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PTG, a Protein Phosphatase 1-Binding Protein
with a Role in Glycogen Metabolism

John A. Printen,” Matthew J. Brady,* Alan R. Saltielt

Protein dephosphorylation by phosphatase PP1 plays a central role in mediating the
effects of insulin on glucose and lipid metabolism. A PP1C-targeting protein expressed
in 3T3-L1 adipocytes (called PTG, for protein targeting to glycogen) was cloned and
characterized. PTG was expressed predominantly in insulin-sensitive tissues. In addition
to binding and localizing PP1C to glycogen, PTG formed complexes with phosphorylase
kinase, phosphorylase a, and glycogen synthase, the primary enzymes involved in the
hormonal regulation of glycogen metabolism. Overexpression of PTG markedly in-
creased basal and insulin-stimulated glycogen synthesis in Chinese hamster ovary cells
overexpressing the insulin receptor, which do not express endogenous PTG. These
results suggest that PTG is critical for glycogen metabolism, possibly functioning as a

molecular scaffold.

The critical role of protein phosphorylation
in the regulation of glucose and lipid metab-
olism has been recognized since the pioneer-
ing work of Krebs and Fischer in the 1950s
(1). Insulin modulates many of the metabol-
ic rate~limiting enzymes by promoting their
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net dephosphorylation, due to the activation
of the type 1 serine-threonine protein phos-
phatase 1 (PP1) (2). Although the signaling
pathways linking the insulin receptor to PP1
activation remain uncertain (3), the catalyt-
ic subunit of PP1 (PP1C) is thought to be
maintained at discrete cellular locations in
order to ensure the specificity of protein
dephosphorylation produced by insulin (4).
In mammals, two tissue-specific proteins
have been identified that target PP1C to
glycogen. RG1 encodes a protein product of
124 kD that is present in both heart and
skeletal muscle (5). GL encodes a 33-kD
glycogen and PP1C-binding subunit ex-

pressed exclusively in liver (6). Although
phosphorylation of RG1 by the mitogen-
activated protein kinase pathway was impli-
cated in the regulation of PP1 activity (7),
numerous studies have demonstrated that
this phosphorylation cascade is neither nec-
essary nor sufficient for the regulation of
glycogen synthesis by insulin (8, 9).

We used 3T3-L1 adipocytes, which are
highly responsive to insulin, to identify
PP1C-binding proteins that might be in-
volved in insulin-mediated regulation of
glycogen metabolism. A 3T3-L1 adipocyte
cDNA library (10) fused to the Gal4p tran-
scriptional activation domain was screened
for proteins that interact with a Gal4p-
PP1C DNA-binding domain fusion (11).
Library plasmids expressing interacting pro-
teins were identified by the ability to induce
transcription of the integrated GAL1-lacZ
reporter. One class of interacting cDNAs,
typified by clone Bl-1, consistently gave
the highest levels of B-galactosidase (-
Gal) activity when plated on X-Gal-con-
taining media. Partial DNA sequence from
the GAL4 fusion junction followed by a
BLAST search revealed that the ¢DNA
contained in clone B1-1 was homologous to
previously cloned PP1C glycogen-localizing
subunits. Sequencing of an additional clone
(B2-2) from the same class provided a prob-
able translational initiation site (12). The
PP1C-interacting ¢DNA contained in
clones Bl-1 and B2-2 was named PTG
(protein targeting to glycogen).

PTG has amino acid sequence similarity
to known glycogen-binding subunits of
PP1C (Fig. 1). PTG is most similar to G|
(42% identity, 60% similarity), with less
similarity to the skeletal muscle protein RG1
(26% identity, 49% similarity) and the yeast
glycogen-binding subunit Gacl (27% iden-
tity, 50% similarity) (13). The phosphoryl-
ation sites in RG1 that have been implicated
in hormonal control of PP1C activity (7) are
not conserved in PTG.

