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Abstract

We have previously shown that glucose deprivation activates glucose transport in a time- and protein synthesis-dependent fashion in
3T3-L1 adipocytes, a mouse cell line. Coincident with this is loss of glycogen. Because glycogen phosphorylase (GP) is responsible for
glycogen degradation, we have examined its regulation to determine the relationship between transport activation and glycogen turnover.
We first cloned the adipose GP cDNA and found sequence similarity to rat and human liver GP. Because the mouse liver GP cDNA
sequence was unavailable, we cloned this cDNA as well and showed 100% identity between mouse adipose and liver sequences. A 3.1 kb
transcript was readily observed in total RNA isolated from mouse liver or adipose by Northern blot analysis but, surprisingly, not in
either total or poly(A) selected RNA from 3T3-L1 adipocytes. To evaluate regulation in 3T3-L1 adipocytes, we amplified GP mRNA
from total RNA using multiplex, semi-quantitative PCR but found that expression did not change in response to deprivation. GP protein
levels did not change either. However, endogenous GP activity from glucose-deprived cells was significantly elevated relative to controls,
due to an increase in the phosphorylated form of GP (GPa). Finally, we overexpressed GP to determine its direct influence on the glucose
transport system. These results were negative, which suggests that the nutrient control of glucose transport and GP occurs independently
despite kinetic similarities in transport activation and glycogen turnover. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Glucose availability controls a number of homeostatic
processes in adipocytes at the transcriptional level. Among
these are the genes for fatty acid synthase [1,2], S14 [3,4],
and mitochondrial glycerophosphate acyl transferase [5,6],
each of which play a role in triglyceride biosynthesis. Fa-
cilitating these studies was the development of cultured
adipocyte model systems, such as the 3T3-L1 cell line,
which allows the independent manipulation of nutrients
from hormones. Using this cell line, we and others have
shown that glucose deprivation increases glucose transport
activity by at least 10-fold by a process which requires

both new transcription and translation [7^9]. This process
can be blocked by non-metabolizable glucose analogues,
which suggests that glucose itself and not one of its me-
tabolites regulates the process. This feature is further em-
phasized by the fact that hexoses which do not serve as
substrates for the transporters, like fructose, do not block
or reverse the activation. We now know that the two ma-
jor transporters in 3T3-L1 adipocytes are GLUT1 and
GLUT4 [10^13]. In our hands, there is little change in
GLUT1 mRNA, protein, or compartmentation [9,14,15],
although GLUT1 is the major transporter at the cell sur-
face. GLUT4 mRNA and protein decrease in response to
glucose deprivation [16,9]. This has led to the hypothesis
that GLUT1 is activated by a novel protein whose syn-
thesis is controlled by glucose. Such an activator has not
yet been identi¢ed.

Glucose deprivation also causes a time-dependent loss
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of glycogen in 3T3-L1 adipocytes [17], indicating mobili-
zation of this internal glucose pool. The kinetics of this
loss are similar to the kinetics of transport activation. In
addition, fructose, which is unable to prevent transport
activation, is likewise unable to prevent glycogen loss
[17]. Yet fructose is utilized by other metabolic pathways,
such as the oligosaccharide biosynthetic path which pre-
vents aberrant protein glycosylation [9]. Finally, glycogen
phosphorylase (GP), the enzyme responsible for glycogen
degradation, is one of the few proteins beside the trans-
porter which binds free glucose [18]. Indeed, glucose is an
allosteric inhibitor of GPa, the phosphorylated and more
active form of the enzyme (for review, see [19]). Together,
these common features provided the basis for the hypoth-
esis that changes in GP expression and or activity might
directly in£uence GLUT1 activity to increase glucose £ux.

In this work, we thus examine the regulation of adipo-
cyte GP in relation to glucose availability. Mouse adipose
GP was unavailable in the databases so we initially cloned
GP from an adipose library. This revealed similarity to
known liver-speci¢c sequences. To con¢rm this identity,
we cloned the mouse liver cDNA as well to show 100%
identity between mouse adipose and liver sequences. De-
spite our successful cloning e¡orts, we were unable to
show either transcriptional or translational changes in re-
sponse to glucose availability in 3T3-L1 adipocytes.
Nevertheless, GP activity increased signi¢cantly at early
time points in cells which were deprived of glucose. We
show that an increase in GPa, relative to GPb, is respon-
sible for the increase in activity. We ¢nally assessed the
direct in£uence of GP on glucose transport activity by
overproduction of the endogenous isozyme in 3T3-L1 adi-
pocytes. Although GP protein and activity increased sig-
ni¢cantly, glucose transport activity was unaltered. This
argues that GP does not in£uence GLUT1 activity and
that nutrient control of each system occurs independently.

