence of other ligands (e.g., IMP at site N or glucose
cyclic 1,2-phosphate at site C), maltoheptaose binds with five
sugars localized in subsites 1-5 with the reducing end in subsite
5. In the absence of other ligands, two further sites, subsites
7 and 8, are filled. There is a break in the electron density
between subsites 5 and 7.

In the present studies, where both site C and site N are
occupied, maltoheptaose was found bound to sites 1-5, and
there was extra density indicating a further subsite (site “0”).
The sugar in site 0 does not appear to make contact to the
protein. There was no oligosaccharide bound in sites 7 and
8. A detailed discussion of the oligosaccharide conformation
and protein contacts will be published elsewhere. We note,
however, that two interpretations of the electron density appear
possible, one with the reducing end of the bound hexa-
saccharide in site 5 and other with the reducing end in site
0. We hope to resolve this problem with studies employing
an asymmetrically labeled oligosaccharide.

Heptenitol Reaction in Crystals. Incubation of crystals of
phosphorylase b in a solution containing 100 mM heptenitol,
50 mM phosphate, 2.5 mM AMP, and 50 mM maltoheptaose
gave rise to no detectable product after 1 h. Product with an
Ry value corresponding to that of heptulose 2-phosphate was
detected after 24 and 50 h. No heptulose 2-phosphate was
detected even after 50 h in control experiments in which either
the phosphorylase crystals or the oligosaccharide had been
omitted. In all these experiments, a small amount of heptitol,
the hydrolysis product of heptenitol, was apparent.

In an experiment, designed to test whether enzyme mole-
cules had dissolved from the crystal into the soak solution and
could themselves promote catalysis, heptulose 2-phosphate was
detected after a second 50-h incubation with the soak solution
alone. Again, no product was formed either if the phospho-
rylase crystal was omitted (in the first soak) or if oligo-
saccharide was omitted throughout. A small amount of glu-
cose 1-phosphate was detected in the third control experiment
in which heptenitol was omitted. The results from these ex-
periments suggest that there is sufficient dissolution of the
suface layer of enzyme molecules into the surrounding soak
solution over long periods of time (50 h) and that these enzyme
molecules can promote catalysis. The R, values for glucose
1-phosphate and heptulose 2-phosphate are similar, so it is not
known whether glucose 1-phosphate is also formed in the
presence of heptenitol. However, the breakdown of oligo-
saccharide appeared to be minimal in the heptenitol experi-
ment. This is discussed in a forthcoming paper (H. W. Klein,
D. Palm, M. J. Im, and G. Blumenauer, unpublished results).

The results of these experiments show that oligosaccharide
is essential for the conversion of heptenitol to heptulose 2-
phosphate. Previous kinetic and covalent modification studies
(Kasvinsky et al., 1978; Sotiroudis et al., 1978; Shimomura
& Fukui, 1980; Philip et al., 1982) have demonstrated that
the first step in the association of rabbit muscle phosphorylase
with glycogen involves the occupation of the high-affinity
glycogen storage site (Kp =~ 1 mM). Binding of oligo-
saccharide at this site results in enhanced catalytic activity:
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over a 10-fold increase in activity is observed if phosphorylase
a is preincubated with glycogen. The oligosaccharide bound
at the glycogen storage site does not participate directly in
catalysis, since terminal 4-O-methylmaltoheptaose covalently
bound at the storage site does not affect activity (Philip et al.,
1982). Rabbit muscle phosphorylase, in contrast to the potato
and Escherichia coli maltodextrin phosphorylases (which both
lack a glycogen storage site), has a much higher affinity for
branched oligosaccharide substrates such as glycogen than for
linear oligosaccharides. The K, values for these subtrates
differ by approximately 400-fold (Hu & Gold, 1975). How-
ever, the storage site does not appear to play a role in deter-
mining this specificity since K, values for glycogen and
maltoheptaose still differ by 2 orders of magnitude in a
modified phosphorylase in which oligosaccharide is covalently
linked to the storage site (Philip et al., 1982). The present
crystallographic results show that oligosaccharide is bound at
the glycogen storage site under conditions in which the hep-
tenitol to heptulose 2-phosphate conversion takes place and
that the presence of oligosaccharide is obligatory for this re-
action. The mechanism of activation by oligosaccharide re-
mains elusive. No direct interactions between the storage site
and the catalytic site are observed, and no obvious confor-
mational changes take place.