Northern (RNA) analysis of rat tissue
revealed a PTG transcript of 3.0 kb ex-
pressed in all tissues except testis, being
most abundant in skeletal muscle, liver, and
heart. The 3.0-kb PTG transcript was also
detected when 3T3-L1 fibroblasts were in-
duced to differentiate into adipocytes (14),
a transition correlated with a substantial
increase in insulin sensitivity, including the
stimulation of glycogen synthesis (15).

To determine whether PTG binds simul-
taneously to PP1C and glycogen, we evalu-
ated their association in intact cells. A
FLAG epitope~tagged PTG construct (pF-
PTG) (16) was transiently transfected into
Chinese hamster ovary cells overexpressing
the insulin receptor (CHO-IR) (17), fol-
lowed by immunoprecipitation with anti-

bodies to FLAG (anti-FLAG) (18) and sub-
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sequent immunoblotting with anti-PP1C.
PP1C was coimmunoprecipitated from cell
lysates with anti-FLAG-PTG (Fig. 2A),
demonstrating direct association of PP1C
with PTG. To determine the subcellular
localization of PTG, we fractionated simi-
larly transfected CHO-IR cells by dif-
ferential centrifugation (19) followed by
SDS—polyacrylamide gel electrophoresis
(PAGE) and immunoblotting with anti-
FLAG. FLAG-PTG in the 14,000g super-
natant localized exclusively to the glyco-
gen-enriched cell fraction (Fig. 2B). Immu-
noblotting of these same samples with anti-
PPIC showed that overexpression of
FLAG-PTG in these cells caused a marked
redistribution of PP1C from the cytosol into

the glycogen pellet (Fig. 2C). Thus, PTG
can simultaneously and specifically associ-
ate with both PP1C and glycogen in intact
cells.

To determine whether PTG is involved
in the localization of glycogen-metabolizing
enzymes and of the kinases and phosphatases
involved in their regulation, we performed in
vitro binding assays with a glutathione-S-
transferase (GST)-PTG fusion protein (20).
Glutathione-Sepharose-bound GST-PTG
was incubated with purified enzymes and
assayed for the ability to form stable com-
plexes (21). Glycogen synthase activity (Fig.
2D) and phosphorylase a (Fig. 2E) were spe-
cifically associated with GST-PTG, but not
with an unrelated fusion protein, GST-

PTP1B. Phosphorylase kinase, which con-
verts phosphorylase from the inactive b form
to the active a form, was also tested for
PTG-binding activity. Calcium-stimulated
phosphorylase kinase activity (22) was spe-
cifically associated with GST-PTG, but not
with GST-PTP1B (Fig. 2F).

To characterize the specificity of these
protein-protein interactions in the intact
cell, we precipitated these enzymes from
3T3-L1 lysates with immobilized GST-PTG
(23). The results summarized in Table 1
indicate that under identical conditions,
PTG can form complexes with PP1C and
phosphorylase kinase, but not with the type
II serine-threonine phosphatase PP2A nor
cyclic AMP (cAMP)-dependent protein
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gG11 1 ME P s E[V[P] ‘SKNF“ [VPIN L SL&@Z? FLAG-PTG it —_—
act 164 ..NNE D| N DISSILVT NELIKN EKKIEIR ¥ 191 + i
: FLAG-PTG L 80
PTG 28 FVN|KLL KPEKE|- -[c]- -[LS VK - k[EQ K[s PIH 55
28 --KPEIE}_P--m LGSKSE—GR A TE 55 = " 42
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G. 237 Rs[FalaMTEPY - - - = -~ - AL S et F 251 subunits of PP1C. The boxed regions represent areas of similarity, and
o L ISERFIE FaX e CESS%LWKSSKE E(s[s E 269 the conserved residues are indicated by shading. Phosphorylation sites
AN RE MK AR At 1 and 2 of RG1 are indicated by asterisks. The nucleotide sequence of
ETG ggg E%EEVEG rrrrr PRLA]S - -[GLFP EWa -n 286 PTG has been deposited with -GenBank (accession number
al- - - - - PRACS|F - -/GL FPEWP - G 276 ;
H& 270 TSlElENNIEE - - - - - NIk Ab - iz B i veREE 698 989924). FIg.g(right). PTG localizes F’F’1Cto_ the glycogen-en-
Gac1448 vssNPTLSIRFLPaEIRKESIED TOYYNTISlPL KHLY 480 riched pellet and binds glycogen-metabolizing enzymes. (A) PP1C
PTG 287 VEINETHYIR oo binds PTG in vivo. pCl-neo—expressing FLAG-PTG (+) or lacZ (—) from
GL 277 %K L [% P Y|y 284 the CMV promoter was transiently transfected into CHO-IR cells and
RG1 296 D|EIKIS S|Y ... 304 ; ‘o : . . . .
G140 nuor v e immunoprecipitated from cell lysates with antibodies directed against

