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Abstract

The allosteric transition of glycogen phosphorylase promoted by protein phosphorylation is accompanied by the
association of a pair of functional dimers to form a tetramer. The conformational changes within the dimer that
lead to the creation of a protein recognition surface have been analyzed from a comparison of the crystal struc-
tures of T-state dimeric phosphorylase b and R-state tetrameric phosphorylase a. Regions of the structure that
participate in the tetramer interface are situated within structural subdomains. These include the glycogen stor-
age subdomain, the C-terminal subdomain and the tower helix. The subdomains undergo concerted conforma-
tional transitions on conversion from the T to the R state (overall r.m.s. shifts between 1 and 1.7 A) and, together
with the quaternary conformational change within the functional dimer, create the tetramer interface. The gly-
cogen storage subdomain and the C-terminal subdomain are distinct from those regions that contribute to the di-
mer interface, but shifts in the subdomains are correlated with the allosteric transitions that are mediated by the
dimer interface. The structural properties of the tetramer interface are atypical of an oligomeric protein interface
and are more similar to protein recognition surfaces observed in protease inhibitors and antibody-protein anti-
gen complexes. There is a preponderance of polar and charged residues at the tetramer interface and a high num-
ber of H-bonds per surface area (one H-bond per 130 A?). In addition, the surface area made inaccessible at the
interface is relatively small (1,142 A? per subunit on dimer to tetramer association compared with 2,217 A? per
subunit on monomer-to-dimer association).
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ciation

Regulation of protein activity and function is frequently
mediated through protein-protein interactions and by
changes in the state of protein oligomerization. Trans-
membrane signal transduction by membrane-associated
receptors, exemplified by the insulin, epidermal growth
factor, and colony-stimulating factor receptors, is caused
by a stimulation of the intracellular tyrosine kinase domain
promoted by ligand binding to the extracellular domain
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Abbreviations: GPa, glycogen phosphorylase a; GPb, glycogen phos-
phorylase b; Glc-1-P, a-D-glucose-1-phosphate; superscripts: * denotes
residues related across the p axis, ” denotes residues related across the
g axis, and ” denotes residues related across the 7 axis; r.m.s., root mean
square; R-factor, 2, | F, — F.|/ 24 Fy.
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and is accompanied by protein association (reviewed by
Yarden & Ullrich, 1988). Proteins of the G-coupled re-
ceptor system are also regulated as a consequence of
changes in protein-protein interactions (reviewed by
Weiss et al., 1988). The mechanisms by which oligomer-
ization exert changes in function are unknown, although
it is likely that changes in the tertiary structure of the pro-
tein accompany changes in oligomerization. Clues to how
tertiary structure is dependent on quaternary structure
have been obtained from studies on various allosteric
proteins, for example hemoglobin (Perutz, 1987), aspar-
tate transcarbamylase (Kantrowitz & Lipscomb, 1988),
glycogen phosphorylase (Barford & Johnson, 1989), and
phosphofructokinase (Schirmer & Evans, 1990). These
studies have shown that transmission of signals between
remote ligand-binding sites, within or between subunits,
depends on the interdependence of quaternary and ter-
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tiary structures. Glycogen phosphorylase also represents
an example of a change in oligomerization associated
with enzyme activation. An understanding of the nature
of the relationship between protein oligomerization and
the tertiary structure of glycogen phosphorylase may pro-
vide insight into the mechanism of regulation of other
protein complexes.

Glycogen phosphorylase catalyzes the phosphorolytic
degradation of glycogen into Gic-1-P. The activity of the
enzyme is regulated by the interconversion between alter-
nate structural states controlled by allosteric interactions
and reversible phosphorylation. The T state exhibits a low
affinity for substrates, whereas the R state exhibits a high
affinity for substrates and allosteric activators. The non-
phosphorylated form of the enzyme, GPb, is activated by
AMP. The enzyme displays homotropic cooperativity to-
ward binding of substrate and AMP (Buc, 1967; Black &
Wang, 1968) and heterotropic cooperativity between
AMP and substrates (Helmreich & Cori, 1964). Hormonal
or neuronal signals stimulate kinase-catalyzed phosphor-
ylation of serine 14. The activity of the phosphorylated
form, GPa, is not dependent on AMP, although activ-
ity is enhanced by AMP. GPa binds substrates and AMP
with a high level of affinity, although cooperatively.
AMP-activated GPb displays approximately 95% of
AMP-activated GPa activity (Madsen, 1986).

In the absence of effectors, GPb is a dimer in which
each subunit has a relative molecular mass of 97,434, Ac-
tivation by AMP or by phosphorylation produces an
association of dimers to tetramers. Early work demon-
strated that GPa had double the molecular weight of
GPb (Keller & Cori, 1953). This was one of the first ob-
servations of a change in physical properties between the
activated and nonactivated state of phosphorylase, and
for some years it was assumed that the tetramerization
and activation were intimately linked, a view put forward
in older biochemistry textbooks. However the discover-
ies that association was inversely dependent upon ionic
strength (Wang & Graves, 1963, 1964) and that tetramers
are less active than dimers (they exhibit 12-33% of the ac-
tivity of the fully active dimers [Metzger et al., 1967;
Huang & Graves, 1970]) together with observations that
glycogen or oligosaccharide promotes dissociation of less
active tetramers to more active dimers have led to the
view that the dimeric state is the active form of the en-
zyme. In muscle, phosphorylase is bound as the dimeric
state to glycogen particles (Meyer et al., 1970). Some
phosphorylases, such as the shark and the isozyme I of
heart muscle (Davis et al., 1967) and the pig muscle phos-
phorylase (Oikonomakos et al., 1985) show less tendency
to form tetramers on activation. The dramatic change in
state of oligomerization that accompanies the T-to-R
transition in the rabbit muscle enzyme (in the absence of
glycogen) is often used as a diagnostic of the activation
state such as in the comparison of IMP and AMP acti-
vation (Black & Wang, 1968), inhibition and stabilization
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of the T state by glucose (Wang et al., 1965; Withers et al.,
1979), activation by modified cofactors (Withers et al.,
1982), and activation by sulfate (Leonidas et al., 1990).

The structures of various forms of glycogen phosphor-
ylase have been determined. High-resolution structures
are available for T-state GPb crystallized with the weak
activator IMP (Acharya et al., 1991) and T-state GPa
crystallized in the presence of the inhibitor glucose
(Sprang & Fletterick, 1979). In the crystals, both T-state
forms exist as dimers, and the structures have been com-
pared (Sprang et al., 1988). The structures of R-state
GPb and GPa crystallized in the presence of 1.0 M am-
monium sulfate have been determined to a resolution of
2.9 A and the two R-state structures are closely similar
(Barford & Johnson, 1989; Barford et al., 1991). High
concentrations of ammonium sulfate induce R-state char-
acteristics of phosphorylase, and, in both R-state forms,
the enzyme exists as a tetramer (Engers & Madsen, 1968;
Sotiroudis et al., 1978; Leonidas et al., 1990). The kinetic
properties of the enzyme in the presence of ammonium
sulfate have been established (Leonidas et al., 1990). Re-
cently Sprang et al. (1991) have determined the R-state
structure of GPb in the presence of AMP and a modified
cofactor, in which the enzyme was crystallized from poly-
ethylene glycol. In this structure as in the other R-state
structures, the molecule is a tetramer. A comparison of
the T- and R-state structures has provided an explanation
for the enzyme’s cooperative behavior on ligand binding
and its regulation by allosteric effectors and reversible
phosphorylation. The structural changes associated with
sulfate-stimulated activation of GPb and phosphoryla-
tion of Ser 14, occurring in the vicinity of the allosteric
sites at the dimer interface and catalytic sites, have been
described previously (Sprang et al., 1988; Barford & John-
son, 1989; Barford et al., 1991). In this paper we report
the structural features of the tetramer interface and the
quaternary and tertiary conformational changes associ-
ated with formation of this interface. The properties of
glycogen phosphorylase have been reviewed (Graves &
Wang, 1972; Madsen, 1986; Johnson et al., 1989; John-
son, 1992).