2. Materials and methods

Dulbecco’s modi¢ed Eagle’s medium (DMEM, high
glucose) and glucose-free DMEM were obtained from
Gibco (Grand Island, NY, USA). Fetal bovine serum
(FBS) was purchased from Atlanta Biologicals (Norcross,
GA, USA) and calf serum was purchased from Intergen
(Purchase, NY, USA). FBS was dialyzed to remove glu-
cose against three changes of phosphate bu¡ered saline
(pH 7.2) over 3 days using Snakeskin dialysis tubing
(Pierce, Rockford, IL, USA) with a 10 000 molecular
weight cuto¡. Enhanced chemiluminescence reagents
were purchased from Amersham. The Glucose (HK) 10
Kit (cat. No. 16-10) was purchased from Sigma. The in-
bred mouse strain used in this project was BTBR (black
and tan, brachyury, Jackson Laboratory, Bar Harbor,
ME, USA).

2.1. Cell culture

3T3-L1 ¢broblasts were plated in high-glucose DMEM
containing 10% calf serum. Two days after reaching con-
£uence, cells were di¡erentiated using 0.5 mM methyl iso-
butyl xanthine, 0.25 mM dexamethasone, and 172 nM
insulin. Two days later the cells were re-fed with
DMEM containing 10% FBS and 172 nM insulin. The
cells were then fed every other day with DMEM and
10% FBS. The cells were used within days 8^12 post di¡er-
entiation.

2.2. Initial cloning and isoform identi¢cation

Initial PCR primers were chosen from the most con-
served regions of a generalized mouse GP consensus se-
quence created by aligning all existing mouse EST sequen-
ces homologous to the known human and rat cDNAs
(muscle-, brain-, and liver-speci¢c). The forward primer
(located at nucleotide 1508 in this consensus sequence)
was 5P-TTGGAGAGGATTATGTGAAAGA-3P and the
reverse primer (at nucleotide 2233) was 5P-CTGGCT-
GATTGGGAGAAAAGAA-3P. PCR ampli¢cation of a
mouse adipose cDNA library (Clontech, Palo Alto, CA,
USA) resulted in an approx. 750 bp fragment which was
cloned and sequenced. The fragment had 91% identity to
the rat liver-speci¢c GP isoform. A second alignment of
mouse EST sequences which were speci¢cally homologous
to the rat liver isoform of GP was performed and PCR
primers were designed to amplify the regions that were
missing or of poor quality in the EST liver consensus se-
quence.

2.3. Cloning and isolation of full length cDNAs

Total RNA was isolated from either 3T3-L1 cell cul-
tures or mouse liver or adipose mRNA (RNeasy Total
RNA, Qiagen, Santa Clara, CA, USA). For adipocytes,
it was necessary to remove the abundant lipid layer after
homogenization and before applying to the RNeasy col-
umn. Total RNA was reverse transcribed (Superscript Pre-
ampli¢cation System, Gibco) using an oligo(dT) primer to
generate cDNA for PCR. PCR using several liver isoform-
speci¢c primers yielded fragments from both 3T3-L1 and
mouse liver cDNA preparations. These multiple overlap-
ping fragments were cloned and sequenced, yielding the
complete mouse adipocyte and liver GP coding sequence
plus additional sequences from the 5P and 3P UTRs. A
complete cDNA clone was then ampli¢ed from mouse
liver cDNA using primers to the extreme 5P and 3P ends
of the coding sequence. Sequencing was performed on
three separate clones for veri¢cation.
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2.4. Construction of recombinant pBMN-mlGP and 3T3-L1
¢broblast infection

The liver-speci¢c GP isozyme was cloned into the TA
cloning sites of pCR 2.1-TOPO (Invitrogen, Carlsbad, CA,
USA). A 2.65 kb fragment, including the entire coding
region, was subcloned into the BamHI and HindIII sites
of a pBMN retroviral vector [20], generating pBMN-
mlGP. This construct and the control pBMN-GFP (green
£uorescent protein) were transiently transfected into the
ecotropic retroviral producer cell line Phoenix E. After a
30 h incubation at 32‡C, retroviral supernatants were col-
lected, ¢ltered through a 0.45 Wm membrane and added
undiluted to cells in the presence of polybrene (5 Wg/ml).
Following incubation at 32‡C for 1 day, the cells were re-
fed with normal media and placed at 37‡C. The e⁄ciency
of retroviral transduction was estimated to be V95%
based on the percentage of cells that were GFP positive
by £uorescent microscopy (data not shown).

2.5. Isolation of poly(A) mRNA

3T3-L1 ¢broblasts and adipocytes were grown to con-
£uence and di¡erentiated in 10 cm plates, as appropriate.
Con£uent ¢broblasts were exposed to complete medium
(25 mM glucose) supplemented with 10% calf serum for
12 h prior to RNA isolation. 3T3-L1 adipocytes were ex-
posed to complete medium (+10% FBS) or glucose-free
medium (+10% FBS), supplemented with 25 mM fructose
for 12 h prior to RNA isolation. Cells were then washed
with PBS and lysed with RLT lysis bu¡er (RNeasy Total
RNA). As before, the top fat layer was removed. Total
RNA from ¢ve 10 cm plates of 3T3-L1 adipocytes (V430
Wg) was applied to an aliquot (12.5 mg, 150 Wl) of
oligo(dT)25 cellulose bead slurry in 500 Wl of loading bu¡er
(0.5 M NaCl, 20 mM Tris^Cl (pH 7.5), 1.0 mM EDTA).
After washing ¢ve times with loading bu¡er and once with
500 Wl low salt bu¡er (0.1 M NaCl, 20 mM Tris^HCl (pH
7.5), 1.0 mM EDTA), poly(A) containing mRNA was
eluted with RNase free water. Recovery was 26 Wg of
RNA (V6%).

