thymine H3 protons.

Guanine-containing DNA fragments re-
cently have been shown to form unusual
structures that seem to utilize guanine tet-
rads to stabilize unimolecular (6, 7), bimo-
lecular (6, 8), and tetramolecular (1, 15)
associations. In this report we have de-
scribed a new example of a tetramolecular
complex, one comprised of strands only 9
bp long and therefore suitable for detailed
characterization. Biological processes may
take advantage of all of these guanine-tet-
rad—containing structures. For example,
four duplexes may form tetraplexes while
initiating alignment during meiosis (1, 15).
Guanine-rich regions within two chroma-
tids may form hairpins and then dimerize,
thereby aligning and pairing the strands for
recombination (8). Dimerization also may
occur at telomeric ends (6, 8). The guanine-
rich strand of a single duplex may separate
from its complementary strand to form its
own structure, either within the strand (7),
possibly as part of H DNA (19), or at its end
(6). Control of these different forms may
depend in part on a “sodium-potassium
switch” (15). Furthermore, these guanine
self-paired structures may interact with pro-
teins. For example, the enzyme human
DNA (cytosine-5)methyltransferase recently
was proposed to act at a possible G4-
DNA/B-DNA junction at codon 12 of ¢-H-
ras (20). In addition, the enzyme called
telomere terminal transferase appears specif-
ically to act on specialized telomere struc-
tures (21). Guanine self-associations also
may influence RNA structure since guanine
tetrads have been postulated to form be-
tween strands of poly rG (11). Additional
biophysical studies on specially designed
and synthesized DNA and RNA fragments
should help to elucidate the potential role
that these guanine associations play in bio-
logical systems.
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Underexpression of B Cell High K,,, Glucose
Transporters in Noninsulin-Dependent Diabetes

JoHN H. JoHNsON, ATsusHI OGawA, LING CHEN, LELIO ORCI,
CHRISTOPHER B. NEWGARD, TAUSIF ALAM, ROGER H. UNGER¥

The role of defective glucose transport in the pathogenesis of noninsulin-dependent
diabetes (NIDDM) was examined in Zucker diabetic fatty rats, a model of NIDDM. As
in human NIDDM, insulin secretion was unresponsive to 20 mM glucose. Uptake of
3-O-methylglucose by islet cells was less than 19% of controls. The B cell glucose
transporter (GLUT-2) immunoreactivity and amount of GLUT-2 messenger RNA
were profoundly reduced. Whenever fewer than 60% of B cells were GLUT-2--
positive, the response to glucose was absent and hyperglycemia exceeded 11 mM
plasma glucose. We conclude that in NIDDM underexpression of GLUT-2 messenger
RNA lowers high K,, glucose transport in B cells, and thereby impairs glucose-
stimulated insulin secretion and prevents correction of hyperglycemia.

YPE 2 OR NONINSULIN-DEPENDENT
diabetes (NIDDM), the most com-
mon hyperglycemic syndrome of
man, is ascribed to a declining capacity of
pancreatic 3 cells to compensate for underly-
ing insulin resistance by increased secretion
of insulin (1). The mechanism of this geneti-
cally determined B cell decompensation is
obscure; B cells of NIDDM patients appear
morphologically normal (2). The loss of
acute insulin response to glucose in such
patients is not accompanied by a parallel
impairment in the insulin response to non-
glucose secretagogues (3). This observation
points to a glucose-specific defect in the
pathway for insulin secretion. Transmem-
brane glucose transport is one possible site
of such a defect (4-6).
Here we report that in a rodent model of
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NIDDM, hyperglycemia in excess of 11
mM is invariably associated with selective (3
cell unresponsiveness to glucose, reduced
glucose transport in islets, and high K
(Michaelis constant) underexpression of the
high K, glucose transporter of B cells
(GLUT-2). We propose that these abnor-
malities are causally linked.

We employed as a model of NIDDM a
colony of partially inbred Zucker diabetic
fatty (ZDF) rats [ZDF/Drt-fa(F10)] (7). In
this colony, all of the males develop obesity,
insulin resistance, and overt NIDDM be-
tween the seventh and ninth week of life. By
10 weeks of age, their average plasma glu-
cose level exceeds 22 mM. The female litter-
mates also develop obesity and insulin resist-
ance but do not become overtly diabetic,
presumably because their B cells maintain
sufficient glucose-responsive insulin secre-
tion to compensate for the resistance.

