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Structural Basis for the Activation of Glycogen
Phosphorylase b by Adenosine Monophosphate

STEPHEN R. SPRANG,* STEPHEN G. WITHERS,
EL1zABETH J. GOLDSMITH, ROBERT J. FLETTERICK, NEIL B. MADSEN

The three-dimensional structure of the activated state of glycogen phosphorylase (GP)
as induced by adenosine monophosphate (AMP) has been determined from crystals of
pyridoxalpyrophosphoryl-GP. The same quaternary changes relative to the inactive
conformation as those induced by phosphorylation are induced by AMP, although the
two regulatory signals function through different local structural mechanisms. More-
over, previous descriptions of the phosphorylase active state have been extended by
demonstrating that, on activation, the amino- and carboxyl-terminal domains of GP
rotate apart by 5°, thereby increasing access of substrates to the catalytic site. The
structure also reveals previously unobserved interactions with the nucleotide that
accounts for the specificity of the nucleotide binding site for AMP in preference to

inosine monophosphate.

HE BURST OF CATABOLIC ACTIVITY
that fuels rapid and continuous skel-
etal muscle contraction is sustained
by glycogen phosphorylase (GP). Phospho-
rylase can be independently and coordinate-
ly activated by phosphorylation at Ser'* in
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response to hormonal and neuronal signals
and by binding AMP (1). Phosphorylase
occurs in vivo and in vitro as a stable dimer
of 97.4-kD subunits related by a twofold
axis of symmetry (2). On activation, dimers
assemble into tetramers (1) in which the
catalytic sites are occluded by dimer-dimer
interactions (3). Glycogen is required to
dissociate these tetramers into the fully ac-
tive GP dimers found in vivo (4). The active
state is also induced by sulfate ions (5, 6)
which, at high concentration, mimic the
phosphoserine group and bind to the AMP
and catalytic sites (7).

Phosphorylation of GP (converting phos-
phorylase b, or GPb, into phosphorylase a,
or GPa) is accompanied by a major confor-
mational change in the amino terminus (8),

which, as revealed by the structure of sul-
fate-activated GP, induces a rotation of sub-
units within the functional dimer (3, 7) that
leads to the formation of activated tetra-
mers. The mechanism by which AMP inde-
pendently activates the dephosphorylated
enzyme has not yet been described, since the
only reported structure of the activated
AMP complex (3) was determined from
crystals grown in ammonium sulfate, which
mimics the effects of phosphorylation. Con-
sequently, it is not known whether AMP
alone can induce the rearrangement of the
amino terminus, with which it makes no
direct contact, or promote the same quater-
nary structural changes induced by phos-
phorylation or sulfate jons. In order to
resolve this question, we determined the
structure of the pyridoxalpyrophosphoryl
analog of phosphorylase b (PLPP-GPb) in a
complex with AMP. The B-phosphate of the
PLPP coenzyme analog occupies the sub-
strate (orthophosphate) subsite in the cata-
lytic site. In the absence of ligands, PLPP-
GPb forms dimers. The equilibrium
conformation of this molecule, as measured
by its affinity for adenosine 5'-monothio-
phosphate (dissociation constant Ky = 40
uM), is similar to that of the native dephos-
phorylated enzyme in the presence of satu-
rating glucose-1-phosphate (Ky = 140
uM). Its conversion to the active tetrameric
state requires AMP (9, 10).

The structure of the tetrameric complex
with AMP has been determined by x-ray
crystallography to a resolution of 3.0 A
Orthorhombic crystals (11) of PLPP-GPb
were grown by using polyethylene glycol
8000 as a precipitant. These crystals can
only be obtained in the presence of AMP
and differ from the monoclinic form of GP
grown in 1.0 M ammonium sulfate (7). A
complete set of x-ray diffraction data-to 3.0
A was measured and processed as described
(11) (Table 1). The structure was deter-
mined by molecular replacement, and the
atomic model was refined to a crystallo-
graphic R factor of 0.18 with data between
8.0 and 3.0 A resolution (11) (Table 1).