Results

Description of the overall structure

The organization of secondary structure in both T and R
states is similar. The subunit structure of the enzyme is
composed of two domains of approximately equal size
(Fig. 1). These comprise residues 10-484 (the N-terminal
domain) and residues 485-842 (the C-terminal domain).
(Residues 1-10 have not been located.) Each domain is
centered on an «/@ structure. In addition, the C-termi-
nal domain contains a substantial amount of all « struc-
ture (residues 714-825, helices a23~a29). A diagram of
the protein topology is shown in Figure 2, and a detailed
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Fig. 1. Schematic diagram of T-state GPb (adapted from Acharya et al., 1991) viewed along the crystallographic y axis (T-state
GPb tetragonal crystals). o-helices and 3-strands are represented by cylinders and arrows, respectively. Glucose-1-phosphate
and pyridoxal 5’-phosphate are shown bound to the catalytic site. Maltopentose is shown bound to the glycogen storage site
(part of the glycogen storage subdomain). The C-terminal subdomain is located at the lower right of the subunit and the cap/«2
subdomain is located at the top right. Regions where Ca-atom positions differ by more than 0.5 A between T-state GPb and
R state GPa are shown as shaded (dotted) areas.

The diagram omits the first 20 residues, and the polypeptide chain begins with the 1 helix (residues 23-38) (in which an extra
N-terminal turn occurs in T-state GP4) followed by the cap structure, a loop connecting the o 1- and o 2-helices. The o 1-helix
packs against the start of a2, with the remainder of the o2 helix packing against strands 87, 810, 11, and 34 of the central
$-sheet core. Leading from «2, the polypeptide chain forms the central 8-strand, 81, of the 3-sheet. The chain then makes the
first excursions from the central sheet with the 82-strand, which with 83 forms part of a two-stranded antiparallel 3-sheet. Fol-
lowing (32, the chain enters a bundle of three a-helices, a3, a4, and a5. The a4 helix packs against « 1, and the start of «5 is
associated with the N-terminus of «2. The helices «1 and a4 and the N-termini of both «2 and «5 form a compact indepen-
dent subdomain, termed the cap/«2 subdomain. The 33 strand leads into «6, which packs closely against the 5-sheet core. The
turn connecting 83 with a6 forms part of the catalytic site (residues 131-134). The chain then enters a mixed 8-sheet formed
by 85 and 36 leading into the peripheral strand of the core, 37. The 87 strand is antiparallel to 310 and joined to it via an anti-
parallel B-sheet formed from 38 and 39. This sheet produces the second major excursion from the core. The 811 strand, anti-
parallel to 810, is linked to the tower helix (residues 261-274) by a loop of flexible residues. The tower helix, which forms the
most significant excursion from the core, is anchored at its base by a 3-strand (311b, residues 276-279), which is part of a mixed
B-sheet including 35 and 86. The 311b strand leads into the 280s loop (residues 281-287), a hairpin loop forming a gate to the
catalytic site entrance in the T state. Pro 281 is associated with Asn 133 of 33 and Ile 165 of 35. The 280s loop leads into the

(continued on facing page)
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Table 1. Classification of subdomains

475

Structure
change
Name Residues Secondary structure Subunit interface TioR Reference
N-terminal domain
N-terminal tail 10-23 — p axis (GPa only) Yes Barford & Johnson, 1989;
Barford et al., 1991
Cap/a2 23-58 ol, cap, a2 p axis Yes Barford & Johnson, 1989;
Barford et al., 1991
ad/as 104-124 o4, oS
Tower/280s loop 261-285 a7 p axis Yes Barford & Johnson, 1989;
Barford et al., 1991
r axis This work
Glycogen storage 388-448 «ll, al2, al3, 15, B16, «l4d g axis Yes This work
456-475 «lSa, alSb
C-terminal domain
Structural unit 1 485-561 w, «l6, 310, al7 — No This work
Structural unit 2 562-645 319, «18, 320, «19, 321 q axis Yes This work
Structural unit 3 646-710 «20, 822, 21, 823, a22, 324 — No This work
Structural unit 4 711-785 23, a24, a25, a26, a27 q axis Yes This work
Structural unit § 786-837 27, a28, «29 — No This work
C-terminal subdomain units 2 & 4  568-593  «l8 q axis Yes This work
608-645 «l19/B21
T11-785 23, a24, 25, o26, o27

description of T-state GPb is presented in Acharya et al.
(1991).

Each domain has subdomains composed of compact
structural folds existing independently from the main do-
main fold. These subdomains are of interest as they un-
dergo conformational changes on interconversion between
the T and R states and are involved in forming intersub-
unit contacts. The subdomains are defined in Table 1. In
the N-terminal domain, the subdomains comprise excur-
sions of the chain from the central core of the structure

Fig. 1. Continued

(see Kinemage 1). They include the N-terminal tail, the
cap/ a2 unit, the tower helix with the 280s loop, and the
glycogen storage subdomain. In the C-terminal domain,
the protein fold allows a division into five structural units
(see Kinemage 2). The independent structural units are
delineated by a two-dimensional distance geometry plot
(Phillips, 1970) (Fig. 3). The plot represents a contour
map of the interatomic distances between pairs of Ca-
atoms with the lowest contour corresponding to separa-
tions of 35 A and the highest contour to separations of

«8 helix, which packs against the 8-sheet core. Residues of the C-terminus of the o8 helix participate in producing the AMP

allosteric site located at the dimer interface.

The chain then forms a mobile and irregular loop before developing into a short helix, «8b, and subsequently joining the
B-sheet core at $12. At the end of 312, the chain forms «9, a helix packing closely against the 8-sheet, and then into « 10, be-
fore rejoining the sheet at $13. The loop connecting 813 to 814 (the 380s loop, residues 377-385) forms part of the catalytic
site. The 814 strand is a strand of a mixed B-sheet also consisting of 815 and 316 with 314 connected to 815 via 3 «-helices,
all, a12, and «13. The chain then folds into a reverse turn of 315 and 316. The « 12-a 13 pair of helices exists autonomously
except where they pack against the «15a and «15b helices. The «12, «13, and the 3-strands 315 and 816 form the glycogen
storage subdomain, which includes the glycogen storage site. From this subdomain, the chain leads into «14 and 817 of the
central 3-sheet and from there to o15a and «15b and finally to the last strand of the 3-sheet, 318.

The chain enters the C-terminal domain with a compact bundle of four helices consisting of a 7 helix, «16, two 3, helices,
and o 17. At the center of the C-terminal domain is the dinucleotide-binding fold consisting of a core of six parallel 3-strands,
319-324. Flanked on one face are two helices, «18 and « 19, and on the opposite face of the sheet, «20, «21, and «22. The
chain then folds into an «-helical region in which a-helices «23-«26 and the N-terminus of «27 form one unit and helices «27,

«28, and «29 form a second unit.
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Fig. 2. Topology diagram of (A) N-terminal domain (residues 10-484) and (B) C-terminal domain (residues 485-842) of glyco-
gen phosphorylase. Regions where Ca-atoms differ by more than 0.5 A between T-state GPb and R-state GPa are shown shaded.
The positions of interdomain H-bonds and salt bridges are indicated (O representing interactions common to both states;
T, interactions unique to the T state; and R, interactions unique to the R state). The subdomains are indicated.
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Fig. 3. Two-dimensional distance geometry plots of the C-terminal do-
main. Interatomic distances are contoured from 35 A to 80 A at inter-
vals of 10 A. The division of the C-terminal domain into five structural
units is depicted.

80 A. Hence, positions on the map corresponding to
long-range interatomic contacts are indicated by high
density and positions of short-range contact by low den-
sity. Units 1, 3, and 5 are close together in the structure,
as are units 2 and 4, but units 1, 3, and 5 form few con-
tacts to units 2 and 4. Elements of units 2 and 4 together,
comprising the helices « 18 and « 19 and the helices «23-
«27, are termed the C-terminal subdomain. Units 1, 3,
and 5 and the C-terminal subdomain occupy different po-
sitions within the domain. The C-terminal subdomain is
situated on the face of the 3-sheet forming the catalytic
surface and residues of the «23-«24 loop and a25-a26
loop participate in interdomain contacts. Units 1, 3, and
5 are located on the opposite side of the molecule that
contains the allosteric and Ser-P regulatory sites (Fig. 1).

In the T-state crystal structures of GPa and GPb, the
enzyme exists as a dimer. The two subunits are related by
a crystallographic twofold axis of symmetry. The dimer
interface between the subunits comprises contacts that are
located principally at two distinct sites on the surface
(Acharya et al., 1991) (Fig. 4A). One contact, the cap’/
a2 interface, is formed by the association of the cap’ (a
loop of residues 35-45 that connects the first and second
helices o1’ and «2’) with the «2 helix and 37 strand of
the opposite subunit (superscript * denotes regions of the
structure from the symmetry-related subunit). A second
contact is formed by the antiparallel association of a pair
of a-helices, termed the tower helices, one from each sub-
unit, which link the catalytic site to the subunit interface
and hence indirectly to the allosteric and phosphorylation
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sites. On the T-to-R transition one subunit rotates with
respect to the other by 10° about an axis normal to the
twofold axis of the dimer, and there are major changes
at the subunit contacts that include a tightening of the
cap’/ a2 contact and a change in the packing of the tower
helices (Kinemages 4-6; Barford & Johnson, 1989). On
phosphorylation or activation by sulfate, the N-terminal
residues 10-23 adopt a different conformation and change
their interactions from intrasubunit contacts to inter-
subunit contacts. The unphosphorylated Ser 14 is sur-
rounded by acidic residues in GPb, and the Ser 14-P in
GPa contacts two basic residues, Arg 69 and Arg 43’
(Sprang et al., 1988; Barford et al., 1991). The concerted
changes in tertiary and quaternary structure on the T-to-R
transition not only alter the structure of the dimer sub-
unit interface but are also accompanied by changes else-
where on the surface.