Discussion

The results described in this paper show that the incubation
of a phosphorylase b crystal with heptenitol and inorganic
phosphate, together with AMP and oligosaccharide as acti-
vators, leads to the binding at the catalytic site of a phos-
phorylated product whose electron density is consistent with
heptulose 2-phosphate. Analysis of the surrounding soak so-
lution by thin-layer chromatography showed that heptulose
2-phosphate was either not formed or not released into the
solution during the first hour of reaction. Product was detected
after 24 h. After 50-h incubation (the time used in the X-ray
diffraction experiment), there was sufficient enzyme in the
surrounding solution to bring about some catalysis. These
enzyme molecules probably came from dissolution of the
surface layer of the crystal. Thus at the present stage, because
of the relatively long soak time, we cannot definitively state
that catalysis took place in the crystal during the X-ray ex-
periment rather than in the surrounding mother liquor.
Further studies on the time course of the reaction in the crystal
are required in order to answer this question. Nevertheless,
a number of lines of evidence favor the idea of catalysis in the
crystal. The crystals of phosphorylase b are known to be active
(Kasvinsky & Madsen, 1976), even though the catalytic events
are likely to be limited by the diffusion time of substrate into
the crystal (Makinen & Fink, 1977). Experiments indicate
that binding sites in the crystal (dimensions approximately 1
mm X 0.3 mm X 0.3 mm) are saturated after a soak time of
10 min (L. N. Johnson, unpublished observations). In previous
crystallographic studies, we have observed catalysis by phos-
phorylase crystals with glucose 1-phosphate and oligo-
saccharide as substrates (Sansom et al., 1984; J. Hajdu, un-
published work).

However, even the long soak times and high concentrations,
the reverse reaction (oligosaccharide and phosphate to glucose
1-phosphate) has not been observed in the crystal. This is of
relevance to the present work where these substrates (oligo-
saccharide and phosphate) were present in the soak solution.
The equilibrium constant is dependent on pH and is deter-
mined by the ratio [inorganic phosphate]/[glucose 1-phos-
phate]. At pH 6.8, the ratio is 3.6 (Graves & Wang, 1972).
Hence, the reaction is less favorable in the direction of glucose

1-phosphate formation. Under the conditions of the crystal
experiment, the concentration of glucose 1-phosphate if formed
would be less than its dissociation constant. No glucose 1-
phosphate binding was observed in the crystal. In a control
experiment with oligosaccharide and phosphate, the thin-layer
chromatography showed that after SO h the mother liquor
produced a very small amount of glucose 1-phosphate. The
failure of the crystalline enzyme to produce detectable glucose
1-phosphate may also be due to the fact that oligosaccharide
cannot bind readily at the catalytic site in the crystal (Johnson
et al., 1980).

The present X-ray results clearly show that there are marked
differences in the phosphate positions of enzyme-bound glucose
1-phosphate (K, = 37 mM in the presence of IMP; K, = 3
mM in the presence of AMP) and of enzyme-bound heptulose
2-phosphate (K; = 14 uM) (Figure 4). Since the glyco-
pyranose moieties bind in essentially the same position, the
differences in affinity must be attributed to their different
phosphate positions (which are related by a rotation about the
glycosidic C1-O1 bond). Both phosphates are stabilized by
the helix dipole from the helical residues 135-149. However,
the phosphate of heptulose 2-phosphate makes additional fa-
vorable interactions with the side chains of Lys-573 and
Asn-284 and with the 5’-phosphate of pyridoxal phosphate.
The phosphate of glucose 1-phosphate makes rather too close
contacts with Asn-284. (However, the region 282-284 has
proved difficult to build, with rather large amounts of extra
electron density in the native map. In phosphorylase a,
movements in this region are seen on binding substrates). The
additional interactions made by the phosphate of heptulose
2-phosphate appear sufficient to account for the apparently
tighter binding of this material. Transition-state theory sug-
gests that a substrate analogue that resembles the transition
state of the catalyzed reaction should bind several orders of
magnitude tighter than the substrate itself (Pauling, 1946;
Wolfenden, 1969). The tight binding of heptulose 2-phosphate,
a product formed by phosphorylase, suggests it may be a good
candidate for a transition-state analogue. The phosphate
position occupied by heptulose 2-phosphate could therefore
be the “catalytic” phosphate position. We call this position
the “down” position (with reference to the crystallographic z
axis). The structural results suggest that this position can only
be reached in the presence of a steric constraint such as that
imposed by the C7 8-methyl group in heptulose 2-phosphate
or by the cyclic structure of glucose cyclic 1,2-phosphate.