The four subunits of the PLPP-GPb tet-
ramer are related by noncrystallographic
molecular 222 symmetry as reported for
activated GPb (3). Tetramers ar€ formed by
isologous interaction between dimers. The
average root-mean-square (rms) deviation
between subunits, after superposition of all
equivalent Ca atoms, is ~0.6 A (Table 2)..
Superpositions in which only the B-sheet
core residues (12) of the subunits were used
yielded an rms deviation of less than 0.32 A,
slightly greater than the estimation of coor-
dinate error (0.3 A) by the method of
Luzatti (13). Comparisons among previous-
ly determined phosphorylase structures (Ta-
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Table 1. Crystal parameters, crystallographic
data, and refinement statistics for PLPP-GPb.
The space group is P2,2,2. Cell constants are a
= 1699 A, b = 209.9 A, and ¢ = 1234 A
There are 16 subunits per cell and the protein
content is 43%.

Data statistics

Reflections measured (no.) 522,198
Unique reflections to 3 A (no.) 88,004
Rineege™ 0.053
Reflections I > 3g(i) (no.) 77,728
Complete at 3.0 A (%) 99.2

Refinement statistics
Atoms (no.) 26,268
Rerys: (8-3.0 A) 0.18
Reryse (0-3.0 A) 0.22
Rms deviation from idealt
Bond lengths (&) 0.015
Bond angles (degrees) 34

*Merging R is defined as Rp,erge = = Z; [I(h) — L(B)|/Z,
Z1,(h), where I;(h) and I(h) are the ith and the mean
measurement of the intensity of reflection A, respectively.
The crystallographic R value is R .y = £, [|[Fo(h) —
F_(h)|/Z,F,(h)], where F(h) and F:(h) are the observed
and calculated structure factor amplitudes, respec-

tively.  tRms, root-mean-square.

“ble 2) show that PLPP-GPb is overall more
similar to sulfate-activated phosphorylase b
than to the inactive conformation. The
bound AMP molecules were clearly visible
in the electron density (Fig. 1), as were the
positions of the B-phosphate group of the
PLPP (not shown), although neither was
included in the atomic model until the last
stage of crystallographic refinement.
Binding of AMP occurs at the “activation
locus,” a bundle of a helices (12) that com-
prises part of the interface between the
dyad-related subunits of the phosphorylase
dimer. By inserting between subunits (Fig.
2), AMP mediates the quaternary structural
changes described below. The nucleotide
binds between helix 2 (residues 48 to 78) of
one subunit and the cap loop (residues 41 to
47) of the opposite subunit. The tight-
binding mode of the nucleotide (Fig. 3) is
similar to that observed in complexes with
partially activated GPa (with the inhibitor
glucose bound) (14) and in crystals of acti-
vated GPb grown from sulfate (3). In the
nonproductive binding mode, as seen in the
inactive phosphorylase complexes with
AMP (3, 8) or with the inhibitor ATP (14),
the nucleotide is bound less deeply within
the binding site and makes no close purine-
enzyme contacts. ,
The PLPP-GPb structure reveals a previ-
ously unobserved feature of the nucleotide
binding site that may account for the speci-
ficity of phosphorylase for AMP in prefer-
ence to inosine monophosphate (IMP).
Residues 315 to 325 form an ordered, irreg-
ular hairpin loop that flanks the nucleotide
binding site. In all previously studied crystal
forms of GP (3, 8, 14-16), this loop adopts
a different conformation and is partly or
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completely disordered, possibly as a conse-
quence of its involvement in crystal packing
contacts. Nevertheless, the 315 to 325 loop
appears to be an important AMP binding
determinant. The side chain of Phe3'¢ forms
an edge-to-edge contact with the purine ring
of the nucleotide, and the main-chain carbo-
nyl O atoms of residues 315 and 318 form
possible hydrogen bonds to the 6-amino
group of the purine ring (Fig. 3). Adenosine
monophosphate is a strong activator (17,
18) that binds tightly to the active enzyme
(Kq = 3 pM), whereas IMP binds and
activates poorly (Ky; = 1.4 mM) (17, 19).
The inosine ring, which has a keto group at
the 6 position, cannot act as a hydrogen-
bond donor at this position as proposed for
AMP and thus presumably cannot form a
fully productive complex with the enzyme.