Tetramer interface contacts

In all crystal structures of the R-state enzyme the aggre-
gation state is a tetramer, consistent with solution exper-
iments that have shown that aggregation accompanies
activation in the absence of glycogen. The crystal struc-
ture shows that functional dimers aggregate to form a
square planar array with 222 symmetry (Fig. 4B;
Kinemages 3, 4). The twofold axes do not correspond to
crystallographic axes of symmetry, but previous analysis
has shown that the subunits are identical to within the
precision of the data (Barford & Johnson, 1989). The
axes p, g, and r represent the three mutually orthogonal
axes. The p axis corresponds to the dyad axes of the func-
tional dimer. Within the tetramer interface, the majority
of interactions are produced across the q axis, and there
are relatively few contacts across the r axis.

Regions of the subunit that are involved in the tetra-
mer contacts are shown in Figure 5. The view is down the
p axis and is normal to the view shown in Figure 4. This
figure shows the same view of the dimer as in Figure lc
in Barford et al. (1991), but in the present diagram those
regions involved in the tetramer interface are highlighted
in contrasting colors, whereas in the figure in Barford
et al. those parts of the molecule that shift on the T-to-
R transition are highlighted. There is a close correspon-
dence between those regions that change in structure and
those regions involved in subunit contacts. The confor-
mational changes are described in the next section.

Across the g axis, two types of contacts exist arising
from four structural elements on each subunit producing
six tetramer contacts in total. One contact is produced be-
tween residues 723 and 729, a loop connecting «-helices
@23 and «24 of the C-terminal subdomain, with their
symmetry-related counterparts, indicated in green in Fig-
ure 5 and shown in detail in Figure 6. The contact is
formed by the polar interactions of the main-chain car-
bonyls of residues Gin 723, Arg 724, and Gly 725 with the
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Contact 1

ag12
Contact 2

Contact 1

Fig. 5. Color diagram showing the location of the tetramer interface
contacts. Ca-atom ribbon trace of the R-state GPa dimer viewed down
the p-dyad axis onto the catalytic face of the molecule, i.e., 90° about
the q axis from Figure 4. The - and r-dyad axes are vertical and hori-
zontal, respectively. Regions across the q axis that form contact 1 are
colored green, and regions that form contact 2 are in red with the
symmetry-related contacts in yellow. The tower helices that form inter-
actions across all three axes (p, g, r) are indicated in orange.

side chains of Asn 727” and Gln 729” of the opposite sub-
unit. There are six main-chain/side-chain H-bonds (Ta-
ble 2). (The amide group of the side chain of Asn 727 was
flipped 180° from the previously assigned arbitrary po-
sition in order to make these H-bonds.) A comparison of
the conformation of residues at this interface with their
equivalents in the T state indicates that there are no lo-
cal conformational changes involving the main-chain or
side-chain atoms occurring on formation of this subunit
contact, but these residues are part of the C-terminal sub-
domain that shifts as a rigid body as described below.
A second contact comprises three regions of the struc-
ture: (1) residues 423-435 of the «13 helix and the 315/
316 sheet of the glycogen storage subdomain of one sub-
unit to (2) residues 752”-756", a loop connecting the «25
and «26 helices of the C-terminal subdomain and (3) Trp
174" of 36 of the opposite subunit. The interactions
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Table 2. R-state GPa tetramer interface interactions

Hydrogen bonds and salt bridges Van der Waals contacts

<3.5A <4.0 A
q axis q axis
Contact 1 Contact 1
GIn 723 O ... GIn 729 NE2 Asp 722 His 767
Arg 724 O ... Asn 727 ND2 Gln 723 GIn 729
Gly 7250 ... Asn 727 ND2 Arg 724  Asn 727
Gln 729
Gly 725  Asn 727
Contact 2 Contact 2
Arg 426 NHI1 ... Asp 756 ODI Trp 174  Glu 433
... Asp 756 OD2 Gly 434
Ala 435
Glu 433 O ... GIn 754 NE2 Asp 423 Pro 755
Arg 426  Lys 753
Pro 755
Asp 756
Glu 433  GIn 754
Contact 3
Tyr 262 Ile 263
r axis r axis
Tyr 262  Leu 267
None Leu 271
Gln 264  Gln 264
Leu 267

formed at this interface are both ionic and polar with an
H-bond formed between the side chain of Arg 426 and
Asp 756” and between the Gln 754” side-chain to the
main-chain carbonyl of Glu 433. A hydrophobic interac-
tion is created by the association of Trp 174” to Gly 434
and Ala 435. Details are given in Table 2 and illustrated
in Figure 7. The regions of the molecule forming this con-
tact are colored red with the symmetry-related structural
elements in yellow in Figure 5. These contacts are facili-
tated by local side-chain conformational changes in ad-
dition to subdomain motions. The side-chain of Gln 754”
rotates by 180° to form an H-bond to the main-chain car-
bonyl of Glu 433, and the carboxylate group of Asp 756"
shifts by 2 A forming a salt bridge to Arg 426. This tet-
ramer contact is formed from part of the glycogen-bind-
ing site. Residues of 815, 816, and « 13, particularly the
side chains of Arg 426 and Glu 433 contribute to this site
(Johnson et al., 1988, 1990).

Residues of the tower helix contribute to all three sub-
unit interfaces. The most substantial contribution in-
volves the dimer interface (p), which undergoes a radical
conformational change during the T-to-R state transition
(Barford & Johnson, 1989) (Fig. 8). In the tetramer, a
nonpolar contact is formed across the r interface between
the side chains of Tyr 262 and Leu 267" and between Gln
264 and Gln 264”. Across the q interface Tyr 262 forms
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a van der Waals interaction to Ile 263” (Table 2). In the
T state, Tyr 262 is associated with Pro 281’ in a contact
across the dimer p axis, an interaction that is destroyed
on the T-to-R transition, which leaves Tyr 262 exposed
for other interactions.

The association of isolated R-state subunits about the
p axis to form dimers results in a change of solvent-
accessible area of 2,217 A2 per subunit. The change in
solvent-accessible area on association of dimers about
the q and r axes to form the the tetramer is 1,142 A? per
subunit in which association about the q and r interfaces
buries 782 A% and 360 AZ per subunit, respectively. Hence
the total area buried per subunit on association of sub-
units to the tetramer is 3,359 A2 with 66% of this area
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Fig. 6. Interactions at contact 1 of the g-
tetramer interface. The view is down the g
axis. The interactions involve association of
residues from the loop between «23 and
a24 about the twofold q axis with their
symmetry-related residues.

\

ReTe Bs

Fig. 7. Interactions at contact 2 of the g-
tetramer interface. The view is normal to
the q axis as in Figure 4B. Residues from
the glycogen storage subdomain (13 and
B15) are in contact with those from the
«25/a26 loop.

arising from formation of the dimer interface. The tetra-
mer interface is smaller than the dimer interface and is
less than the average value for interface contact areas
listed by Miller et al. (1987) in a survey of 23 protein
structures. The dimer interface (p) and the tetramer in-
terface (q and r) correspond to 7% and 3%, respectively,
of the total subunit solvent-accessible area.

The contributions to the change in solvent-accessible
area on formation of the tetramer are listed in Table 3.
The two major contacts across the g axis (described
above) contribute 156 A% and 536 A? per subunit for
contacts 1 and 2, respectively. Thus, 68% of the change
in solvent-accessible surface area on formation of tetra-
mers occurs at the q interface, and about this axis the as-
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Fig. 8. Interactions at the tower helix dimer interface viewed down the molecular dyad p axis as in Figure 5. A: T-state GPb.
B: R-state GPa. In the T state (A), there are polar interactions between Asn 270 and Asn 274’ and nonpolar interactions be-
tween Val 266 and Leu 267" In the R state (B), Arg 269 H-bonds to Gln 273’ and Asn 270 to Asn 270"

sociation of contact 2 (the association of the glycogen
storage domain with the «25/«26 loop) produces the
larger change in solvent-accessible surface area, account-
ing for almost 50% of the total solvent-accessible surface
area changed on tetramer formation. The association of
tower helices across the r axis causes a change in solvent-
accessible surface area of 360 A2 per subunit.