the FLAG epitope. Precipitates were analyzed by SDS-PAGE, trans-
ferred to nitrocellulose, and blotted with polyclonal antibodies to PP1C.
(B) PTG partitions to the glycogen pellet. Lysates from pFLAG-PTG-transfected (+) or mock-transfected (—) CHO-IR cells were fractionated by centrifugation
into 14000g supernatant, cytosol, or glycogen pellet, and proteins were subjected to SDS-PAGE and immunoblotted with anti-FLAG. (C) PTG overexpression
causes translocation of PP1C to the glycogen pellet. Lysates from pFLAG-PTG-transfected (+) or untransfected (—) CHO-IR cells were fractionated by
centrifugation and immunoblotted as in (B) to determine relative levels of PP1C contained in the various fractions. (D) PTG binds glycogen synthase. GST-PTG
(100 pl) bound to glutathione-Sepharose beads was resuspended in 725 pl of glycogen synthase buffer [50 mM Hepes (pH 7.8), 100 mM NaF, 10 mM EDTA]
plus 25 ul of purified glycogen synthase, followed by incubation at 4°C for 1 hour with gentle mixing. The Sepharose beads were washed four times with
glycogen synthase buffer and assayed for glycogen synthase activity (expressed as nanomoles of UDP-glucose incorporated per 15 min) (27). (E) PTG binds
phosphorylase a. 32P-labeled phosphorylase a (25 ug) was incubated with the indicated fusion protein immobilized to glutathione-Sepharose beads for 1 hour
at 4°C in homogenization buffer, containing 0.1% BSA and 0.15 M NaCl, followed by washing four times with buffer before the addition of SDS sample buffer.
Proteins were separated by SDS-PAGE, and the gel was exposed to film. Assays were performed in duplicate (1 and 2). (F) PTG binds phosphorylase kinase.
Bacterially expressed GST-PTG (50 pl) bound to glutathione-Sepharose beads was incubated with 10 pg of purified phosphorylase kinase in homogenization
buffer. Samples were incubated for 30 min at 4°C, washed four times with the same buffer, and assayed for phosphorylase kinase activity (27).
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kinase (PKA), demonstrating the specifici-
ty of binding for both phosphatases and
kinases to PTG. As seen in the in vitro
binding assays, glycogen synthase from cell
extracts could also efficiently bind to GST-
PTG. Taken together, these results imply
that PTG can complex with each of the key
proteins involved in regulating glycogen
metabolism, although it is unclear whether
all of the glycogen-metabolizing enzymes
are bound to a single PTG molecule or if

Table 1. Enzymatic activity associated with im-
mobilized GST-PTG fusion protein. Immobilized
PTG or PTP-1B GST-fusion proteins were incu-
bated with cell extracts prepared from 3T3-L1
adipocytes, followed by extensive washing to re-
move nonspecifically bound proteins. Enzymatic
activity was determined as described (23). Phos-
phatase activity is expressed as picomoles of PO,
released per minute, kinase activity as picomoles
of PO, incorporated per minute, and synthase
activity as picomoles of UDP-glucose incorporat-
ed per minute. Results are expressed as means of
triplicate determinations (+ SD) and are represen-
tative of experiments that were repeated twice.

individual binding sites are shared between
one or more proteins.