Adenosine monophosphate and phos-
phorylation do not produce identical struc-
tural changes within the activation locus
(12). On phosphorylation of Ser', the 22
amino-terminal residues undergo a transi-
tion from a partially disordered state and
rotate 90° about residue 23 (20) to fold into
a crevice between the dyad-related subunits
of the dimer (3, 8). The Ser'* phosphate
forms ion pairs with Arg®® of the a2 helix
and Arg*? in the cap (residues 41 to 47) of
the opposite subunit (Fig. 2). In activated
GPb (7), a sulfate ion bound at the phos-
phoserine site promotes the same structural
change.

In contrast, the amino terminus is only
partially ordered in the AMP-activated
PLPP-GPb crystals (Fig. 2); no electron
density is observed for amino acid residues 1
to 9 and is weak for residues 10 to 19, which
fold in a conformation similar to that ob-
served in the phosphorylated and sulfate-

Fig. 1. The volume of the 2F, — F_ electron
density map computed at 3.0 A resolution about
the AMP molecule bound to one of the PLPP-
GPb subunits and contoured at 1.25 SD above
the mean value of the map (29). Crystallographic
phases were derived from the refined atomic
model in which the coordinates of the AMP had
not yet been included. Initial coordinates for
AMP were derived from Kraut and Jensen (30).

Table 2. Comparison of rms deviations after
superposition of selected Ca positions of PLPP-
GPb subunits with each other and with other
phosphorylase subunits. The first row gives the
average of all possible superpositions between
each of the four PLPP-GPb subunits with the
remaining three. The following rows give the
mean rms deviation between each of the PLPP-
GPb subunits with: row 2, the crystallo-
graphically unique subunit of glucose-inhibited
GPa (8); row 3, the crystallographically unique
subunit of inactive GPb (15); and row 4, each
of the four independent subunits of sulfate-
activated GPb (7).

Rms deviation

Structures

Acti-
compared Su.b; Core vation
unit
locus
PLPP-GPb versus:
Itself 0.62 0.32 0.31
GPa 1.10 0.60 0.35
Inactive GPb 1.65 0.65 0.52
Activated GPb 1.25 0.51 0.45

*A “subunit” includes residues 20 to 248, 289 to 314,
and 325 to 836; residues comprising the core and
activation locus are defined in (12).

bound structures. The side chains of resi-
dues 43 and 69 are poorly ordered in all four
PLPP-GPb subunits. The inability of AMP
to promote a fully ordered amino terminus
in GPb, as confirmed by cross-linking exper-
iments (21), appears not to be due to differ-
ences in the conformation of the activation
locus (12), as indicated by the data shown in
Table 2. It is more likely, as suggested (3),
that covalent phosphorylation neutralizes
positive charges in the cap-helix-2 interface
and in the amino terminus itself, allowing
these structural elements to interact. Never-
theless, AMP binding does appear to partial-
ly stabilize the amino terminus.

Even though AMP and covalent phos-
phorylation act at distinct and non-overlap-
ping sites, the two effectors promote similar
global conformational changes. Each sub-
unit rotates by 3.5° (relative to glucose-
inhibited GPa subunits) about an axis that is
nearly perpendicular to the molecular dyad.
This axis is positioned near the central inter-
face strand, 185 to 194, which forms a stable
fulcrum for the subunit rotation (Fig. 4).
The activation loci (12), which contain the
AMP and phosphorylation sites, are situated
on one side of the fulcrum, and the tower
helices (residues 265 to 276) that pack
together about the dyad axis on the catalytic
face of the dimer are located on the other. As
the activation loci of the subunits pull to-
gether, the tower helices rotate by 60° with
respect to each other and reform an alterna-
tive packing interface (3). Concomitantly,
the active site gate (residues 277 to 287), a
reverse turn that blocks the catalytic site,
becomes disordered, and is not observed in
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2F, — F_ maps computed with phases from
the refined model. The extended loop (resi-
dues 250 to 265) that connects the amino
terminus of the tower helix to the B sheet is
also disordered. The tower is thus suspend-
ed at the dimer interface, stabilized only by
contacts to its symmetry mate and a short
stretch of B strand (245 to 249) from the
N-domain (12).