Conformational changes

The conserved core

The conformational differences between T-state GPb
and R-state GPa that give rise to changes in the enzyme’s
surface and may account for the association of dimers to
tetramers in the R state have been analyzed by superim-
posing equivalent subunits. A strategy was developed to
identify a conserved core of residues whose positions do
not shift and to distinguish these from regions with more

substantial conformational changes. A least-squares su-
perimposition was performed to define the set of Ca-
atoms that deviate between the two structures by less than
an overall r.m.s. of 0.5 A. This was achieved by perform-
ing a global superimposition over residues 10-837 for T
and R states that gave an overall r.m.s. difference of
3.7 A. This reduced to 1.3 A if residues 10-22 were ex-
cluded. The atom pair that deviated most between the
two structures was identified and excluded from the set
of atoms, a new superimposition was performed, and the
r.m.s. deviation redetermined. This filtering process was
continued until a subset of atoms representing a structur-
ally conserved core was established. The conserved core
comprises 536 Ca-atoms out of a total of 828 (65%) that
superimpose to within an overall r.m.s. difference of
0.5 A. Using this procedure to superimpose structures, a
larger number of Co-atoms superimpose more closely
than occurs when a global superimposition is performed
designed to minimize the overall r.m.s. deviation. Ta-
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Table 3. Changes in solvent accessibility per subunit
on formation of R-state tetramers

q-axis contacts

r-axis contacts

Area change Area change

Residue number (A% Residue number (A?)
Contactl Arg 205 50
Arg 724 25 Gln 264 62
Asp 722 21 His 390 35
Gln 723 30 Leu 267 60
729 45 271 31
Gly 725 35 Phe 257 48
Contact 2 Thr 394 21
Ala 435 62 Tyr 262 53
Arg 426 87
770 27
Asp 423 9
756 27
Asn 727 60
Glu 433 25
Gln 754 49
Gly 434 43
His 767 31
768 38
Leu 757 8
Lys 753 18
Met 618 5
Pro 755 25
Trp 174 33
Contact 3
Tyr 262 42
Ile 263 37
Total 782 Total 360

ble 4 indicates that 379 Cw-atoms differ in position by
less than 0.5 A between the two structures when a filtered
superimposition is applied, compared to 244 when an
overall superimposition is performed. A plot of the
r.m.s. deviations in C-atom coordinates between R-state
GPa and T-state GPb after a superimposition based on
the conserved core operation has been given previously
(Barford et al., 1991).

Cu-atoms that differ in position by more than 0.5 A
between the two structures (defined as the core atoms) are
depicted by shading in Figures 1 and 2. Within the N-ter-
minal domain, all elements of the central 3-sheet form
part of the structurally conserved core together with those
structural elements most closely associated with it,
namely the «2, a3, @6, and o9 helices and the majority
of the 38/89 loop. In the C-terminal domain, the core
consists of the 3-strands of the dinucleotide-binding fold
319, B20, 322, 323, 824 (except $21), and the a-helices
20, a2l, @22 (i.e., structural unit 3 and most of struc-
tural units 1 and 5). Two hundred eighteen C-atoms of
the N-terminal domain and 161 Cx«-atoms of the C-ter-

D. Barford and L.N. Johnson

Table 4. Conserved residues between T-state GPb
and R-state GPa

1. The 536 Ca-atoms of a structurally conserved core, which
superimpose to within an overall r.m.s. deviation of
0.5 A between T-state GPb and R-state GPa.
52-53, 55-63, 66-105, 108, 110, 111, 119-129, 134-164, 166-184,
187-207, 210-211, 213-247, 267-277, 279, 288-311, 325-356,
358-377, 386-387, 389-407, 409-411, 430-434, 437-438,
440-464, 466-513, 515-522, 524-552, 556-557, 560-567,
598-608, 611-612, 638-665, 672-690, 693-694, 696-711,
780-781, 783-808, 810-833

2. The 379 Co-atoms that deviate in position by less than 0.5 A
between T-state GPb and R-state GPa after superimposition
of the conserved core matrix. These residues are shaded in
Figures | and 2.

55-61, 66-74, 78-104, 122-129, 135-143, 145-162, 179-183,
187-197, 200-207, 215-218, 223-246, 295-308, 330-337,
339-355, 367-376, 392-404, 443-461, 478-506, 517-521,
529-546, 548-551, 562-567, 600-608, 644-663, 673-690,
696-711, 785-808, 811-829

minal domain are present in the core, hence the core en-
compasses both domains. Regions of the structure where
Ca-atoms differ in position by more than 0.5 A between
the two states occur in the subdomains that are periph-
eral to the main core of the molecule, for instance the
cap’/«2 subdomain, the tower helix, the glycogen stor-
age subdomain, and the C-terminal subdomain, together
with the 280s and 380s loops located at the catalytic site.

The question of whether relative domain motions oc-
cur has been examined (Table 5). For structures superim-
posed onto the common core, the r.m.s. deviation
between Ca-atoms of the N-terminal domain is 0.51 A,
and between Ca-atoms of the C-terminal domain it is
0.47 A. The transformation required to optimize the fit
between two equivalent N-terminal domains involves a
rotation of 0.5° to produce a marginally improved r.m.s.
deviation of 0.49 A. Fitting the C-terminal domain pro-
duces an r.m.s. deviation of 0.39 A after a 0.9° rotation.
On applying the operation to fit the N-terminal domain
to both domains, the r.m.s. deviation between equivalent
Ca-atoms of the C-terminal domain rises from 0.39 A to
0.58 A and requires a 1.4° rotation to fit the C-terminal
domain to an r.m.s. of 0.39 A (Table 5). The mean posi-
tional difference between equivalent Ca-atoms of the N-
terminal domain of structures superimposed onto the
conserved core and for structures superimposed onto the
N-terminal domain is 0.15 A. The equivalent figure for
the C-terminal domain is 0.26 A. Thus, although a small
relative domain motion is suggested by this analysis, the
magnitude of the movement is close to the positional ac-
curacy (approximately 0.2-0.3 A) of the atomic coordi-
nates, and definitive proof for domain motions cannot be
established. The majority of interdomain interactions,
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Table 5. Superimposition of domains and subdomains

r.m.s. deviation:
no superimposition

Structural
element

r.m.s. deviation:

Transformation

1. Superimposition of conserved CORE Co atoms from both domains.
Overall r.m.s. deviation = 0.50 A.

N-terminal domain 0.51 A
(CORE atoms) .
C-terminal domain 0.47 A

(CORE atoms)

2. Superimposition of conserved CORE Ca atoms of the N-terminal domain.

Overall r.m.s. deviation = 0.49 A.
C-terminal domain
(CORE atoms)

0.58 A

3. Superimposition of conserved CORE Cua atoms of the C-terminal domain.

Overall r.m.s. deviation = 0.39 A.

N-terminal domain 0.69 A

4. Superimposition of conserved CORE Ca atoms from both domains.

a. cap’/a2 subdomain
cap/a2 (23-58)
ad/al (104-124)

b. Glycogen storage subdomain
all-«l4 (388-448)
alS5a/al5b (456-475)

c. C-terminal subdomain
«18 (568-593)

«l9/321 (608-645)
«23-a27 (711-785)

1.20 A

1.06 A

1.61 A

superimposition Rotation Translation

0.49 A 0.5° 0.5A

0.39 A 0.9° 0.10 A
0.39 A 1.4° 0.15 A
0.49 A 1.4° 0.15 A
0.36 A 3.8° 0.27 A
0.40 A 2.9° 0.28 A
0.43 A 3.9° -02A

produced by residues of the conserved core, are common
between T-state GPb and R-state GPa, consistent with
the notion that there is little relative movement between
the domains.

N-terminal domain conformational changes

Previous analysis (Barford et al., 1991) has shown that
the regions of the N-terminal domain that show the great-
est changes (shifts in Ca atoms >1.2 A) on the T-to-R
transition are: the N-terminal tail residues (10-23), the «1
helix, the cap (residues 39-45), the start of the o2 helix
(residues 46-51), the a4 helix (residues 112-118), the cat-
alytic site residues 130-133, the tower helix and 280s loop
(residues 260-286), residues 380-382, the glycogen stor-
age subdomain (residues 415-440), and the disordered re-
gions residues 252-256 and 313-324 (Figs. 1, 2). Here we
describe the transitions of the N-terminal subdomains.
The movements of the tower helices have already been
described (Barford & Johnson, 1989; Barford et al.,
1991), and those for the concerted motion of the 280s and
380s loops are given later. A description of the changes
in the disordered regions is not given because of the un-
certainty in the positions of these residues that have high
temperature factors and poor electron density.