In considering the catalytic reaction with the natural sub-
strates glucose 1-phosphate and glycogen, we suggest that the
presence of glycogen encourages the phosphate to its down
catalytic position. Substrate interconversion would then only
take place within the ternary enzyme-substrate complex.
Indeed, with the phosphate in the down position there is greater
scope for approach of the oligosaccharide while still allowing
the reaction to proceed with retention of configuration. Such
considerations also help to explain why heptulose 2-phosphate
is a dead-end product: the presence of the 8-methyl group
provides a strong steric constraint against the approach of
oligosaccharide. We must, however, still be cautious about
the role of oligosaccharide in catalysis since we have no data
on oligosaccharide binding at the catalytic site in the crystal.
We note from model-building studies that there is over-
crowding at the second sugar site with the loop of chain in the
region of Gly-135 and that either there must be distortion of
the oligosaccharide from its preferred conformation or there
must be a shift in the protein conformation before oligo-
saccharide can bind. Our present discussions of mechanism
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FIGURE 5: Proposals for possible role of 5/-phosphate of pyridoxal
phosphate in phosphorylase catalysis: (a) 5'-phosphate as a nucleophile
or electrostatic group (Johnson et al., 1980; b) 5’-phosphate as a general
acid-base catalyst (Klein et al., 1982); (c) phosphorus of 5’-phosphate
as an electrophile (Withers et al., 1981b). PXL is pyridoxal.

are therefore limited to what we can learn from the results
on the heptenitol reaction.

Mechanisms that have been proposed for the role of the
5’-phosphate of pyridoxal phosphate in catalysis are summa-
rized in Figure 5. We note that the reaction proceeds, through
cleavage of the C—O bond of glucose 1-phosphate, with re-
tention of configuration and that the kinetics demonstrate a
random-order bi-bi mechanism in which the rate-limiting step
involves the interconversion of the ternary enzyme—substrate
complexes (Graves & Wang, 1972). There is some evidence
for involvement of a glucosyl cation or glucosyl-enzyme in-
termediate (Tu et al., 1971; Firsov et al., 1974; Kokesh &
Kakuda, 1977). Rate (V) vs. pH profiles show a bell-shaped
curve with apparent pK, values at 5.2 and 7.2 (Withers et al.,
1982¢). Kasvinsky & Meyer (1977) noted a pK, of 6.56
associated with the ionization of substrate. In the work of
Withers et al. (1982c), a pK, of approximately 7.2 was ob-
served for the dependence of K, on pH.

Pyridoxal Phosphate as a Nucleophile or an Electrostatic
Stabilizing Group (Figure 5a). In 1980, we noted (1) the
change in the state of ionization of the 5’-phosphate from a
monoanion to a dianion following the conversion of the reg-
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ulatory phosphorylases from the inactive to the active state
(Feldmann & Hull, 1977), (2) the likely requirement for an
electrostatic interaction to stabilize the transition-state car-
bonium ion intermediate, and (3) the need to accommodate
oligosaccharide at the active site (Johnson et al., 1980). In
order to reconcile the available evidence, we proposed that the
mode of binding of the glucose 1-phosphate as seen in the
X-ray structure represented a nonproductive mode. We
showed by molecular model-building studies than an alter-
native binding mode was possible that would allow oligo-
saccharide to bind in its preferred conformation to the active
site channel. It was proposed that the 5’-phosphate dianion
could act to stabilize the carbonium ion intermediate and that
His-376 could act as a general acid (Figure 5a). The close
proximity of the carbonium ion to the pyridoxal 5'-phosphate
could result in a perturbation of its 3P NMR spectra consistent
with the studies that have been reviewed by Helmreich &
Klein (1980). Takagi et al. (1981) have since reconstituted
apophosphorylase with pyridoxal(5’)phospho(1)-3-D-glucose
and shown that this complex has no enzyme activity. $-D-
Glucopyranose 1-phosphate does not appear to bind to the
pyridoxal enzyme (Withers et al., 1982a). These results rule
our participation of the 5’-phosphate of pyridoxal phosphate
as a nucleophile that acts to form a covalent intermediate, but
they do not exclude electrostatic stabilization of the carbonium
ion by the phosphate dianion of the cofactor. Although this
mechanism has the advantage of simplicity, there is no direct
evidence to support it.