2.6. Northern analysis

Samples of total RNA (15 Wg) or poly(A) selected RNA
(5 Wg) were resuspended in RNA loading bu¡er (0.02 M

MOPS, pH 7.0, 0.5 mM EDTA, pH 8.0, 5 mM NaOAc,
pH 7.4, 6.475% formaldehyde, 50% formamide), heated to
65‡C for 15 min, cooled on ice and loaded onto a 1%
agarose gel (running bu¡er: 0.04 M MOPS (pH 7.0), 1
mM EDTA (pH 8.0), 10 M NaOAc (pH 7.4) and 6.6%
formaldehyde). The RNA was blotted overnight onto a
Duralon-UV nylon membrane (Stratagene, Cedar Creek,
TX, USA) and the RNA cross-linked to the membrane
with UV light. The membrane was prehybridized (1%
BSA in 0.5 M NaPO4 (pH 7.2), 7% SDS, 1 M EDTA
(pH 8.0), 30 min at 61‡C) and then 200 ng of the complete
2023 bp fragment of liver GP cDNA labeled with
[32P]dCTP using a Random Primers DNA Labeling Sys-
tem (Gibco) were added and incubated overnight at 42‡C.
The membrane was washed four times with 0.04 M
NaPO4 (pH 7.2), 1 mM EDTA (pH 8.0), 1% SDS at
68‡C. Glyceraldehyde phosphate dehydrogenase was
probed at the same time as GP using a radiolabeled hu-
man cDNA fragment.

2.7. Semi-quantitative multiplex RT-PCR

To measure the level of low abundance messages, we
have followed the protocol described by Pernas-Alonso
et al. [21]. RNA was collected from 3T3-L1 adipocytes
treated with either complete medium (25 mM glucose),
glucose-free medium containing 10% dialyzed FBS and
25 mM fructose, or glucose-free medium containing 10%
dialyzed FBS for 12 h. Total RNA (3 Wg) from 3T3-L1
adipocytes was reverse transcribed; cDNA was resus-
pended in 42 Wl of RNase-free water. Duplicate samples
(12 Wl) of cDNA were used as the template in separate 100
Wl PCR reactions. For GP, primers (see Table 1) ampli¢ed
a 635 bp fragment. After cycles 16, 18, 20, 22, 24, 26, 28,
30, and 32 an aliquot (10 Wl) of each reaction was re-
moved. All 16 aliquots were loaded onto a 1% agarose
gel and electrophoresed. A similar procedure was used to
amplify a 421 bp fragment of GLUT1 and an 877 bp
fragment of GRP78, an ER molecular chaperone that is
transcriptionally induced by glucose deprivation [22]. Each
gel was then blotted onto Duralon-UV nylon membrane
and DNA cross-linked using UV light. The relative quan-
tities of ampli¢ed product at the various cycles were de-
termined by Southern analysis. Probes were generated us-
ing 200 ng of each DNA template (mouse liver GP cDNA,
this work; human GLUT1 cDNA [23] and hamster

Table 1
Primers used for semi-quantitative multiplex PCR

Primer Sequence (5P to 3P) Nucleotide position

GP forward TCA TTC CAG CCA CAG ACC TAT C 2104
GP reverse AGC TCT AAA ACA CTC AAG TTC C 2655
GLUT1 forward CAG TAT GTG GAG CAA CTG TGC G 1456
GLUT1 reverse TAG ATC TGA GCA GCA GTC TTG C 1877
GRP78 forward GTG GAG ATC ATA GCC AAC GAT CA 162
GRP78 reverse ACA GGC TTC ATG GTA GAG CGG 1039
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GRP78 cDNA [24]) using 60 ng of a gene-speci¢c primer,
50 WCi [32P]dCTP, and the Klenow fragment of DNA
polymerase I. Hybridization and washing was as described
except the temperature was 68‡C. Densitometric analysis
was performed on the exposed ¢lm to determine the linear
phase of PCR ampli¢cation for each of the three target
DNAs. Multiplex PCR was then performed to concur-
rently amplify each mRNA in individual samples.

