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A phosphorylation-initiated mechanism of local protein refolding activates yeast glyco-

gen phosphorylase (GP). Refolding of the phosphorylated amino-terminus was shown
to create a hydrophobic cluster that wedges into the subunit interface of the enzyme to
trigger activation. The phosphorylated threonine is buried in the allosteric site. The
mechanism. implicates glucose 6-phosphate, the allosteric iinhibitor, in facilitating
dephosphorylation by dislodging the buried covalent phosphate through binding com-
petition. Thus, protein phosphorylation-dephosphorylation may also be controlled
through régulation of the accessibility of the phosphorylation site to kinases and phos-
phatases. In mammalian glycogen phosphorylase, phosphorylation occurs at a distinct
locus. The corresponding allosteric site binds a ligand activator, adenosine monophos-
phate, which triggers activation by a mechanism analogous to that of phosphorylation
in the yeast enzyme.

Reversible protein phosphorylation is a
central mechanism in cellular regulation
(1-3). Despite knowledge of the regula-
tion and substrate specificity of protein
kinases and phosphatases in cell signaling
cascades, the structural basis of phospho-
rylation-initiated functional modification
of proteins has been elucidated in only
two instances: mammalian glycogen phos-
phorylase (GP) and Escherichia coli isoci-
trate dehydrogenase (IDH). IDH is inhib-
ited by phosphorylation of a residue in the
active site, which results in steric and
electrostatic blocks to substrate binding
(4). Mammalian GP is activated by a phos-
phorylation-mediated protein conforma-
tional change, which is the result of ionic
interactions of the covalent phosphoryl
group pulling the enzyme subunits togeth-
er (5-8). These distinct mechanisms pro-
vide limited information on the principles
by which protein phosphorylation oper-
ates and evolves. We therefore examined
the phosphorylation mechanism that reg-
ulates yeast (Saccharomyces cerevisiae) GP.
In yeast and mammalian GPs, dissimilar
reversible phosphorylation switches turn
on and off a common catalytic machinery
that converts glycogen into glucose
1-phosphate to provide energy (9). We
compared the crystal structure of a phospho-
rylated, active form of yeast GP with the
structure of the unphosphorylated, inactive
enzyme (10). The differences revealed a

phosphoregulatory mechanism with an evo-
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lutionary relation to that of the mammalian
homolog, as well as regulatory and evolu-
tionary principles that could apply to a wide
range of cellular phosphoproteins.

Yeast GP is translated as an inactive
enzyme and can be activated only through
phosphorylation of a' threonine residue
within a 39-amino acid NH,-terminal ex-
tension relative to the NH,-terminus of
the mammalian enzyme (11, 12). In the

complexed with the allosteric inhibitor
glucose 6-phosphate (Gle-6-P), the NH,-
terminal extension of each subunit binds
near the catalytic site of the neighboring
subunit in the homodimer (Fig. 1A) (10).
The phosphorylation site, Thr™'° (resi-
dues are numbered =1 to —39 toward the
NH,-terminus relative to the mammalian
GP NH,-terminus), is located in a nonpo-
lar region near the dimer interface. These
observations led to the proposal that phos-
phorylation activates the enzyme solely by
displacing the NH,-terminus to relieve a
steric block of the catalytic site. However,
a molecule with 22 NH,-terminal residues
deleted is inactive (13). This enzyme vari-
ant, Nd22, still requires phosphorylation
for activation and exhibits properties
identical to those of the native enzyme.
Thus, activation apparently requires a
more “active role for the NH,-terminal
region.

We have now determined the crystal
structure of the phosphorylated form of
Nd22 at 2.8 A resolution (Fig. 1B). The
crystallographic data and refinement sta-
tistics are shown in Table 1 (14). Com-
pared with the structure of the unphospho-
rylated enzyme, there is a progressive in-
crease in subunit-to-subunit separation
from the regulatory face to the catalytic
face (15). This displacement of subunits is
accompanied by a reorientation of the

structure of the unphosphorylated enzyme  symmetrically disposed “tower” (residues

Table 1. Crystal parameters, crystallographic data, and refinement statistics for the phosphorylated
Nd22 yeast GP. The space group is P2,2,2,. Cell constants are @ = 103.91 A, b = 143.93 A, ¢ =
169.26 A, and o = B = y = 90°. The asymmetrical unit contains the functional dimer. The structure was
determined by molecular replacement with X-PLOR (27). The search model consists of residue 20 to the
COOH-terminus of the unphosphorylated yeast GP monomer. The orientation of one subunit was
determined in a cross-rotation search procedure with data from 10 to 4 A resolution and vectors from
15 to 45 A. Translation search of the correctly orientated monomer, with data from 10 to 4 A resolution,
produced a correlation peak 210 greater than the mean and 9o greater than the next peak. The
orientation and translation of the second subunit were determined through identifying the twofold
noncrystallographic symmetry operator with the self-rotation function, followed by translation search.
The structure was refined by rigid-body, positional, and simulated-annealing refinement protocols
implemented in X-PLOR. The noncrystallographic symmetry operator was imposed during refinement.
Model rebuilding was performed with CHAIN (28).