To determine whether, as in human
NIDDM, B cells of overtly diabetic ZDF
rats are insensitive to glucose, we studied
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obese male ZDF rats with a morning plasma
glucose level in excess of 11.1 mM. Because
sex-matched nondiabetic obese ZDF males
do not exist, we employed as controls age-
matched obese nondiabetic females ( fa/fa)
with a similar degree of insulin resistance
but without B cell decompensation. As male
controls we used age-matched nondiabetic
lean male Zucker heterozygotes ( fa/+) and
normal male Wistar rats. Pancreata were
isolated and perfused (8) with 20 mM glu-
cose, 10 mM arginine, and a combination
thereof (Fig. 1). Glucose-stimulated insulin
secretion was observed in every nondiabetic
control rat, but not in any diabetic ZDF rat
with hyperglycemia of 11 mM plasma glu-
cose or above. In diabetic rats with hyper-
glycemia below 10 mM plasma glucose, the
insulin response to glucose was mildly pre-
sent but subnormal. Baseline insulin secre-
tion and the insulin response to arginine
were greater in both the male diabetic and
the female nondiabetic ZDF groups than in
the nonobese male control groups.
Unrestricted high K, glucose transport is
regarded as essential for normal B cell re-
sponsiveness to glucose (10, 11). To deter-
mine whether the B cell insensitivity to
glucose was the result of impaired high K,
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Arginine  Arginine

20 mM
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Fig. 1. Insulin response (mean + SEM) to 20
mM glucose, 10 arginine, and combination
thereof in isolated perfused pancreata of (A)
obese male diabetic ZDF rats (n = 8) (@——@)
and nondiabetic obese female Zucker rats (n = 9)
(—) and (B) nondiabetic lean male Zucker rats
(n = 9) (@——@®) and nondiabetic male Wistar
rats (—). The nondiabetic female differed from
the nondiabetic lean male in baseline insulin
secretion as judged by analysis of variance
(P < 0.001). The glucose-induced insulin secre-
tion of the diabetic male and the nondiabetic
female differed from control groups as judged by
analysis of variance (P < 0.001).
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Fig. 2. Time course of uptake of 15 mM 3-O-
methylglucose by dispersed islet cells pooled from
four nondiabetic Wistar rats (A), four nondiabet-
ic lean male Zucker rats ( fa/+) (4), eight nondia-
betic obese female Zucker rats ( fa/fa) (@), and
eight diabetic obese male Zucker rats ( fa/fa) (O)
(plasma glucose 24.9 to 33.2 mM). All Zucker
animals were 12 weeks of age. Each data point
represents the mean + SEM of four independent
experiments after correction for nonspecific up-
take (L-glucose) in the diabetic and nondiabetic
ZDF rats, each of which was carried out in
duplicate as described elsewhere (5, 11). In the
Wistar and lean male Zucker rats two indepen-
dent experiments were carried out in duplicate.

glucose transport, we compared the initial
velocity of 15 mM 3-O-methylglucose (3-O-
MG) uptake by the isolated islets (12) of
severely diabetic male ZDF rats with that of
nondiabetic female ZDF rats and the two
other control groups (Fig. 2). In the diabet-
ic animals the initial rate was 2.7 mmol
min~" liter ™" of islet space, as compared to
9.2 mmol min~"' liter ™" in the nondiabetic
fatty females and 11.0 and 13.9 mmol
min ' liter ™' in the lean male heterozygotes
and Wistar controls, respectively. This re-
duction in the initial rate of high K, glucose
transport in the diabetic islets could account
for the inability of B cells to discriminate
between a normal and an elevated level of
plasma glucose.