2.8. GP activity assay

Cells from ¢ve 10 cm plates were scraped into 1 ml of
TES (20 mM Tris^HCl, pH 7.4; 1 mM EDTA, and
255 mM sucrose) containing 2.5 mM DTT, 1 Wl of pro-
tease inhibitor cocktail (Sigma, cat. No. P8340), and 20 Wg
of phenylmethylsulfonyl £uoride. The cells were lysed in a
Potter^Elvehjem homogenizer and the cellular extract was
centrifuged at 12 000Ug for 30 min in a Sorvall SS-34
rotor. The supernatant fraction was collected and protein
concentration was determined using a modi¢cation of the
Lowry assay [25]. One hundred micrograms of total crude
protein were assayed for GP activity. The assay was per-
formed in a 1 ml volume containing: 50 mM potassium
phosphate (pH 7.5), 10 mM MgCl2, 5 mM EDTA (pH
8.0), 0.5 mM NADP, 1.0 unit of phosphoglucomutase
(Sigma G-7877), and 1.5 units of glucose-6-phosphate de-
hydrogenase (Sigma P-3379). Absorbance at 340 nm was
measured every minute for a total of 60 min: 100 Wg of
rabbit liver glycogen was added after 10 min, 0.5 mM
ca¡eine was added after 25 min, and 0.1 mM AMP was
added after 40 min. The rate of GP activity was deter-
mined from the slope of the read-out using the molar
extinction coe⁄cient of NADH (6.22U103).

2.9. Western blot analysis

One hundred micrograms of protein (prepared as de-
scribed above) were separated on a 7.5% polyacrylamide
gel and then transferred to nitrocellulose for Western blot
analysis [9]. GP protein levels were determined using rab-
bit antisera generated against puri¢ed recombinant human
liver GP (a gift from Dr. Judith Treadway, P¢zer Global
Research and Development). This antibody recognizes all
forms of GP.

3. Results

3.1. Cloning of mouse liver glycogen phosphorylase

We have shown previously that glucose deprivation in
either the presence or absence of fructose leads to en-
hanced glucose transport activity [9,14] and loss of glyco-
gen [17]. To determine the possibility that GP plays a
regulatory role in transport activity, we pursued the regu-
lation of GP.

Three isozymes of rat and human GP have been iden-
ti¢ed: brain-, muscle-, and liver-speci¢c [19]. An initial
search of the mouse EST database retrieved three groups
of incomplete cDNA sequences with homology to the
three known rat GP isozymes. As described in Section 2,
oligonucleotides matching a region common to all three
isozymes were used to amplify a conserved region of the
GP coding sequence from a mouse adipose cDNA library.
Sequencing of the resulting fragment showed similarity to
the rat (and human) GP liver isozyme. This suggested that
mouse adipose contains the liver-speci¢c isozyme. Addi-
tional PCR ampli¢cation studies showed that this putative
liver-speci¢c fragment could also be detected in reverse-
transcribed mRNA from di¡erentiated 3T3-L1 adipocytes,
as well as from mouse liver. Sequencing of the fragments
from 3T3-L1 adipocytes and mouse liver showed 100%
identity. While a complete and overlapping set of GP
cDNA fragments could be ampli¢ed from reverse-tran-
scribed 3T3-L1 mRNA, only reverse-transcribed mouse
liver mRNA allowed ampli¢cation of an intact, full length
clone, probably because of greater message abundance (see
below). Fig. 1 shows the complete nucleotide and deduced
protein sequence for the liver-speci¢c isoform of GP, to
which the 3T3-L1 adipocyte GP sequence has 100% iden-
tity. The full length sequence has two base pair di¡erences
from that of the incomplete consensus sequence compiled
from the mouse EST database (at nucleotides 1743 and
2067). Both of these are silent, i.e. the sequences encode
the same amino acid, presumably representing strain poly-
morphisms. The initial 747 bp fragment ampli¢ed from the
mouse adipose cDNA library is underlined. As expected,
the mouse liver-speci¢c GP sequence is highly similar to
that of the rat and human liver isozymes, and shares less
homology with the muscle and brain isoforms (Table 2).

3.2. Transcriptional regulation

Attempts to examine the e¡ect of glucose deprivation on
GP mRNA levels by Northern blot analysis were incon-
clusive. GP mRNA could not be detected in 3T3-L1 cells,
even after poly(A) selection (Fig. 2). This suggested a low
level of expression which is consistent with our experience
in cloning GP from these cells. By comparison, the mRNA
was readily detected in mouse adipose and liver tissue,

Table 2
Percent identity of mouse liver GP to other isozymesa

Protein mRNA

Mouse muscle GP 78.8 74.6
Rat liver GP 98.5 94.1
Rat muscle GP 77.3 74.1
Rat brain GP 79.8 74.6
Human liver GP 94.2 88.4
Human muscle GP 78.7 74.5
Human brain GP 80.5 75.3
aAnalysis was performed using GeneStream align of coding sequence,
only. Sequence information was copied from the GenBank database.