We now have difference electron density maps for five
substrates and substrate analogues bound at the catalytic site
of phosphorylase b (glucose 1-phosphate, glucose, heptenitol,
glucose cyclic 1,2-phosphate, and heptulose 2-phosphate). The
last two compounds are potent inhibitors (K; = 500 uM and
26 uM, respectively; Klein et al., 1984b) and may be related
to the transition-state structure for the reaction. All of these
compounds bind with their glucopyranose moieties in essen-
tially the same position, indicating that the enzyme is specific
for this part of the substrate. The observations for heptulose
2-phosphate seem to us to be the most relevant for catalysis,
because this compound is formed in a catalytic reaction of the
enzyme. The orientation of this compound is not compatible
with the nucleophilic or electrostatic role of the cofactor
phosphate envisaged by Johnson et al. (1980).

Pyridoxal Phosphate as an Acid—Base (Figure 5b). On the
basis of P NMR data and the reaction of phosphorylase with
glycosylic substrates such as heptenitol and glucal (Helmreich
& Klein, 1980; Klein et al., 1982; 1984a,b), Helmreich and
his colleagues have proposed a mechanism in which the 5/-
phosphate group of pyridoxal phosphate becomes protonated
when substrate binds and that this group then acts as a general
acid to catalyze the cleavage of glucose 1-phosphate (Figure
5b). This mechnism can explain why the enzyme catalyzes
phosphorylysis rather than hydrolysis, as discussed by Jenkins
et al. (1981).

The NMR observations reported in the preceding paper
(Klein et al., 1984) indicate the dianionic 5'-phosphate group
of the natural cofactor becomes partially protonated on binding
heptulose 2-phosphate to potato phosphorylase whereas the
monoprotonated 5-phosphonate group of the partially active
deoxypyridoxal(methylenephosphonate) phosphorylase b de-
rivative was shown to share a proton with the phosphate moiety
of heptulose 2-phosphate. In the crystal studies on phospho-
rylase b with the natural cofactor, the separation of the hep-
tulose 2-phosphate and cofactor phosphate oxygen atoms is
2.7 £ 0.3 A. There are no charged groups in the immediate
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FIGURE 6: Proposed schemes for the phosphorylation of (a) glycogen and (b) heptenitol that involve the 5’-phosphate of pyridoxal phosphate

as a general acid-base catalyst.

vicinity of these electronegative atoms, and we must therefore
assume there to be a hydrogen bond between them. On the
basis of the X-ray evidence, we cannot tell with which phos-
phate the proton is associated.

A neutron diffraction study, like that carried out on trypsin
by Kossiakoff & Spencer (1980), would be required to solve
this problem. We note that the pK, of heptulose 2-phosphate
is 6.7 while the pK, of the cofactor phosphate is sensitive to
the state of activation of the enzyme.

As noted previously (Johnson et al., 1980), the 5’-phosphate
of the pyridoxal phosphate is too far from the glycosidic oxygen
to act directly as a general-acid catalyst at this locus. However,
the close proximity of the two phosphates observed in the
heptulose 2-phosphate complex is in accord with mechanism
whereby the cofactor facilitates loss of inorganic phosphate
from glucose 1-phosphate, as shown in Figure 5b.

In the reverse reaction it is envisaged that the cofactor
phosphate promotes attack of inorganic phosphate on the
glycoside (Figure 6a). The corresponding reaction whereby
the constellation of groups observed in the crystal structure
might result in phosphorylation of heptenitol is shown in Figure
6b. In the first step, the monoanion form of the cofactor
promotes protonation of the carbon—-carbon double bond by
inorganic phosphate leading to a carbonium-oxonium ion in-
termediate. Subsequent nucleophilic attack by the inorganic
phosphate results in the formation of heptulose 2-phosphate.
The geometry of the active site ensures that the phosphate ester
bond is in the a-configuration.

It is evident that such proposals form only the most sim-
plified scheme. Even so, there are at least three uncertainties.
First, there is no direct evidence that the proton comes from
inorganic phosphate. It could come from the solvent or from
a group on the enzyme. However, there is no suitable pro-
ton-donating group in the vicinity. In support of our proposals,
we note that phosphate is obligatory for the reaction and that
such a bifunctional role for phosphate has precedent in physical