Tertiary structural changes within GP sub-
units are apparent when active and inactive
conformations of the subunits are compared
by superimposition of the N-domain cores
(12) followed by determination of the trans-
formation needed to best superimpose the
C-domain cores (Fig. 5 and Table 3). On
activation, the amino- and carboxyl-terminal
domains swivel apart by ~5° about an axis
that is roughly orthogonal to both the sub-
unit rotation and dyad axes. The rotation is
sufficient to increase the separation between

Ca atoms of residue 423 (N-domain) and
723 (C domain) by 4 A on activation. A
similar but smaller domain rotation was ob-
served after glucose was exchanged for mal-
toheptaose and phosphate in GP crystals (22).

The activation locus itself rotates with
respect to the N-domain core by 3° (Fig. 5
and Table 3). When combined with the
intersubunit rotations, this movement al-
lows the cap-helix-2 interface to maintain
contacts with its symmetry mate (3) while
the N-domain core rotates away from the
subunit interface (Fig. 4). With the localiza-
tion of 315 to 325, an ion pair between
Asp”® and Arg®?? is formed that may also
promote the reorientation of the activation
locus. The direction of the activation locus
rotation is the same as that of the C-domain
(Fig. 5). The two motions appear to be
coupled and each may be directly promoted
by AMP. The C- and N-domains may also

PLPP-GPb

Fig. 2. A Ca trace of the activation locus of PLPP-GPb (left) and glucose-inhibited phosphorylase a
(right) viewed along the dyad axis of the functional dimer. One subunit is shown with thick open bonds
and the other with thin, filled bonds. The amino termini, residues 5 or 10 to 20 are shown with filled,
thick bonds. The side-chain atoms of Arg®®, Arg*? and Ser'* phosphate (GPa), Arg®?3, and Asp”® and
for the residues of the loop extending from the carboxyl terminus of helix 8 (PLPP-GPb only) are
shown, and AMP is shown at the PLPP-GPb binding site. Structural elements are labeled: A-1, helix
1 (residues 23 to 40); A-2, helix 2 (48 to 78); A-3, helix 3 (94 to 103); A-4, helix 4 (104 to 111); and
A-5, helix 5 (118 to 125).

Fig. 3. Detail of the AMP binding site in PLPP-GPb; the view is similar to that shown in Fig. 2. The
nucleotide (darkened bonds) adopts the anti conformation about the glycosyl bond, the C3'-endo ribose
conformation, and is trans with respect to the C4'-C5' bond. The phosphate group of AMP is tethered
by ion-pair bonds to Arg®°® and Arg3!® of helix 8. Asp*? is hydrogen bonded to the ribose O2' hydroxyl
group and is within hydrogen-bonding distance of the purine N3. The main-chain carbonyl O atoms
of 315 and 318 form hydrogen bonds to the adenine N6 amino group. Phe3!® is within van der Waals
contact distance of the purine ring. AMP forms a parallel stacking interaction with Tyr’®. All putative
hydrogen bonds involve donor-acceptor heteroatom distances less than 3.3 A.
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spring apart in response to the loss of re-
straining interactions with the active site
gate at residues 381 to 385 (N-domain) and
at 571, 611, and 612 (C domain).

The results obtained from this work, to-
gether with the family of GP structures
already determined (3, 7), demonstrate that
activation by AMP binding and by phos-
phorylation both promote the rotation of
subunits within the GP dimer. Second, the
PLPP-GPb structure shows that the two ef-
fectors activate by different micromecha-
nisms, both of which promote close contacts
between the activation loci of opposing sub-
units. The phosphorylated amino terminus
does so by binding along the exterior surface
of the cap-helix-2 interface, by forming ion-
pair bonds with the phosphoserine, and by
forming additional contacts with the helix
4-helix 5 turn (Fig. 2) (3, 8). Adenosine
monophosphate, in contrast, is bound to and
virtually buried within a pocket at the cap-
helix-2 interface and makes extensive interac-
tions with helix-8 (residues 289 to 314) and
its carboxyl-terminal loop extension. The
nucleotide serves to fix the position of these
three structural elements with respect to each
other in the activated conformation and
thereby mediates both the quaternary and
intrasubunit domain reorientations. The ami-