BBAGEN 25292 11-4-02

M. McInerney et al. / Biochimica et Biophysica Acta 1570 (2002) 53^6256



Fig. 1. Liver-speci¢c phosphorylase cDNA. The sequence of adipocyte phosphorylase was determined to be identical to the liver-speci¢c isoform. The
underlined DNA sequence represents the original 750 bp fragment ampli¢ed from the adipose cDNA library. The protein sequence was deduced from
the cDNA. By convention, the amino acids are numbered based on alignment with rabbit muscle glycogen phosphorylase [19]. The consensus sequence
which de¢nes the pyridoxyl phosphate attachment site is underlined and in bold print. The serine residue at position 14 is the conserved phosphoryla-
tion site. The residues that comprise the AMP binding site (Asp-42, Asn-44, Val-45, Gln-71, Gln-72 and Tyr-75) [40] and the moveable gate (Tyr-280,
Pro-281, Asn-282, Asp-283, Asn-284, Phe-285) which protects the active site [41] are also highly conserved among species. The GenBank accession num-
ber for the cDNA sequence is AF288783.
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migrating as a single species at 3.1 kb. We have not eval-
uated the reason(s) for these di¡erences.

Due to the insensitivity of Northern analysis, we utilized
semi-quantitative multiplex RT-PCR to examine transcrip-
tional control in 3T3-L1 adipocytes. This methodology
ampli¢es the initial amount of template message to within
detectable levels. Adequate internal controls are necessary
to correct for variability in individual reverse transcription
and PCR reactions, and to insure detection of changes in
mRNA. In our hands, GLUT1 mRNA changes little in
response to glucose deprivation and if any change is noted
it is a decrease in expression [9,26]. Thus GLUT1 served as
our ‘negative’ control. GRP78, an ER-speci¢c chaperone
protein, is upregulated by complete hexose deprivation in
3T3-L1 adipocytes [26,27] and other cell types [10,17,21]
and served as a ‘positive’ control. Initial experiments to
determine conditions for ampli¢cation of the GP, GLUT1,
and GRP78 mRNAs revealed that 22, 20, and 19 cycles,
respectively, yielded linear ampli¢cation rates (data not
shown). In the experiment shown in Fig. 3, RNA was
isolated from cells exposed to three treatment paradigms.
One set of cells was provided glucose for 12 h. A second
set was deprived of glucose, but supplemented with fruc-
tose to prevent metabolite deprivation. As mentioned ear-
lier, this allows for both the loss of glycogen and activa-
tion of glucose transport. A third set was deprived of
glucose, with no additional supplementation. Ampli¢ca-
tion of each RT product was then accomplished in a single
tube by initiating GP ampli¢cation ¢rst. The primers for
GLUT1 were added after two cycles, and the primers for
GRP78 were added after one additional cycle. PCR prod-
ucts were analyzed by Southern blotting (Fig. 3A). Densi-
tometric comparison between samples showed that neither
GP, GLUT1, nor GRP78 mRNA changed in cells treated
in the absence of glucose but the presence of fructose in
comparison to controls (Fig. 3B). In cells exposed to com-

plete hexose deprivation, GLUT1 mRNA dropped slightly
while GRP78 mRNA was signi¢cantly elevated relative to
controls. However, GP mRNA did not change. Together,
these data indicate that 3T3-L1 adipocyte GP mRNA is
not under nutritional control.

3.3. Translational regulation

Levels of GP protein were examined by Western blot-
ting. Cells were incubated in either complete medium or
glucose-free medium supplemented with fructose. Time
points were chosen based on the kinetics of glycogen turn-
over [17]. Detection of GP protein was accomplished using
rabbit polyclonal antisera, generated against puri¢ed hu-
man liver GP. In our hands, this antibody detected a sin-
gle protein migrating at 97 kDa, consistent with the calcu-
lated molecular mass of GP. The data show that over the

Fig. 3. Southern analysis of semi-quantitative multiplex RT-PCR. (A)
Cells were incubated for 12 h in the presence of complete medium
(+Glucose), glucose-free medium supplemented with fructose (+Fruc-
tose), or glucose-free medium with no supplementation (3Sugars). Du-
plicate RT reactions (1, 2) were performed on each sample to control
for the amount of cDNA synthesized. Duplicate PCR reactions were
performed on each RT reaction as a control for product ampli¢cation.
PCR products were separated by electrophoresis and transferred to ny-
lon membranes. Radiolabeled probes were hybridized to the blots to re-
veal GP, GLUT1, and GRP78 ampli¢cation products. (B) Bands in
panel A were quanti¢ed by video densitometry and expressed as % of
the control (+glucose) values. The averages þ S.E. of three independent
experiments are shown. G(12), +glucose for 12 h; F(12), +fructose for
12 h; S(12), 3sugars for 12 h, i.e. complete hexose deprivation.