The cap/«2 subdomain, which forms a major part of
the allosteric and Ser-P binding sites, consists of the a1

helix, cap, start of «2 (these units comprise residues 23-
58) and the o4 helix, a4-a5 loop, and start of «5 (resi-
dues 105-131) . The distance geometry plot (not shown)
indicates that all interatomic distances between the Co-
atoms of the subdomain are less than 35 A and that most
interatomic distances between the subdomain and the
remainder of the subunit are greater than 35 A. This in-
dicates that residues of the subdomain are closely asso-
ciated among themselves and make few interactions with
the rest of the subunit (Fig. 1). When T-state GPb and
R-state GPea structures are superimposed with the con-
served core matrix, the r.m.s. deviation between Ca-
atoms of this subdomain is 1.3 A. After a rigid body
rotation of 3.8° and translation of 0.3 A, Cx-atoms su-
perimpose to 0.36 A (Table 5). The rotation occurs about
an axis, oriented parallel to the molecular p-dyad axis, lo-
cated at a point close to the N-termini of «1 and «4 and
between His 62 and Gly 65 of «2. A structural disconti-
nuity occurs at this site in the o2 helix where in T-state
GPb, the helix bends by 30° and is unwound (Barford
et al., 1991). Rotation of the subdomain, linked to local-
ized side-chain conformational changes, restores the he-
lix conformation. Figure 9A illustrates the geometric
relationship of the cap/«2 subdomain of R-state GPa
and T-state GPb when the conserved cores of the sub-
units are superimposed. Figure 9B shows the relationship
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Fig. 9. Stereo views of the cap/«2 subdomain of T-state GPb and R-state GPa. The view is coincident with the molecular p-
dyad axis. A: Showing differences in position when subunits are superimposed onto the common core. B: After least-squares

superimposition of the subdomain.

after a least-squares superimposition of C«-atoms of the
subdomain.

The glycogen storage subdomain (« 11, 12, « 13, 515,
816, and 14 [residues 387-448] and «15a and «15b [res-
idues 456-475]) also exhibits changes that can be charac-
terized by a rigid body rotation (Table 5). The r.m.s.
deviation of Ca-atom coordinates of this subdomain be-
tween the two structures superimposed with the con-
served core matrix is 1.1 A. Rigid body rotation of 2.9°
about an axis situated close to the midpoint of « 14, ori-
ented approximately parallel to the molecular p axis, re-
duces this difference to 0.4 A (Fig. 10). Although the
glycogen storage subdomain does not participate in the
dimer interface, it is affected by changes at the catalytic
site and forms part of the tetramer interface.

C-terminal domain conformational changes

The majority of the C-terminal domain forms part of
the structurally conserved core, consisting of units 1, 3,
and 5 together with the 819 and 820 strands of unit 2.
Only «18 and 19 of unit 2 and the «-helices of unit 4

(residues 568-593, 608-645, 711-785, termed the C-ter-
minal subdomain) and the C-terminal residues 838-842
undergo a concerted conformational change and exist
outside of the conserved core (Figs. 1, 2b). The r.m.s. de-
viation between equivalent Ca-atoms of the C-terminal
subdomain when T-state GPb and R-state GPa structures
are superimposed with the conserved core matrix is 1.6 A.
Rigid body rotation of 4° about an axis located close to
the start of «18 and «19 and oriented parallel to the
molecular p axis reduces this difference to 0.49 A. Fig-
ure 11A illustrates the geometric relationship of the «-
helices of this subdomain when subunits of R-state GPa
and T-state GPb are superimposed using the conserved
core matrix and Figure 11B after least-squares superim-
position of Ca-atoms of the subdomain (Table 5). A hy-
drophobic cluster is formed by the association of «18,
al9, «23-027, and B21. In contrast, a relatively small
number of interactions are formed between « 18, «19,
and 821, and the dinucleotide-binding fold, and no inter-
actions are formed between «23-«27 and other residues
of the C-terminal domain. There are no specific side-



Tetrameric association of glycogen phosphorylase

A

485

Fig. 10. Stereo views of the glycogen storage subdomain of T-state GPb and R-state GPq. The structure has been rotated by
45° about a vertical axis with respect to the orientation in Figure 1 and is approximately down the p axis. A: Showing differ-
ences in position when subunits are superimposed onto the common core. B: After least-squares superimposition of the subdomain.

chain-side-chain interactions between «19 or 821 and
other elements of the C-terminal domain. An H-bond be-
tween Asn 579 of «18 and Gln 566 of 319 is preserved be-
tween the two states as a result of side-chain rotation of
Gln 566. Thus, the motion of the C-terminal subdomain
relative to the C-terminal domain can be achieved as a
rigid body motion without changes in side-chain packing,
and only in a few instances are side-chain readjustments
observed. Motion of the C-terminal subdomain is of a
different character to the helix shear motion described for
the relative motion of «-helices in, for example, citrate
synthase, where contacts between neighboring helices
were preserved by adjustment in side-chain conforma-
tions (Lesk & Chothia, 1984). The motion of the C-ter-
minal subdomain results in Ca-atoms at the start of the
«27 helix differing in position by more than 0.5 A be-
tween the two structures, whereas Ca-atoms of the end
of 27 differ by less than 0.5 A (Fig. 2B). However, this
motion is a rigid body motion in which there is no defor-
mation of «27, and the Ca-atoms of the isolated 27 he-
lix from the two states superimpose to within 0.25 A.

Thus, for both the N-terminal and C-terminal subdo-
mains, the changes can be treated as a rigid body motion
characterized by a rotation about an axis parallel to the
p (dimer) axis. After the suitable transformations the
Ca-atoms of the residues in these domains superimpose
to within the limits defined for the conserved core res-
idues.

Interdomain interactions

The majority of the interdomain contacts are preserved
between the R and T states, with a relatively small num-
ber being unique to a particular state. The location of
interdomain contacts in the molecule (H-bonds, salt
bridges, and van der Waals contacts) are indicated in Fig-
ure 2. Those interactions common to both states are in-
dicated by O, whereas those unique to R and T are
indicated as R and T, respectively. Specifically, 44 H-
bonds and ionic bridges are identical in both the R and
T states with 8 unique to T and 4 unique to R. A total of
87 van der Waals contacts are common between the two
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Fig. 11. Stereo views of the C-terminal subdomain of T-state GP b and R-state GPa. A: Showing differences in position when
subunits are superimposed onto the common core. B: After least-squares superimposition of the subdomain.

states with 6 unique to T and 2 unique to R. Interdomain
contacts that differ between R-state GPa and T-state
GPb are listed in Table 6. Almost all interdomain con-
tacts common to both structures occur within the con-
served core of the protein. The few exceptions described
below are due to compensatory conformational changes
in the N- and C-terminal domains. As would be expected,
all contacts unique to either state occur in the uncon-
served regions. The conservation of interdomain contacts
is reflected in similar values for solvent-accessible area
buried on formation of the domain interface for T and
R states (6,564 A? and 5,594 Az, respectively). The larger
surface area buried at the T-state domain interface, 970
A2, is largely accounted for by the opening of the cata-
lytic site tunnel in the R state as a result of motion of the
280s and 380s loops and the C-terminal subdomain.
The additional number of interdomain contacts occur-
ring in the T-state of GPb compared to the R state of
GPa are located at the catalytic site. The rupture of these
interactions on conversion from T to R plays a role in in-

creasing the affinity of the R state for phosphate. In T-
state GPb, the side-chain of Arg 569 forms H-bonds to
the side-chain and main-chain carbonyl of Asn 133, the
main-chain carbonyl of Pro 281, and an additional intra-
domain contact to main-chain carbonyl of Lys 608. Res-
idues of the 280s loop that are ordered in the T state also
participate in interdomain contacts; for example, the
side-chain of Asp 283 forms a salt bridge to His 571, and
residues Pro 281, Asn 282, and Asp 284 form van der
Waals contacts to Ala 610 and Pro 611, His 571 and Tyr
573 (Table 6).