Parameter Value
Data statistics
No. of reflections measured (20 cutoff) 247,322
No. of unique reflections 50,707
Rierge (%) 10.5
Completeness to 2.8 A (%) . 72
Completeness between 2.8 and 3.0 A (%) 43
Refinement statistics

No. of atoms 8233
Reryett (6.0-2.8 A) (%) 17.9
Rieet (6.0-2.8 A) (%) 23.9
rms§ deviation from ideal

Bond lengths (A) 0.018

Bond angles (degrees) 2.87

*
Rmerge

reflection, h, respectively.

calculated structure factor amplitudes, respectively. +
§rms, root mean square.

and omitted from the refinement.
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=3, | h) — 1m)|/ 2,2, (h), where [(h) and /(h) are the ith and the mean measurement of the intensity of
TRonst = 2p IFoth) — F (N)/Z,F, (h)], where F (h) and F(h) are the observed and
R, ., was calculated from 10% of the data chosen randomly

free
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Fig. 1. Comparison of the structural models for
GPs from yeast and rabbit muscle. The two sub-
units of the homodimers are colored blue and
green, and the “tower”’ from each subunit is high-
lighted. The mammalian phosphorylation site and
the corresponding segment in the yeast enzyme
are colored pink. The NH,-terminal extension of
the yeast enzyme is colored red. The cofactor,
pyridoxal phosphate (PLP), in the active site is col-
ored black. (A) Unphosphorylated yeast GP com-
plexed with inhibitor Glc-6-P (70). The NH,-termi-
nal residues —39 to 20 are highlighted. The phos-
phorylation site, Thr~ 12, is colored yellow. (B) Phos-
phorylated Nd22 yeast GP. The NH,-terminal
residues —15 to 20 are highlighted. The Thr—1°-
phosphate is shown in a yellow space-filled repre-
sentation. (C) Phosphorylated muscle GP com-
plexed with AMP (8, 18). The NH,-terminal resi-
dues 5 to 20 are highlighted. The Ser'4-phosphate
is shown in a yellow space-filled representation.
The phosphoryl group of AMP is colored orange.
For supplementary views of the models, see (29).

Fig. 2. (A) The 2F — F_ electron density map of the phosphorylated NH,-terminal region of Nd22 yeast
GP contoured at 1.2¢. One subunit is colored purple, and the symmetry-related subunit is colored
orange. (B) Hydrophobic interactions between the phosphorylated NH,-terminus and the CAP region of
the neighboring subunit. The NH,-terminal hydrophobic side chains are labeled black, and the hydro-
phobic side chains from the CAP region are labeled red. The Thr~'°-phosphate is shown in a space-
filled representation with the phosphoryl group colored yellow.
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261 to 274) near the catalytic face. Within
each subunit, there is a smaller increase in
the separation between opposing NH,-ter-
minal and COOH-terminal domains that
form the catalytic cleft. A detailed analysis
of these movements will be presented else-
where (16).

We located all but the two most NH,-
terminal residues (—16 and —17) of Nd22

_in the electron density map (Fig. 2A).

This region differs from its stretched-out
conformation in the unphosphorylated
structure. A region of 12 residues, from
position 5 to —7, contracts to form a
three-turn amphipathic helix (Fig. 2B).
The eight residues from position —8 to
—15, including the phosphorylated
Thr™1°, form a hairpin-like structure that
docks into the deep crevice between the
subunits. The Thr~!-phosphate is coordi-
nated by the side chains of Arg®®® and
Arg?'°, the same components identified in
binding the phosphoryl group of the in-
hibitor Glc-6-P in the unphosphorylated
structure. The rearrangement of residues 5
to —15 is stabilized by a clustering of
hydrophobic side chains from the NH,-
terminus (Phe™8, Ile73, Ile~!, Ile®, and
Trp'3) and from the “CAP” loop (residues
42 to 46) of the neighboring subunit
(Leu® and Tyr*4).

The mammalian GP phosphorylation
site is distinct (17). Moreover, the mamma-
lian GP can be independently activated by
phosphorylation of Ser'* or binding of aden-
osine monophosphate (AMP) (18-20).
The key features of the mammalian GP
activation mechanism are shown in the
structure of the phosphorylated rabbit
muscle enzyme complexed with AMP (Fig.
1C) (6-8, 18). On phosphorylation, the
NH,-terminal tail changes conformation
from a mostly B structure to a partially
coiled helical structure comparable to the
corresponding region of both the unphos-
phorylated and phosphorylated yeast en-
zyme. The Ser'*-phosphate from each sub-
unit binds in a shallow groove at the dimer
interface, forming ionic contacts with the
side chains of Arg® from the same subunit
and of Arg® from the CAP region of the
symmetry-related subunit. The alternative
activator, AMP, binds in a deeper crevice
between the subunits, with its phosphoryl
group 12 A away from the binding site of the
Ser!*-phosphate. The binding of activator
AMP and that of inhibitor Glc-6-P are mu-
tually exclusive because the phosphoryl
groups of both effectors pair with the same
residues of GP, Arg®® and Arg®'°. Activa-
tion by AMP is mediated by a hydrophobic
stacking interaction between the adenine
ring and the side chain of Tyr” (8, 18).