Fig. 2. Northern analysis of glycogen phosphorylase. Total RNA was
isolated from mouse liver (lane 1), 3T3-L1 ¢broblasts (lane 2), and 3T3-
L1 adipocytes incubated in complete medium (lane 3) or glucose-free
medium supplemented with 25 mM fructose (lane 4) for 12 h. Lane 5
contains poly(A) mRNA from adipocytes incubated as in lane 3. Lane 6
contains RNA isolated from mouse adipose. Lane 7 contains a separate
sample of 3T3-L1 adipocyte RNA. Fifteen micrograms of total RNA or
5 Wg of poly(A) selected RNA were separated by electrophoresis on a
formaldehyde denaturing gel. GP mRNA was detected using a radiola-
beled probe generated from mouse liver GP. Detection of glyceralde-
hyde phosphate dehydrogenase (GAPDH) mRNA is shown as a loading
control.
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¢rst 6 h of glucose deprivation, during which time glyco-
gen is rapidly degraded, the amount of 3T3-L1 GP protein
does not change relative to control cells (Fig. 4). This
argues against translational control.

3.4. Regulation of phosphorylase activity

GP is a classic example of an enzyme which is regulated
by allosteric control (see [28]). Therefore, GP enzyme ac-
tivity was examined to determine if the loss of glycogen in
the glucose-deprived state was due to changes in activity.
Activity was measured at speci¢c time points during the
¢rst 6 h of glucose deprivation. First, we determined the
total level of GP activity as described by Stalmans and
Hers [29]. This assay is performed in the presence of the
activator, AMP, which provides a measure of the potential
activity in the cell. In essence, this is a re£ection of total
GP protein. These data show that total 3T3-L1 adipocyte
GP activity does not change in response to glucose depri-
vation (Fig. 5), which is consistent with the Western blot-
ting data. Next, we measured endogenous activity. Endog-
enous activity is a fraction of the total. This re£ects the
actual activity at the time that GP is extracted from cells.
In the presence of glycogen, the extract from glucose-de-
prived cells (Fig. 5A, black squares) exhibited signi¢cantly
higher activity at 1.5 and 3 h of glucose deprivation when
compared to that of the control cells (Fig. 5A, black
circles). This suggests that GP is indeed activated. The
increase in activity can be attributed to either enhanced
phosphorylation of GPb to generate the more active GPa

Fig. 6. Virally induced overexpression of GP increases GP mRNA in
3T3-L1 adipocytes. A cDNA fragment of GP, representing nucleotides
6^2652 in the mlGP sequence, was subcloned into the BamHI and Hin-
dIII sites of a pBMN retroviral vector [20], generating pBMN-mlGP.
This construct was transfected into ecotrophic Phoenix producer cells,
and the supernatant was used to infect 3T3-L1 ¢broblasts. Cells were
di¡erentiated to the adipocyte phenotype (L1-GP). In parallel, ¢bro-
blasts were infected with virus containing the green £uorescent protein
and di¡erentiated (L1-GFP). Di¡erentiation was only 70% e⁄cient in
cells infected with virus compared with normal 3T3-L1 adipocytes
(L1-Control). Total RNA was isolated and Northern blot analysis per-
formed on equal amounts of RNA. pBMN-mlGP, viral vector contain-
ing the liver-speci¢c GP sequence; GAPDH, glyceraldehyde phosphate
dehydrogenase. The decrease in GAPDH in both virally infected cells
likely represents the reduced e⁄ciency of di¡erentiation.

Fig. 5. E¡ect of glucose deprivation on GP activity. (A) GP activity in
100 Wg of crude extract (prepared as in Fig. 4) from cells incubated in
complete medium or glucose-free medium supplemented with fructose
was measured in the presence of substrate (100 Wg glycogen) (closed
symbols) or with subsequent AMP addition (0.1 mM) (open symbols).
The data represent the average þ S.E. of ¢ve independent experiments.
*P6 0.05. (B) At the 1.5 h time point, GP activity was measured in the
presence of glycogen in the absence or presence of 0.5 mM ca¡eine. The
data represent the average þ S.E. of ¢ve independent experiments.
*P6 0.05 for controls versus glucose-deprived; 2P6 0.02 for controls+
ca¡eine versus glucose-deprived+ca¡eine.

Fig. 4. E¡ect of glucose deprivation on glycogen phosphorylase expres-
sion. Cells were incubated in complete medium (G) or glucose-free me-
dium plus fructose (F) for the indicated times. Cells were harvested and
homogenized as described. A crude extract was prepared by centrifuga-
tion which contained 95% of total GP activity. (A) One hundred micro-
grams of protein were loaded onto a 7.5% SDS^polyacrylamide gel for
protein separation. After transfer to nitrocellulose membrane, immuno-
blot detection was performed using anti-GP antibody. (B) Densitometric
analysis of three independent experiments was performed. GP levels in
glucose-deprived samples (F) are represented as the percentage of the
glucose-fed samples (G) at each time point, þ S.E.
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or allosteric activation of GPb by AMP. The latter is un-
likely in that allosteric interaction would not be main-
tained through the isolation procedure. Further, there is
little evidence that AMP increases in response to glucose
deprivation in 3T3-L1 adipocytes [7]. To determine the
role of phosphorylation, we examined the sensitivity of
GP activity to ca¡eine, which selectively inhibits liver
GPb [29]. At 1.5 h, GP activity in fed cells was inhibited
by 68% which contrasts to only 34% inhibition in glucose-
deprived cells (Fig. 5B). Similar inhibition was noted in
the 3 h extracts (data not shown). In total, our data sug-
gest that glucose deprivation exerts its e¡ect post-transla-
tionally by stimulating the conversion of GPb to the GPa
form, which enhances endogenous activity.