Fig. 4. A dimer of PLPP-GPb (yellow) is shown
superimposed upon that of GPa (cyan). The Ca
atoms of both activation loci (10) (see also legend
to Fig. 2) were used to superimpose the dimers.
The van der Waals surfaces of the AMP molecules
bound to PLPP-GPb sre shown in yellow as are
the surfaces of the pyridoxal phosphate coen-
zymes that mark the catalytic site of GPa. The
view is perpendicular to the dyad axis of the
functional dimer shown as a dashed orange line.
Arrows show the direction of the relative motion
of subunits on activation (cyan to yellow) with
respect to the dyad axis.
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Fig. 5. A subunit of PLPP-GPb (yellow) super-
imposed on that of glucose-inhibited GPa (cyan).
The Ca atoms of the N-domain B-sheet core (10)
are used to superimpose the subunits. Adenosine
monophosphate and pyridoxal phosphate are col-
ored green and labeled. The tower helix (residues
265 to 276) of PLPP-GPb is illustrated as a
yellow ribbon, and the tower helix-active site gate
(277 to 289) is shown as a cyan ribbon in GPa.
The position of the dyad axis of the functional
dimer is shown as a green star, the subunit
rotation axis is labeled SR, and the axis of relative
rotation between the N-domain and C-domain
cores is labeled DR. The C-domain (CDOM) and
the activation locus (ACT LOC) are labeled. The
location of residues 423 and 723 (see text) is
shown by arrows.

no terminus does not become fully ordered
on AMP binding. In these respects, the two
effectors promote similar global conforma-
tional changes by different mechanisms. Ac-
tivation by AMP binding and by phosphory-
lation are not mutually exclusive processes
and have to some extent additive effects. Even
in the presence of saturating AMP, the de-
phosphorylated enzyme is only 80% as active
as GPa (23). Similarly, AMP increases the
activity of the phosphorylated enzyme by an
additional 20% (24). The amino terminus,
even when dephosphorylated, plays a role in
the transmission of conformational changes
between subunits, since removal of the 17
amino-terminal residues diminishes the coop-

erativity of AMP binding while preserving
AMP activation (25). Thus, the amino termi-
nus may be ordered in the fully activated state.

Third, in addition to the previously re-
ported contacts with the nucleotide, we
observe additional interactions that enable
the enzyme to distinguish between AMP
and IMP. The residues we implicate in this
discrimination correspond to the only site
within the AMP binding locus in which the
primary sequences of the liver and muscle
isozymes differ (residues 318 to 323) (26,
27). Unlike the muscle isozyme, the liver
enzyme is insensitive to AMP activation
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Table 3. Comparison between PLPP-GPb, the
inactive conformation of GPb, and glucose-
inhibited GPa with respect to the relative
orientation of dyad-related subunits and of
subunit domains.

GPb gGPa
Structural units
compared Rot Rms Rot Rms
oK A o @A
Subunit versus 46 152 35 1.06
subunit
N-domain versus:
C-domain 45 055 45 048
C-domain core 52 052 52 031
Regulatory 36 052 30 036
domain
Glycogen-bind- 1.6 047 14 0.35
ing domain

*To determine subunit rotation, the activation loci of
both subunits of the PLPP-GPb dimer were first super-
imposed onto corresponding residues of GPb or GPa
dimers using Ca atoms; residues 20 to 248 and 289 to
836 of one of the transformed PLPP-GPb subunits were
then superi onto corresponding atoms of the
GPb or GPa subunit. Domain rotations are then calcu-
lated by superimposing N-domain core Ca atoms of GPb
and GPa onto correspondi::ﬁ atoms of PLPP-GPb fol-
lowed by determination of the transformation that best
superimposes the domains or structural units of interest.
The rms deviation shown refers to this transformation.
The angle x describes the transformation as a rotation
about a screw axis. The screw axis translation for each of
Rhe above transformations was found to be less than 0.2

(28). Altered conformational properties of
this sequence, together with the loss of the
78-323 ion pair, might account for the
inability of AMP to effect an allosteric re-
sponse in the liver enzyme.