The mechanisms that trigger activation
by phosphorylation in yeast and mamma-
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lian GPs differ in fundamental character
(Fig. 3). The mammalian trigger is mainly
ionic in origin—phosphorylation of Ser'#
introduces new charge-to-charge interac-
tions, which pull subunits together. Sul-
fate can trigger activation by forming the
same bridging ionic interactions (20, 21).
Activation can also be mimicked with
designed metal binding sites to achieve
the pulling (22). In the yeast GP, trigger-
ing of activation by phosphorylation can-
not be accounted for by new charge-to-
charge interactions, because Thr~1°-phos-
phate substitutes at the binding site of the
phosphoryl group of the inhibitor. Binding
of Thr~°phosphate functions to bring
activation elements, composed of hydro-
phobic residues surrounding the phospho-
rylation site, into suitable juxtaposition.
In this manner, phosphorylation induces a
localized protein folding of a miniature
hydrophobic core that perturbs the dimer
interface and causes activation. Despite
divergence in activation by phosphoryl-
ation, there is mechanistic resemblance
between activation by phosphorylation in
the yeast GP and activation by AMP in
mammalian GP (Fig. 3). In addition to
operating at the same locus, both mecha-
nisms rely on hydrophobic interactions
and require their respective activating
agents to bridge identical structural ele-
ments across the dimer interface—the
CAP loop of one subunit and the phos-
phate binding pocket of the neighbor.
The structural consequence of phospho-
rylation in yeast GP, reinforced by the
mechanisms of phosphorylation in Esche-
richia coli IDH and mammalian GP, reveals

Mammalian GP

¢
Regulatory
face

Yeast GP

Regulatory
face

Catalytic ENOSphonyiation ® -~
ce

+ + lonic interaction »_ Hydrophobic interaction

Fig. 3. Comparison of the activation triggers in
yeast and mammalian GPs. See text for further
details.
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a general level of control over the revers-
ible phosphorylation cycle through the ac-
tion of facilitators of phosphorylation or
dephosphorylation. The mechanism for
each of the three enzymes reveals that the
covalent phosphoryl group is anchored
through an intramolecular binding event.
The binding is important not only in
maintaining functional modification of
the protein, but also in protecting the
phosphoryl group from phosphatase to
prevent a futile phosphorylation-dephos-
phorylation cycle. However, this energet-
ically favorable binding event must be re-
versed so that dephosphorylation can pro-
ceed. The mechanism of yeast GP suggests
that Glc-6-P serves as a dephosphorylation
facilitator by modifying accessibility of the
phosphorylation site to protein phosphatase
(23). A high concentration of intracellular
Gle-6-P signals ample energy and promotes
dephosphorylation of yeast GP by binding
competitively to dislodge the buried phos-
phorylated peptide. A similar control mech-
anism regulates mammalian GP, but in this
instance, glucose is the high-energy signal.
The binding of glucose at the active site of
muscle GP induces a structural change that
destabilizes the binding of the Ser'*-phos-
phate within the subunit interface 30 A
away, facilitating its accessibility to protein
phosphatase (24). Regulatory features that
facilitate phosphorylation can have an
equally important role. Glycogen serves as a
facilitator of phosphorylation of yeast GP
by shifting the enzyme from a tetrameric to
a dimeric state (13). Analogously, cyclin A
facilitates phosphorylation of cyclin-depen-
dent protein kinase by rendering the phos-
phorylation site more accessible (25). Mod-
ifying accessibility of the phosphorylation
site to protein kinases and phosphatases
through specific facilitators may be a com-
mon second level of regulation of reversible
phosphorylation cycles. It establishes the
potential for both intracellular and extra-
cellular regulatory signals to be processed by
the target protein.

Given that inhibition by Glc-6-P ap-
peats to have evolved before phosphoryl-
ation control (26), reversible phosphoryl-
ation in yeast GP probably evolved by tak-
ing advantage of the existing binding pock-
et for the phosphoryl ligand. It is possible
that the ancestral enzyme did not require
phosphorylation for activity and that phos-
phorylation simply prohibited Glc-6-P in-
hibition by blocking the site. The role of
phosphorylation may then have shifted
from an anti-inhibitor to an obligate acti-
vator, with the unphosphorylated enzyme
being a catalytically inactive form. Such a
progression from a ligand binding pocket to
a phosphorylation control mechanism may
be advantageous because phosphorylation
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offers. an immediate functional effect
through binding competition with the li-
gand. These evolutionary steps further en-
sure a simultaneous control on dephospho-
rylation with the ligand as a facilitator.
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