To determine whether insulin altered
the ability of PTG to form protein complex-
es, we stimulated cells with insulin and
assayed the protein-protein associations. In-
sulin treatment of CHO-IR cells expressing
FLAG-PTG did not affect the formation of
PP1C-PTG complexes (Fig. 3A). More-
over, PTG itself was not phosphorylated in
CHO-IR cells or 3T3-L1 adipocytes in re-
sponse to insulin and was not a substrate in
vitro for PKA or other protein kinases in
lysates from insulin-stimulated cells (14).
Insulin also did not affect the association of
PTG with glycogen synthase, although it
did induce a downward shift in the electro-
phoretic mobility of glycogen synthase in
these cells (Fig. 3B), indicating that the
dephosphorylated, active form of the en-
zyme remained bound to PTG. Phosphoryl-
ase kinase activity could also be coimmu-
noprecipitated with PTG from 3T3-L1 adi-
pocyte lysates (Fig. 3C). Although the
amount of enzymatic activity found in these
complexes was reduced in response to insu-
lin, it is unclear whether this decrease is the
resultofinactivationofthe enzyme bydephos-
phorylation or of decreased binding affinity
for PTG. We were unable to detect phos-
phorylase protein in either 3T3-L1 or
CHO-IR cells, and it remains uncertain
whether PTG can bind this enzyme in vivo.

These findings prompted us to examine
whether overexpression of PTG would in-
crease basal or insulin-stimulated glycogen
synthesis. CHO-IR cells express no detect-

Activity
Enzyme
GST-PTG GST-PTP-1B
PP1 1.16+0.08 00 =*0.05
PP2A 0.06 £ 0.04 0.10=0.01
Phosphorylase
kinase 042 *0.01 006=*0.0
PKA 0.07 0.0 0.06 = 0.01
Glycogen 352 *49 461 =15
synthase
A B C
Basal Insulin Basal Insulin
£ e
[ — § 50 f
IB: Anti— ;
glycogen ; 304
IP: Anti-FLAG 8 204
IB: Anti-PP1C 'g
Fig. 3. Effect of insuiin stimula- & .
tion on PTG protein-protein in- {- U
o

teractions and glycogen synthe-

D
510,000
g O Basal
o - Ca?* g 8,000 m + 100 nM insulin
B +Ca2+ H
o 2 6,000
=
& 4,000
o
Q
= 2,000
9
. oD
Insulin = Lacz FLAG-PTG

sis. Insulin does not affect PTG binding to (A) PP1C, (B) glycogen synthase, or (C) phosphorylase kinase.

(A) CHO-IR cells transiently transfected with pFLAG-

PTG were serum-deprived for 3 hours before the

addition of 100 nM insulin for 15 min. Cells were lysed in 400 pl of homogenization buffer, and
FLAG-PTG was immunoprecipitated with anti-FLAG monoclonal antibody. Proteins were separated on
a 4 to 20% SDS-polyacrylamide gel, transferred to nitrocellulose, and probed with anti-PP1C. (B)

3T3-L1 adipocytes were cultured and lysed as in (A).

Lysates were immunoprecipitated with polyclonal

antibodies raised against a bacterially expressed GST-PTG fusion protein, and immunoblots were
probed with antibodies to glycogen synthase. (C) Endogenous PTG was immunoprecipitated from
3T3-L1 lysates treated as in (A), and PTG-associated phosphorylase kinase activity (expressed as
picomoles PO, incorporated per minute) was determined (27). (D) Glycogen synthesis in CHO-IR cells
overexpressing PTG. CHO-IR cells were grown to 40 to 50% confluency in six-well dishes and tran-
siently transfected with pFLAG-PTG. Forty-eight hours after transfection, cells were serum-deprived for
3 hours, and glycogen accumulation in intact pFLAG-PTG- or lacZ-transfected cells, in the presence or
absence of 100 nM insulin, was determined (9). Only 20% efficiency of transfection was obtained in
these experiments, suggesting that the 10-fold increase in maximal glycogen synthesis by PTG is
substantially underestimated. Resulis are expressed as means of triplicate determinations (=SD) and