organic chemistry. The second uncertainty concerns the
phosphate binding site itself. A shift in position (of approx-
imately 1 A) is required between the first stage of the reaction
where the phosphate is noncovalently bound and the second
stage where the phosphate is covalently attached to the hep-
tulose 2-phosphate molecule. Our direct observations relate
only to the final stage of the scheme. Clearly, it will be
important to establish the phosphate attacking position, and
this might be possible by low-temperature X-ray crystallo-
graphic studies. Third, the mechanism appears to require a
group X~ (Figure 5b) to stabilize the carbonium—oxonium ion
intermediate.  In the present interpretation of the crystal
structure, there are no obvious candidates. Glu-671 and
Tyr-572 are in the vicinity but are in the wrong orientation
and too distant with respect to the C1 atom. Glu-381 is in
the right orientation (Figure 2b) but the carboxyl oxygens are
more than 5 A from C1. However, an attractive feature of
the acid—base mechanism shown in Figures 5b and 6 is that
the bifunctional role of the inorganic phosphate molecule
allows it to act as its own nucleophile. Therefore, it may be
that groups from the protein for this role are not of vital
importance, although they are still likely to contribute some
stabilization.

Pyridoxal Phosphate as an Electrophile (Figure 5c).
Madsen and Fukui and their colleagues have together and
independently provided evidence for the close proximity of the
substrate’s phosphate and the cofactor’s 5-phosphate groups
(Shimomura & Fukui, 1980; Withers et al., 1981a,b, 1982a,b;
Takagi et al., 1982; Fukui et al., 1984; Madsen & Withers,
1984). These observations have led them to propose that in
the presence of substrate the dianionic phosphate group is
constrained so as to allow the phosphorus atom to act as an
electrophile (Figure 5c). The phosphorus atom withdraws
electrons from the substrate phosphate and destabilizes the
ester bond.

Part of the evidence for this mechanism came from X-ray
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diffraction studies on phosphorylase a crystals complexed with
glucose cyclic 1,2-phosphate in which the distance between
the inhibitor phosphorus and the cofactor phosphorus was 6.8
A (Withers et al., 1982a). In the present study, we observe
the distance between the phosphorus of bound heptulose 2-
phosphate and the cofactor phosphorus atom to be 4.5 A. The
closest approach of the heptulose 2-phosphate oxygen to the
phosphorus of the cofactor is 3.9 A. However, the electrophilic
mechanism (Figure 5c) would presumably demand an even
closer approach than this, and we may expect that the sepa-
ration of substrate phosphate oxygen and the cofactor phos-
phorus would have to be only 2-3 A for effective electrophilic
catalysis.

It has been proposed (Withers et al., 1981a,b, 1982a) that
additional cationic groups might move into the catalytic site
during catalysis and help to stabilize the putative penta-
coordinated state of the 5’-phosphorus atom. The present work
on phosphorylase b shows that the 5’-phosphate is already
buried in the native enzyme with only one phosphate oxygen
(O33) accessible to water (or to other groups). On binding
heptulose 2-phosphate, the 5’-phosphate of the cofactor be-
comes totally inaccessible. It seems therefore unlikely that
there is room for any additional contributions to the phosphate
stabilization in this particular complex. No movement of the
5’-phosphate or of any groups in its vicinity is observed in our
difference Fourier syntheses, although at 3-A resolution a
change in geometry from tetrahedral to pentacoordinate at
the phosphorus would be very difficult to detect.

One criticism of the “phosphorus as electrophile” hypothesis
has been that if the incoming phosphate oxygen approach was
“in line” with respect to the 5’-phosphate ester linkage, then
the enzyme could function as a kinase, cleaving the 5’-phos-
phate ester bond and transferring the 5’-phosphate to glucose
1-phosphate. We note, however, that in the heptulose 2-
phosphate complex (Figure 3) the approach of the substrate
phosphate oxygen is definitely not in line.

The electrophilic mechanism requires a proton donor and
a nucleophilic group (X") to stabilize the carbonium ion in-
termediate. As noted above, in our present crystal structure
although there are some possible candidates for these roles,
none of these amino acid side chains are close enough or in
the right orientation. We therefore consider that our present
X-ray evidence neither rules out the electrophilic mechanism
nor provides evidence to support it.

In summary, our results demonstrate the close proximity
of the phosphate of the product heptulose 2-phosphate to the
5’-phosphate of the pyridoxal phosphate, in an orientation that
is consistent with a proton-transfer role for the 5’-phosphate
of pyridoxal phosphate [see preceding paper, Klein et al.
(1984b)]. The results do not rule out other possible mecha-
nisms, nor are we able, as yet, to elucidate the binding mode
of the second substrate glycogen, nor can we disregard the fact
that more substantial changes in conformation may take place
during activation and catalysis and that these changes may
bring other groups into the active site region.
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