On conversion to the R state, the tilt of the tower he-
lices shifts Tyr 262" and perturbs the conformation of
Asn 133 and Pro 281. Motion of Asn 133 and Pro 281
disrupts their interaction to Arg 569, the side chain of
which shifts by 7 A. A concerted disordering of the 280s
loop occurs, which removes Asp 283 from the vicinity of
the catalytic site and the previous position of Asp 283 is
occupied by the side chain of Arg 569. The interchange
of an acidic by a basic residue creates a high-affinity
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A. H-bonds and salt bridges between R-state GPa and T-state
GPb < 0.35 A

1. Interactions unique to T-state GPb

Asn 1330 Arg 569 NH1
Asn 133 OD1  Arg 569 NHI
Asn 167 OD1 Asn 647 ND2
Asn 168 OE1  Asn 647 N

Pro 281 0 Arg 569 NH2
Asp 283 O His 571 NE2
Asp 283 OD2 His 571 NE2
Glu 382 OE2  Arg 770 NH1

2. Interactions unique to R-state GPa
Asn 167 ND2 Asn 647 OD1
Asn 168 NE2 Leu 645 O
Lys 169 NZ Glu 646 OE1
Tyr 233 OH Glu 509 OE1

B. Interdomain van der Waals contacts >4.0 A

1. Interactions unique to T-state GPb

Asn 133 Arg 569
Ile 165 Lys 608
Lys 169 Glu 646
Pro 281 Arg 569
Pro 281 Pro 611
Glu 382 Arg 770
2. Interactions unique to R-state GPa
Val 379 Thr 671
Val 379 Ala 673

* X K ¥

a b
- - B83/a6~5319
* - * B5-821/a20
* - *  B5-621/a20
— - —  280s-819
- - —  280s 519/18
— - —  280s B19/al8
- - —  B13/814 a26/a27
* — ¥ B5-821/a20
¥ —  * 855821
* ~ *  [35-321/a20
* * — B10/811-3,,
— - —  B3/a6-819
N —  * 35820
* - *  (B5-B821/a20
— - —  280s-B19

280s-820/020
B14-026/027

B14-822/a21

“ * indjcates that residue occurs within the structurally conserved core that superimposes to an overall r.m.s. deviation of 0.5 A; — indicates

that residue does not occur within the conserved core. Contacts are listed if they occur in two or more subunits.
> * indicates that Ca-atom coordinates differ by less than 0.5 A between T-state GPb and R-state GPa; — indicates that Ca-atom coordinates
differ by more than 0.5 A between T-state GPb and R-state GPga. Contacts are listed if they occur in two or more subunits.

phosphate-binding site adjacent to the phosphate of pyr-
idoxal 5’-phosphate. Disordering of the 280s loop allows
access to the catalytic site (Fig. 12; Kinemage 8).

In the T state, the 280s loop packs against a loop
formed by residues 377-384 (the 380s loop). On transition
to the R state, disordering of the 280s loop is correlated
with a conformational change of the 380s loop. Displace-
ment of Glu 382 by 4.5 A and subsequent rupture of the
salt bridge between Glu 382 and Arg 770 of the C-termi-
nal subdomain occurs (Fig. 12).

The interdomain interactions produced between the
B5/836 sheet of the N-terminal domain and the «19 he-
lix and 321 strand of the C-terminal domain are largely
conserved, although these regions differ by more than
0.5 A between the two states. The conformational change
of one region is compensated for by a conformational
change in the other, preserving interdomain contacts.
Residues Asn 167 and Lys 169 of the 35 strand form dif-
ferent interdomain contacts between the two states. In T-
state GPb, ODI1 of Asn 167 forms an H-bond to ND2 of
Asn 647, whereas in R-state GPa, ND2 of Asn 167 forms
an H-bond to OD1 of Asn 647 (Fig. 13). The conforma-
tion of the side chain of Lys 169 differs between R-state

GPa and T-state GPb and in the R state forms a salt
bridge to the side chain of Glu 646 (Fig. 13).

Discussion

Transmission of conformational signals

The key event in the activation of glycogen phosphory-
lase is the increase in enzymic activity following confor-
mational changes at the catalytic site, which result in
enhanced affinity for substrates; phosphate, Glc-1-P, and
oligosaccharides. Binding of AMP to the allosteric site or
phosphorylation of Ser 14 of dimeric GPb favors a ter-
tiary conformational change in the region of the molecule
associated with the cap’/«2 interface and an associated
change in quaternary structure. The change in quaternary
conformation is linked to a change in the packing geom-
etry of the symmetry-related tower helices on the far side
of the molecule from the cap’/«2 interface. Tilting of the
tower helices relative to the remainder of the molecule
transmits a signal from the subunit interface to the cat-
alytic site (that includes displacement of the 280s loop)
and provides a route for transmission of conformational
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Fig. 12. Details of the conformational changes occurring at the catalytic site on transition from T-state GPb (A) to R-state GPa
(B). Disordering of the 280s loop (residues 282-286) and shifts in the 380s loop (residues 377-384) occurs on conversion from
T to R. The salt bridge between Glu 382 and Arg 770 in T-state GPb is broken in R-state GPa.
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Fig. 13. Interactions between $5/36 of the N-terminal domain to 21 of the C-terminal domain in T-state GPb (A) and R-state
GPa (B). There is an interaction formed between Lys 169 and Glu 646 in GPa not formed in GPb.
signals to other regions of the molecule. In solution, ac- sition are correlated with the formation of new surface

tivation (in the absence of glycogen) and tetramerization properties that lead to tetramer formation. The catalytic
are intimately linked so that it is plausible to assume that site structure is affected by ligation of AMP at the allo-
the changes in the surface arising from the T-to-R tran- steric site or Ser 14 phosphorylation occurring at the p
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(dimer) interface of the molecule. The conformational
changes at this interface promote the formation of the
new ¢ and r interfaces. The present analysis has shown
that those regions involved in the tetramer interface are
located on subdomains on the enzyme surface, the glyco-
gen storage subdomain, the C-terminal subdomain, and
the tower helix.

Comparison between the T- and R-state molecules
shows that each of these subdomains undergoes a rigid
body motion relative to the main body of the subunit that
is characterized by a rotation about an axis parallel to the
twofold axis of the dimer. The movements of the C-ter-
minal subdomain and of the glycogen storage subdomain
are of opposite sign. (These relative movements are also
apparent in Fig. 1c,d in Barford et al. [1991].) The mo-
tion of subdomains leads to a widening of the catalytic
site tunnel with the result that the distance between Asp
423 of the glycogen storage subdomain and Gln 723 of
the C-terminal subdomain increases from 23 A to 27 A.
Some rationalization for these movements can be pro-
vided by the changes at the catalytic site. Motion of the
280s loop and the correlated shifts of the 380s loop (res-
idues 377-384) on conversion to the R state leads to dis-
ruption of certain interdomain interactions. For example,
on the T-to-R transition H-bonds are broken between the
side chain of Arg 569 and Asn 133 and Pro 281, a salt
bridge between His 571 and Asp 283 is broken, and a new
H-bond is formed between His 571 and the side chain of
Tyr 613. Shifts in the 280s loop perturb the 380s loop
(Fig. 12), and the salt bridge between Glu 382 (on the
loop between 313 and 314) and Arg 770 (on the loop be-
tween 26 and «27 of the C-terminal subdomain) is bro-
ken. This disrupts the major link between the glycogen
storage subdomain and the C-terminal subdomain. The
weakening of the interactions that govern the association
of the C-terminal subdomain to the body of the subunit
provides a rationalization for the reorganization of the
semiautonomous unit on the T-to-R transition. Ration-
alization for the shifts of the glycogen storage subdomain
is less easy, but we note the connection between the 380s
loop and the start of the «r15a helix and the connection
through the antiparallel 8-sheet 314, 315, 816 to residues
Glu 433 and Lys 437 that make key interactions to oligo-
saccharides bound at the glycogen storage site. Perturba-
tion of these interactions could promote the shifts of the
subdomain.

The association of dimers to tetramers partially blocks
access to the catalytic site and provides an explanation for
the lower activity of the R-state tetramers (Metzger et al.,
1967; Huang & Graves, 1970). The involvement of the gly-
cogen storage subdomain explains the ability of glycogen
to dissociate tetramers. Model-building studies suggest
that short-chain oligosaccharides may be accommodated
at this site, and this has been supported by the observa-
tion that maltose binds to the glycogen storage site in tet-
rameric R-state GPb in the crystal (Hu, 1991). The
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disaccharide occupies the highest affinity subsites, S4 and
S5 (as defined in Johnson et al., 1988, 1990). The inter-
actions between oligosaccharide bound to subsites S4 and
S5 and Arg 426 and Glu 433 are formed in the R state de-
spite the proximity of these residues to the tetramer in-
terface. Crystallographic binding studies with longer
oligosaccharides are in progress. However, the model
suggests that longer chain oligosaccharides or glycogen
would have difficulty in binding to the glycogen storage
site in the tetramer and that the association of glycogen
with this site in the dimer would impede formation of tet-
ramers.