Finally, the PLPP-GPb structure demon-
strates, in contrast to previous reports (3, 7),
that the transition to the activated state is
accompanied by a significant rotation of the
carboxyl-terminal domain of the subunit
relative to the amino-terminal domain.
These combined quaternary and tertiary
structural changes, by dislodging the active
site gate and increasing the separation be-
tween the domains that flank the catalytic
site, allow GP to engage a bulky oligosac-
charide substrate at its catalytic site.
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Crystals of PLPP-GPb were grown by vapor diffu-
sion from a protein solution (5 to 7 mg/ml) in buffer
(50 mM triethanolamine, pH 6.8, 100 mM KCl, 1
mM ethylenediaminetetraacetic acid, 1 mM dithio-
threitol) containing 2.5 mM magnesium acetate, 0.5
mM AMP, 12.5 mM maltoheptaose, and 3 to 4%
polyethylene glycol 8000 equilibrated against an 8%
solution of polyethylene glycol 8000 in buffer at
room temperature. Diffraction data were measured
at 5°C from five crystals by using a Xuong/Hamlin
multiwire detector at the Protein Crystallography
Research Resource at UCSD [N.-H. Xuong, C.
Nielsen, R. Hamlin, D. Anderson, J. Appl. Crys-
tallogr. 18, 342 (1985)] with graphite-monochro-
mated CuKa x-rays. Data from each crystal were
merged separately by using the software of A. J.
Howard, C. Nielsen, N.-H. Xuong [Methods En-
zymol. 114a, 452 (1985)] and were then merged
and scaled together with the program package
ROCKS (G. N. Recke, unpublished results). Exam-
ination of the self-rotation function computed with
X-PLOR (version 2.1, A. T. Briinger, Yale Univer-
sity, New Haven, CT 1990) with data to 3.0 A
revealed a single peak at § = 43°, & = 0°, K = 180°.
Cross rotation functions were computed with data
in the 15 to 3 A shell by using atomic coordinates of
both glucose-inhibited GPa and R-state GPb dimers
as search models with vector radii between 5 and 60
A. After Patterson correlation refinement, in which
each subunit was allowed to refine as a rigid unit [A.
T. Briinger, Acta Crystallogr. A47, 195 (1991)], of
the highest 200 unique rotation function peaks two
solutions (4 X SD above the mean) were found at
(©, = 85° 0, = 1.8°, ®; = 159.6°) and (O, =
288.3°, @, = 0.9°, ®; = 170.3°) and were related
by the noncrystallographic twofold rotation axis
observed in the self-rotation function. Each solution
corresponded to one of the two PLPP-GPb dimers
in the asymmetric unit. An E(obs)E(calc) correla-
tion translation search [A. T. Briinger, ibid.] per-
formed independently for each dimer revealed a
single solution at 11 to 12 SD above the mean value
of the search function. Least squares rigid-body
refinement of the model (a tetramer of glucose-
inhibited GPa including all residues except 1 to 20,
248 10 289, 314 to 325, 830 to 841, and AMP) was
performed. The electron density map computed
from the refined model was inspected by using the
graphics program O (version 5.4, T. A. Jones and
M. Kjeldgaard, University of Uppsala, Uppsala,
Sweden, 1990), which allowed the electron density
for all four asymmetric units to be superimposed in
the display and an “average” subunit was rebuilt.
After a cycle of simulated annealing [A. T. Briinger,
J. Kuriyan, M. Karplus, Science 235, 458 (1987)]
(2000°C slowly cooling to 300°C) with weighted
crystallographic pseudopotentials and noncrystallo-
graphic symmetry restraints, and a cycle of Powell
minimization (alternating with a manual rebuild of
the model where necessary), the crystallographic R
value fell to 0.21. Release of noncrystallographic
symmetry restraints and restrained refinement of
temperature factors reduced the R factor to 0.18. At
this stage the AMP and pyridoxalpyrophosphoryl
group were included in the model. In the final
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Characterization of a Zinc Finger Gene Disrupted by
the t(15;17) in Acute Promyelocytic Leukemia

AUDREY D. GODDARD, JULIAN BORROW, PAUL S. FREEMONT,

ELLEN SoLOMON*

The translocation t(15;17) associated with acute promyelocytic leukemia results in the
fusion of the retinoic acid receptor alpha (RARA) gene to the PML gene. Character-
ization of PML revealed that it is a putative zinc finger protein and potential
transcription factor that is commonly expressed, with at least three major transcription
products. PML breakpoints cluster in two regions on either side of an alternatively
spliced exon. Although leukemic cells with translocations characteristically express
only one fusion product, both PML/RARA (on the 15q+ derivative chromosome) and
RARA/PML (on the 17q— derivative) are transcribed.