3.5. Overexpression of glycogen phosphorylase

Baque et al. have recently shown that overexpression,
alone, of muscle GP in cultured human muscle cells in-
creases glucose transport activity [30,31]. We thus tested
the hypothesis that overexpression, and thus enhanced ac-
tivity, of homologous GP in 3T3-L1 adipocytes would
in£uence glucose transport activity. We used a transfection
system based on the murine leukemia virus (see Section 2).
To determine that GP mRNA was indeed overexpressed in
3T3-L1 adipocytes, we performed Northern blot analysis
on normal cells, those infected with the vector containing
our cloned GP sequence (pBMN-mlGP), or with vector
containing GFP (pBMN-GFP). Fig. 6 shows the results.
As before, mRNA could not be detected in normal 3T3-L1
adipocytes, which was also true for pBMN-GFP infected
cells. However, a transcript was detected in adipocytes in-
fected with pBMN-mlGP which migrated as a higher mo-
lecular mass species than that of authentic GP mRNA (3.1

kb) due to the transcription of both GP and viral sequence.
Translation of this message species resulted in a protein
which migrated identically to that of endogenous GP
(Fig. 7A). Overexpression varied from 5- to 7-fold over
control 3T3-L1 adipocytes and adipocytes infected with

Fig. 8. E¡ect of GP overexpression on glucose transport activity. Cells
were grown and di¡erentiated on 35 mm plates for glucose transport
analysis as described earlier [9]. Glucose uptake was analyzed in control
cells (b), those overexpressing GFP (F) or GP (R) at the indicated time
points of glucose deprivation over a 10 min interval with [2-
3H]deoxyglucose (0.2 mM, 0.2 WCi). Uptake was stopped with ice-cold
PBS washes. Cells were extracted in 0.1% SDS and counted for radioac-
tivity. Quadruplicates in a single experiment are shown ( þ S.D.). The
rates of activity change over time (dr/dt) were calculated using linear re-
gression analysis from the 2 to the 10 h time points. The experiment
was repeated three times with similar results.

Fig. 7. Overexpression of GP leads to elevated protein and activity. (A) A crude cytoplasmic fraction was collected from normal 3T3-L1 adipocytes
(L1-Control), cells overexpressing GFP (L1-GFP), or overexpressing GP (L1-GP). Fifty micrograms were analyzed by Western blot analysis. (B) Phos-
phorylase activity was analyzed in the same samples as depicted in panel A. Activity (in 100 Wg) was analyzed for endogenous activity (3AMP) and to-
tal activity (+AMP) as described in Section 2. This was repeated on two additional sets of samples with similar results.
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pBMN-GFP (n = 5). Glycogen phosphorylase activity was
also elevated in pBMN-mlGP infected cells (Fig. 7B). Both
endogenous activity and AMP-activated activity were in-
creased by 3^4-fold in pBMN-mlGP cells compared to
control cells or those harboring pBMN-GFP.

With the increase in protein and activity con¢rmed in
the infected 3T3-L1 adipocytes, we then measured trans-
port activity in response to glucose deprivation (Fig. 8).
As expected, glucose deprivation caused a time-dependent
increase in the rate of deoxyglucose uptake in control adi-
pocytes (dr/dt = 0.109 nmol/106 cells/min). With infected
cells, there was no di¡erence in the basal transport activity
(compare black squares and triangles at zero time). While
transport activity in both pBMN-mlGP and pBMN-GFP
infected cells did increase in response to glucose depriva-
tion, there was no di¡erence in the rate of increase (dr/
dt = 0.067 nmol/106 cells/min in pBMN-mlGP vs. dr/
dt = 0.063 nmol/106 cells/min in pBMN-GFP). Note that
the rates are only about 60% of that of the control 3T3-L1
adipocytes. This directly re£ects the less e⁄cient di¡eren-
tiation of the infected cells (see Fig. 6), the cause of which
is unknown. Despite this, we must conclude that glycogen
phosphorylase does not in£uence glucose transport activ-
ity in 3T3-L1 adipocytes.

4. Discussion

In the present study, we have shown for the ¢rst time
that 3T3-L1 adipocytes, as well as mouse adipose, express
the liver-speci¢c isoform of GP by cloning GP from each
tissue. However, message was not detected in 3T3-L1 adi-
pocytes by conventional methodology, suggesting a low
steady-state level of mRNA. In contrast, mouse liver
and adipose contained abundant mRNA that migrated
as a single transcript of approx. 3.1 kb. A similar abun-
dance and size were found in rat liver and adipose [32].
However, the minor transcript (V3.4 kb) identi¢ed in rat
liver and attributed to a second polyadenylation signal
was not detected in mouse. While the cause of the
down-regulation of mRNA in cultured adipocytes is not
known, it may be due in part to insu⁄cient insulin, whose
action has been reported to enhance transcription (see
below).