Structural properties of the subunit interfaces

On the T-to-R conversion, the correlated movements of
the subdomains lead to a new aggregation surface. As a
result of these movements and the global quaternary
structure change in which one subunit rotates 10° with re-
spect to the other, there is a change in the shape of the
surface of the dimeric enzyme, from a concave to a more
flat surface in the face about the q axis that forms the tet-
ramer interface (see, for example, Fig. le,f in Barford
et al. [1991]). Formation of the specific interactions at the
tetramer interface requires both these tertiary and quater-
nary conformational changes. Model-building studies
with a hybrid tetramer formed from the R-state quater-
nary structure and T-state tertiary structure indicates
that, across the q axis, residues at both contacts pack to
within 1 A. This close packing is alleviated, and specific
interactions are formed following tertiary conformational
changes involving concerted motion of subdomains,
main-chain atoms at both contacts, and side-chain mo-
tions at contact 2. Within each subdomain relatively few
conformational changes occur.

The tetramer interface comprises only 3% of the total
accessible surface area of the isolated subunit, and the
surface area buried is 1,142 A2, The interface especially
across the q axis is predominantly polar including four H-
bonds and two salt bridges. The van der Waals interac-
tions are mostly through the nonpolar components of the
polar side chains (Table 2). Tyr 262 is the major excep-
tion, and this residue forms van der Waals interactions to
Ile 263" about the q axis and to Leu 267” and Leu 271"
about the r axis. Each of these contacts with Tyr 262 in-
volves residues from the tower helices. The polar q inter-
face is established even in the presence of 1 M ammonium
sulfate (the salt used for crystallization). However, the in-
terface can be disrupted by NaCl at similar ionic strength,
as in 3 M NaCl GPa dissociates to dimers (Wang &
Graves, 1963, 1964).

The difference in the chemical nature of the solvent-
accessible areas at the different interfaces is remarkable.
The surface of the isolated subunit of phosphorylase is
approximately 54% nonpolar. (The definitions of the
nonpolar and polar surfaces are given in the Methods sec-
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tion.) This value is similar to the value, 57% (3), found
by Janin et al. (1988) in a survey of 34 monomeric and
18 oligomeric proteins for the nonpolar component of the
surfaces of isolated subunits (where the number in paren-
theses is the standard deviation). In phosphorylase, the
p interface is approximately 65% nonpolar for T-state
GPb and a similar value is obtained for R-state GPa,
where the nature of the interactions and the accessible
area buried are similar despite the substantial conforma-
tional changes (Barford & Johnson, 1989). Janin et al.,
in their survey of oligomeric protein interfaces, found
that these were generally more nonpolar than the surface
of the subunits and calculated an average value of 65%
(4) for the nonpolar component of the subunit-interface
areas. Thus, the nonpolar character of the p interface of
phosphorylase is typical of other oligomeric proteins.
The q interface is different. It is only 52% nonpolar and
is more typical of the surface of the subunit as a whole.
The small r interface, which contributes only 11% to the
change in solvent-accessible area on tetramerization, is
nonpolar (70% nonpolar) as a result of the Tyr/Leu/lle
associations at this interface.

The q interface also differs from other oligomeric in-
terfaces in the number of H-bonds. Janin et al. (1988)
found that the smaller interfaces of oligomeric proteins
had few H-bonds and that for interfaces greater than
1,500 A? the average number of H-bonds was about one
per 200 A? of interface area. The H-bonds at the g-tetra-
mer interface are more numerous (i.e., six H-bonds in
782 A? corresponding to one per 130 A?) than those of
an oligomeric protein, whereas those at the p-dimer in-
terface are more typical (one per 190 A2). In surveying
the characteristics of protein recognition sites formed by
protease-inhibitor complexes and antibody-protein anti-
gen complexes, Janin and Chothia (1990) showed that the
nature of the surface recognition area in these complexes
is similar to the accessible surface of the isolated proteins,
and the number of H-bonds formed is typically one per
141 A? (ranging from one per 225 A?to one per 103 A?
for 15 examples). Thus, in its chemical character, the q
interface is more akin to the recognition contact surface
at protein-protein complexes than a typical interface of
an oligomeric protein. The interface reflects complemen-
tarity of shape and specific polar interactions rather than
dominant nonpolar interactions. In the presence of gly-
cogen or on dilution, tetramers of glycogen phosphory-
lase dissociate to form functional dimers and the dimeric
species are stable entities. Similarly, the components of
protease-inhibitor complexes and antibody-protein anti-
gen complexes are stable in isolation.

The standard enthalpy and entropy changes for disso-
ciation (by dilution) of GPa tetramers to dimers obtained
from activity measurements at pH 6.8 and a temperature
range of 20-35 °C gave values of 60 kcal/mol and 170 eu,
with a standard free energy change of 10 kcal/mol at
20 °C (Huang & Graves, 1970). The authors commented
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on the enthalpic nature of the energy of association. Sim-
ilar values were obtained from light-scattering experi-
ments. Attempts to relate energy values calculated from
the observed interactions to the experimentally derived
values encounter several difficulties. The energy observed
on formation of the tetramer interface has favorable con-
tributions from the H-bonds, van der Waals interactions,
and the hydrophobic effect derived from burying some
nonpolar groups and unfavorable components from the
increased order in the system, loss of rotational and
translational entropy, disruption of protein-water inter-
actions, and possibly energy loss due to promotion of
conformational changes at the interface. Fersht et al.
(1985) have shown that H-bonds contribute between 0.8
and 1.8 kcal/mol for polar groups and between 3 and 6
kcal/mol for charged groups. The tetramer interface has
four polar H-bonds and two H-bonds between charged
groups per subunit. The charged interactions involve the
same residues, and an estimate of 3 kcal/mol is made for
this interaction. Together the H-bonds and ionic interac-
tions could contribute between 6 and 10 kcal/mol to the
overall free energy change per subunit. Estimates of van
der Waals interactions are more difficult to make. They
depend not only upon the distance between nonbonded
atoms but also the nature of the interacting groups, and
no attempt is made here to estimate their contribution.
Chothia (1974) has shown that the hydrophobic contri-
bution may be approximated by a free energy gain of 25
kcal/mol per 1 A? of accessible surface area buried. The
energy terms, which are largely entropic, were taken from
the free energy changes observed in the transfer of amino
acids from water to organic solvents. A similar entropic
change might be anticipated for burying residues at the
tetramer interface, although the interface is mostly polar.
The observed change in accessible surface area is 1,142
A? per subunit, and this corresponds to an energy change
of 29 kcal/mol per subunit. A number of authors (re-
ferred to in Janin & Chothia, 1990) have estimated that
the translational and rotational entropies lost on forma-
tion of dimers is about 15 kcal/mol. Thus, the total cal-
culated free energy change from polar contacts, change
in surface-accessible area, and loss of entropy is between
20 and 24 kcal/mol per subunit. This is greater than the
experimental value (10 kcal/mol per tetramer [Huang &
Graves, 1970; Huang, pers. comm.]) and suggests that,
in addition to the uncertainties associated with the calcu-
lations (that neglect van der Waals interactions), the loss
of solvation energy and conformational changes may be
important. The occurrence of localized conformational
changes involving side-chain rotations on formation of
contact 2 at the g-tetramer interface may represent some
of these conformational changes.

The change in tertiary structure accompanying quater-
nary conformational changes observed in oligomeric al-
losteric proteins is closely correlated with modifications
of the energy and nature of intersubunit interactions (re-
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viewed by Perutz, 1989; Johnson & Barford, 1990). To
a lesser extent formation of protein-inhibitor and anti-
body-protein antigen complexes also produces small but
significant conformational changes (Janin & Chothia,
1990). These include amino acid side-chain rotations on
formation of protein-inhibitor complexes, side-chain ro-
tations in the protein antigen, and rearrangements of the
Vu and V| domains of the antibody on formation of
antibody-protein antigen complexes (Bhat et al., 1990;
Davies et al., 1990). Although the structure of the R-state
GPa in the dimer oligomerization state is not known, it
is likely that it is similar to that of the associated dimer
in the tetramer. The major conformational changes ob-
served on activation can be linked to the changes at the
catalytic site and the accompanying changes at the more
substantial p interface that allows communication to the
allosteric and Ser-P sites. The conformational changes re-
quired to form the tetramer interface (i.e., movement of
the C-terminal subdomains and the glycogen domain) are
closely correlated with these changes. In view of the small
contact surface at the tetramer interface it seems unlikely
that association would promote a major change in the
same way as lattice contacts in a crystal do not distort a
protein structure, although the lattice contacts may favor
some local conformational changes in side chains.