CUTE PROMYELOCYTIC LEUKEMIA

| (APL) is characterized cytogeneti-
cally by a consistent translocation
between chromosomes 15 and 17,
t(15;17)(q21;q11.2-12). Both products of
the reciprocal translocation are found in
these cells (1). Investigators have shown that
it is the RARA gene on chromosome 17
that is disrupted by the translocation (2, 3).
APL represents an example of a malignancy
that is due to a failure of differentiation in
which a block in the granulocyte-macro-
phage pathway leads to the accumulation of
abnormal promyelocytes. Treatment of APL
promyelocytes with all-trans retinoic acid
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(RA) in vitro overcomes the block, and this
agent has been effective in inducing remis-
sion in APL patients (4). This observation
supports the concept of a role for the RA
receptor in the etiology of this disease but
leaves .open the question of the role of the
translocated gene PML (formerly myl (3)]
on chromosome 15.

To isolate PML cDNA clones, we used a
genomic clone (fqpl2) (2) spanning the
t(15;17) breakpoint. With the chromosome
15-specific portion of this clone, we ex-
panded our coverage of the region into 40
kb of genomic DNA (Fig. 1A). Using a
genomic fragment (cosl5-11/H3.9) as a
probe (Fig. 1A), we isolated a total of nine
independent overlapping cDNA clones (5).
Using these cDNAs as probes, we first de-
termined that the normal PML locus gives
rise to four main transcripts visible on
Northern (RNA) blots (Fig. 2). The three
largest (4.5, 3.8, and 3.0 kb) are more

abundant than the smallest message of 2.1
kb. Northern blots of polyadenylated
[poly(A)*] RNA and slot blots of total
RNA from a variety of fetal and adult tissues
indicated that PML was expressed in all
tissues examined, including adult brain, gut,
liver, lung, muscle, placenta, and testes and
fetal brain, gut, liver, and muscle (6, 7). The
cell lines Daudi’ (B cell), Molt4 (T cell),
HL60 (myeloid), U937 (myeloid) and
NB100 (neuroblastoma) were also found to
express PML (3, 7). The four major bands
were observed in all RNA samples analyzed.
on Northern blots. However, some varia-
tion in the relative intensity of bands was
observed, suggesting some differential regu-
lation is exerted in different tissues.

The nine cDNA clones were sequenced,
revealing that three of the four major mes-
sages seen on Northern blots were repre-
sented in the cDNA clones and that the size
differences could be accounted for by alter-
native 3'-ends. We have designated these
PML-1, PML-2, and PML-3 (Figs. 1B and
3). The longest of the messages (PML-1) is
4463 bp in length and contains a long
open-reading frame extending from the ini-
tiation codon at position 81 to the first stop
codon at position 2261 (8). The sequence of
the alternative 3'-end (PML-2; Fig. 1B)
deviates from PML-1 after codon 548 (they
share 1724 bp of cDNA sequence) and
represents a transcript 3640 bp in length.
The profile of transcripts produced by the
PML locus is further complicated by the use
of alternative splicing. The third class of
cDNA clone, PML-3, which encodes a 3.0-
kb transcript, arises as the result of exclusion
of 641 bp from the PML-2 transcript (base
pairs 1725 to 2365) (Fig. 1B) and makes
use of an open-reading frame in the PML-2
3'-untranslated (UTR) sequences.

The three main classes of transcripts
should all encode proteins (Fig. 3) in which
the first 548 amino acids are identical. How-
ever, 144 bp of alternatively spliced se-
quence are in this common sequence, and
exclusion of this exon from the transcripts
results in a loss of 48 amino acids from this
part of the putative protein (Figs. 1B and
3A). Beyond residue 548, the three COOH-
termini differ. An additional 312 amino
acids are encoded in PML-1,-41 in PML-2,
and 254 in PML-3. In addition, a third
alternatively spliced exon removes 17 amino
acids from the PML-1-specific COOH-ter-
minal sequences (Fig. 1B).

Whereas the putative PML protein se-
quences do not exhibit a great degree of
overall similarity to any known proteins (9),
the possibility that PML protein is involved
in transcriptional regulation is suggested by
the presence of three clusters of cysteines
located towards the NH,-terminus of all the
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