In whole animals, the feeding/fasting paradigm has been
used by many to examine gene regulation. Gi⁄n et al.
have shown that the expression of the phosphorylase
gene in rat liver does not change under these conditions,
leading to the conclusion that phosphorylase is not under
nutritional regulation [33]. Of course, these results are po-
tentially confounded by the complexity of whole animal
studies where hormonal changes can also in£uence expres-
sion. However, our results essentially con¢rm this conclu-
sion and extend it to adipocyte GP, as semi-quantitative
PCR revealed no regulation by glucose or its metabolites.
Further, GP protein expression did not change in response

to glucose deprivation, as measured by Western blotting
and determination of total phosphorylase activity.

While our data show that phosphorylase is under nei-
ther glucose-dependent transcriptional nor translational
control, there is in vivo evidence that liver GP is regulated
at this level. For example, the increase in GP activity
during development correlates with an increase in the level
of mRNA [34]. Regulation of GP is also seen in diabetes.
In streptozotocin-treated rats (a model of human type I
diabetics), a 45% decrease in hepatic GP mRNA has been
reported [35]. This decrease is directly related to a decrease
in enzyme activity. Both message abundance and activity
are restored upon insulin therapy. In contrast, an increase
in GP activity is observed in rodent models of type II
diabetes which correlates with an increase in GP protein
[36] and/or mRNA [37]. The latter is speci¢cally related to
an increase in mRNA stability. Thus, these data are con-
sistent with some form of transcription regulation depen-
dent on insulin action.

Post-translational (allosteric and covalent) modi¢cation
is a well known mode of GP regulation. It appears that
this type of regulation predominates in response to glucose
availability in 3T3-L1 adipocytes. Thus, our data show
that the increase in GP activity is due to an increase in
the GPa pool. This may be due to an enhanced rate of
phosphorylation, or the loss of glucose as an in vivo allo-
steric inhibitor (which might stabilize the GPa pool). In
liver, the role of GP is to provide free glucose for extra-
hepatic tissue [19]. It has been argued that allosteric inhi-
bition of liver-speci¢c GPa by glucose is physiologically
relevant because of the rapid equilibration of glucose
across the plasma membrane. At any given time, the intra-
cellular glucose ranges from 5 mM in fasted animals to 20
mM after oral glucose administration [38]. In vitro, muscle
GP is as sensitive to glucose as is the liver isozyme, but
because the in vivo intracellular concentration of free glu-
cose is low in muscle, regulation by this e¡ector is thought
to be minimal. In that regard, it would seem that muscle
and adipose should be more similar in that these tissues
express the same low Km transporters. Yet adipose ex-
presses the liver-speci¢c isoform of phosphorylase. White-
sell et al. have revisited the issue of intracellular glucose
concentration in 3T3-L1 adipocytes and showed that the
steady-state intracellular glucose concentration ranged
from 75 to 90% of extracellular glucose at 5 mM to 50%
of the extracellular glucose at 24 mM [39]. This suggests
that glucose may indeed play a role in the turnover of
glycogen because the liver-speci¢c GP isozyme has a Ki

of 8 mM for glucose. Thus, our data are consistent with
the hypothesis that the increase in GP activity in glucose-
deprived 3T3-L1 adipocytes is due, in part, to loss of al-
losteric inhibition by glucose.

In glucose-deprived adipocytes, 20% of the GLUT1
pool resides in the plasma membrane in contrast to only
4% of the GLUT4 pool, the insulin-sensitive glucose trans-
porter [14]. This argues that the predominant transport
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activity is mediated by GLUT1 in either fed or glucose-
deprived cells. While both GP and GLUT1 appear to be
regulated by glucose availability, our data suggest that GP
activity does not in£uence that of GLUT1. Even overex-
pression of GP, despite the increase in activity, had no
in£uence on glucose transport activity. This contrasts to
recent studies from Baque et al., who showed that over-
expression of the muscle GP isozyme increased the rate of
transport in cultured human myocytes [30,31]. Interest-
ingly, they showed that enhanced expression of GLUT4
was responsible for the elevated transport activity in cells
overexpressing GP. In addition, insulin-stimulated trans-
port was signi¢cantly elevated. We saw neither of these
e¡ects (data not shown). While both studies used viral
vectors to mediate uptake, the increase in GP activity in
the infected myocytes was about 10-fold [31], compared to
only 4-fold in 3T3-L1 adipocytes. Assuming that the e¡ect
on GLUT4 could be titrated based on the total activity of
GP, we would have expected at least a 2-fold increase in
basal transport activity, which would be readily detected
in our system. As this was not the case, we conclude that
myocytes respond di¡erently than do adipocytes to in-
creased GP activity.
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