Domain interactions

The subunit of phosphorylase may be divided into the N-
terminal and C-terminal domains. The present analysis
shows that no significant relative global domain move-
ments occur on transition from the T-state to the R-state
structures but that the structural changes can be ac-
counted for by movements of surface subdomains. This
is suggested from three observations. Firstly, a conserved
core of 65% of the residues from the whole subunit su-
perimposes to within an overall r.m.s. deviation of 0.5 A
between the two states. The conserved core comprises res-
idues from both domains. Secondly, the differences (of
the order of 0.2 A) in coordinates after the transforma-
tions required to optimize the fit of conserved cores of in-
dividual N- and C-terminal domains (after superimposing
the conserved core of the subunit) are similar in magni-
tude to the positional accuracy of the atomic coordinates.
Thirdly, nearly 90% of interdomain H-bonds and 95%
of interdomain van der Waals interactions are conserved
between the T and R states. Almost all of the changes at
the interdomain interface can be attributed to substantial
changes in individual residues (e.g., Arg 569) and the dis-
placement of the 280s loop on the T-to-R transition.
However, a slightly different interpretation of the do-
main movements has come from other crystallographic
work. In a binding study of oligosaccharide and phos-
phate to T-state GPa in the crystal, substantial confor-
mational changes were noted that we can now recognize
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as the initial stages of the T-to-R transition (Goldsmith
et al., 1989). The crystals had been grown in the presence
of the inhibitor glucose and the glucose removed by soak-
ing. As is common with allosteric proteins, the lattice
forces of the T-state crystals prevented the full manifes-
tation of the allosteric response, and it was remarkable
that the enzyme had been able to respond so substan-
tially. The global movements were interpreted as a rota-
tion of the C-terminal domain by about 1° relative to the
N-terminal domain, and the significance of this rotation
for opening up the catalytic site channel as noted. Be-
cause in this study the whole domains were apparently
used in the determination of the superimposition matri-
ces, the movements of the individual subdomains could
have been obscured in the global superimpositions. In a
more recent study, the structure of an R-state tetrameric
GPb with the modified cofactor pyridoxal pyrophosphate
cocrystallized in the presence of AMP and oligosaccha-
ride from polyethylene glycol solutions has been solved
(Sprang et al., 1991). The overall structure is similar to
the sulfated GPb structure (Barford & Johnson, 1989)
and contributes new information on the binding of AMP.
Sprang et al., however, interpret the shifts that occur be-
tween the T and R structures to a rotation of the C-ter-
minal domain by 5° relative to the N-terminal domain.
In this work, the domains were defined by their 8-sheet
cores, a different definition to the conserved core in the
present work but one that leads to identification of
mostly similar core residues. As in the present work, the
opening of the catalytic site channel was noted, and the
increase in separation of residues from the C-terminal
subdomain to those from the glycogen storage subdo-
main is also similar to that noted in the present work. The
analysis presented here has shown that most of the shifts
between the T- and R-state subunit structures can be in-
terpreted by movements of surface subdomains relative
to a conserved core, which encompasses both the N-ter-
minal domain and the C-terminal domain (see Kine-
mage 7). Whether the differences in the interpretation of
domain movements are a result of different definitions or
genuine structural differences remains to be established.

The conservation of the majority of the interdomain
contacts has implications for the cofactor and substrate
binding sites. Pyridoxal phosphate 680 is contained
within the structurally conserved core and does not un-
dergo conformational change on the T-to-R transition.
The major contacts between the cofactor and enzyme in-
clude interactions with Tyr 648, Arg 649, Val 650, Ala
653 of the «20 helix, Gly 675, Thr 676 of «21, and Tyr
90 of the a6 helix of the N-terminal domain (Oi-
konomakos et al., 1987), and there are essentially no
changes in these contacts. Helices a6, 20, and «21 all
form part of the structurally conserved core (Fig. 2). The
cofactor 5’-phosphate forms a salt bridge to Lys 568 of
the C-terminal subdomain. Lys 568 does shift, but the
motion of the main chain of Lys 568 is compensated for
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by a side-chain rotation that maintains the salt bridge to
the phosphate of pyridoxal phosphate. Residues partici-
pating in the binding of the glucosyl component of the
Glc-1-P binding site are largely unchanged on conversion
to the R state, and the changes that do occur affect the
C-1 atom and phosphate group. Residues important in
binding the glucosyl moiety of Glc-1-P are the side chains
of His 377, Asn 484, Tyr 573, and Glu 672 and main-
chain atoms of Ala 673, Ser 674, and Gly 675, all of
which (except Tyr 573) are part of the conserved core of
the protein. Asn 284, which in the T state forms an H-
bond to the O2 hydroxyl group of glucose but not to Glec-
1-P or 2FGlc-1-P (Martin et al., 1990), is displaced in the
R state. The phosphate recognition site in the R state is
formed from the side chains of Arg 569, Lys 574, the
phosphate of pyridoxal 5’-phosphate, and the main-chain
N of Gly 135 (Johnson et al., 1990). Motion of the C-ter-
minal subdomain is correlated with the shifts in the main
chains of Arg 569 and Lys 574 and with a substantial mo-
tion of the side chain of Arg 569 as noted above so that
it can contribute to the phosphate recognition site. Res-
idues that are in contact to the phosphate group of Glc-
1-P in the T state, namely Gly 134, Gly 135, and Leu 136,
are largely conserved. Residues Gly 130, Leu 131, Gly
132, and Asn 133 undergo some shifts, but these do not
affect the Glc-1-P binding site. Comparison of Glc-1-P
bound to R-state and T-state GPb (Martin et al., 1990;
Hu, 1991) shows that the conformation of the sugar
phosphate is very similar in the two structures, and the
major differences reside in the additional contacts to the
sugar phosphate group in the R state.

In summary, protein phosphorylation leads to an allo-
steric conformational change consisting of quaternary
and tertiary changes within a functional glycogen phos-
phorylase dimer. This is accompanied by an association
of the dimers to a tetramer. The tetramer interface rec-
ognition surface is closely dependent on the conforma-
tional changes within the functional dimer. Conversely,
it might be expected that protein association requiring the
correct juxtaposition of residues within the interface will
stabilize the activated conformation of the protein. Al-
losteric effectors and protein phosphorylation control
association/dissociation events by modulating the confor-
mation of the subunit and hence its recognition surface
to another protein or subunit.

Methods

The tetrameric R-state GPa structure at 2.9 A resolution
refined to an R-factor of 0.176 (Barford et al., 1991) has
been compared to the structure of dimeric T-state GPb
determined to 1.9 A resolution refined to an R-factor of
0.19 (Acharya et al., 1991). The precision of the atomic
coordinates has been discussed in previous publications
and is estimated to be about 0.2-0.3 A for the R-state
molecule and slightly better than 0.2 A for the T-state
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molecule. Protein coordinates were examined on an
Evans and Sutherland PS300 on-line to a VAX 6210 com-
puter with the program FRODO (Jones, 1978) modified
by J.W. Pflugrath, M. Saper, R.E. Hubbard, and P.R.
Evans. Superimposition of protein coordinates was per-
formed by the program SUPERSIEVE (D. Barford, un-
publ.) adapted from the least-squares superimposition
algorithm of S.J. Remington based on the method of
Kabsch (1978). The program provides the facility of de-
fining a subset of atoms that superimpose within a de-
sired r.m.s. deviation. In this study, a core of Ca-atoms
that superimpose to within an r.m.s. difference of 0.5 A
was defined. A superimposition of the two structures was
performed based on this superimposition matrix, and the
Ca-atom pairs that differ in position by less than 0.5 A
were defined. Other least-squares superimpositions were
performed using the method of Hendrickson (1979), im-
plemented in the program ASH (D.I. Stuart, unpubl.).

Solvent-accessibility calculations were determined using
the algorithm of Lee and Richards (1971) as implemented
by T.J. Richmond with a water probe of 1.4 A. The per-
centage nonpolar surface area was calculated from the
sum of the solvent-accessible areas for all carbon and sul-
fur atoms, with the exception of the carbonyl carbon at-
oms of the main chain, divided by the solvent-accessible
area for all atoms. This is similar to the method of Janin
et al. (1988), except that Janin et al. excluded sulfur at-
oms and included main-chain carbonyl carbon atoms in
their definition of nonpolar groups.

The coordinates of T-state GPb and R-state GPa have
been deposited in the Brookhaven Protein Data Bank and
numbered 9GPB and 1GPA, respectively.
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