were repeated in two separate experiments.
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able PTG transcript or protein and have a
low basal rate of glycogen synthesis, which
increases ~1.5- to 2-fold upon insulin
treatment (Fig. 3D). Overexpression of
PTG in the CHO-IR cells caused a seven-
fold increase in the basal rate of glycogen
synthesis. Exposure of these cells to insulin
produced a further twofold increase, with
total glycogen synthesis being increased over
10-fold. Thus, PTG overexpression not only
can increase basal glycogen synthesis, but
also can markedly increase maximally insu-
lin-stimulated glycogen accumulation in a
poorly responsive cell line to a level compa-
rable to that observed in insulin target cells
(9). However, because the sensitivity of
these transfected cells to insulin remains
unchanged, and because insulin does not
appear to modulate either PP1C-PTG bind-
ing or PTG phosphorylation, PTG itself is
not likely to be a direct target of insulin
signaling.

PPIC is present in almost all tissue
types, not only in insulin-responsive cells
(24). In addition to its association with
glycogen, PP1C is found in the nucleus,
cytoplasm, and other cellular compart-
ments and is critical in many aspects of
hormone action and secretion (25). De-
spite its ubiquitous expression, numerous
studies indicate that PP1 plays a key role
in insulin action, particularly in the regu-
lation of glucose and lipid metabolism.
Moreover, insulin promotes the dephos-
phorylation of only a limited number of
substrates in its target cells (26). Taken
together, these observations indicate that
mechanisms must exist for the compart-
mentalized regulation of protein dephos-
phorylation by insulin. PTG may fulfill an
important role in this process, because it is
expressed in insulin-responsive tissues.
This protein may assemble glycogen syn-
thase, phosphorylase a, phosphorylase ki-
nase, and PP1C onto the glycogen parti-
cle, generating a metabolic module for the
localized reception of the appropriate in-
tracellular signals. It is likely that PTG is
itself not a classical regulatory molecule in
glycogen metabolism, but rather may serve
as a molecular scaffold, allowing hormonal
signals to specifically target the relevant
glycogen-associated enzymes.
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Block in Anaphase Chromosome Separation
Caused by a Telomerase Template Mutation

Karen E. Kirk,” Brian P. Harmon, Isabel K. Reichardt,
John W. Sedat, Elizabeth H. Blackburnt

Telomeres are essential for chromosome stability, but their functions at specific
cell-cycle stages are unknown. Telomeres are now shown to have a role in chromo-
some separation during mitosis. In telomeric DNA mutants of Tetrahymena ther-
mophila, created by expression of a telomerase RNA with an altered template
sequence, division of the germline nucleus was severely delayed or blocked in an-
aphase. The mutant chromatids failed to separate completely at the midzone, be-
coming stretched to up to twice their normal length. These results suggest a physical

block in mutant telomere separation.

Telomeres “cap” the termini of eukaryot-
ic chromosomes. Chromosomes lacking
telomeres undergo fusion, degradation,
and extremely high loss rates (1-3). How-
ever, there is little information on the
mechanism by which telomeres ensure
chromosome stability, or at what cell-cy-
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cle stage their job is performed.

In the ciliated protozoan Tetrahymena
thermophila the transcriptionally active, poly-
genomic macronucleus divides amitotically,
whereas the diploid germline micronucleus,
with its chromosomal complement of five
pairs of metacentric chromosomes, divides
mitotically (4). The telomeric DNA tracts of
the two nuclei have the same terminal
GGGGTT repeat sequence, although the
tracts are markedly different in overall
length (5). Whereas macronuclear telomeres
play a crucial role in amitotic macronuclear
divisions (6), the function of micronuclear
telomeres has not been examined. Micro-
nuclear chromosomes are trancriptionally
quiescent and mostly dispensable for vegeta-
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