We next determined whether the reduc-
tion in the high K, 3-O-MG uptake was
associated with a reduction in the amount of
immunodetectable GLUT-2 and its mRNA.
The identity in primary sequence between
the glucose transporters of rat hepatocytes
and B cells (10, 11) enabled us to raise an
antiserum to a synthetic COOH-terminal
hexadecapeptide (13) predicted from the
sequence of liver GLUT-2 mRNA (10).
When membrane preparations made from
the isolated islets of the three nondiabetic
control rats were immunoblotted (13) with
GLUT-2 antiserum, a prominent 60-kD
band was observed (Fig. 3) that was not
detected either with preimmune serum or
with GLUT-2 antiserum preincubated with
the peptide antigen (13). This band was not
observed in immunoblots of an equivalent
amount of islet cell membranes from diabet-
ic ZDF rats with greater than 27.8 mM

plasma glucose, and was barely detectable in
a fivefold excess of membrane. In ZDF rats
with less severe diabetes (11.1 to 16.7 mM
plasma glucose) the 60-kD band was present
but was reduced in intensity compared to
the controls. The band was only slightly
reduced (~30%) in hepatocyte membranes
from the severely diabetic ZDF rats (13).
GLUT-2 mRNA in pancreata of severely
diabetic ZDF rats was 50 to 63% below
controls when quantitated by in situ hybrid-
ization (14) and 75% below according to
densitometric scanning of Northern blots
containing  polyadenylated  [poly(A)*]
mRNA isolated from whole pancreata (Ta-
ble 1). GLUT-2 mRNA was not reduced in
the livers of severely diabetic rats. The re-
sults indicate that the reduction in the
amount of immunodetectable GLUT-2 in 8
cells is, to a significant degree, associated
with a reduction in the amount of GLUT-2
mRNA of B cells.

To determine whether the B cell dysfunc-
tion and hyperglycemia of the diabetic ZDF
rats were quantitatively related to the loss of
GLUT-2, we subjected the pancreata pro-
cessed after the perfusion experiments (Fig.
1) to immunofluorescence staining for
GLUT-2 and insulin (15) and determined
the percent of GLUT-2—positive B cells (6).
The functional and metabolic parameters of
each rat were then expressed relative to the
percent of its B cells displaying immunocy-
tochemically detectable GLUT-2 (Fig. 4).
We found a significant negative relation
between hyperglycemia and the percent of

1 2 3 4 5

Fig. 3. Immunoblot for GLUT-2 in crude islet
membrane preparations (13) from nondiabetic
Wistar rats (lane 1), nondiabetic lean male Zucker
rats (fa/+) (lane 2), 8-week-old male Zucker
diabetic fatty rats (glucose 13.6 mM) (lane 3), 12-
week-old male Zucker diabetic fatty rats (glucose
25.3 mM) (lane 4), and 12-week-old female
nondiabetic Zucker fatty rats (lane 5). The band
with an apparent M, of 60 kD is blocked by
preincubation of the antibody with a 10° M excess
of antigen (13). The second band with an appar-
ent M, 50 kD is detected with preimmune serum
and is not blocked by antigen excess. It is not
detected in islet membranes of Wistar rats.
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Table 1. GLUT-2 mRNA in pancreas of diabetic ZDF males and age-matched controls. (A) Signal
grain density of pancreatic sections hybridized in situ (14) expressed as reciprocals of reading exposure
time of dark-field images (mean * SEM) islets in cach group of animals. P < 0.001 by analysis of
variance, 0.05 by Student—Newman-Keuls test, showing that all three groups are significantly different.
(B) Ratio of GLUT-2/elastase poly(A)* mRNA isolated from whole pancreata. Calculations are based
on densitometric analysis of Northern (RNA) blots. Northern blotting of whole pancreas poly(A)™
RNA was carried out with the same GLUT-2 mRNA probe labeled with *°P. Blots were also
hybridized with an elastase antisense mMRNA probe as an index of the amount of pancreatic RNA

applied to the gel.

Diabetic male ZDF rats (fa/fa) (plasma glucose >11
Nondiabetic fatty females (fa/fa)
Nondiabetic lean males (fa/+)

A B

mM) 0.09 + 0.0073 (n = 25) 0.22
0.18 + 0.0110 (n = 20) 0.9
0.24 + 0.0196 (n = 20) 0.74

GLUT-2—positive B cells (for logio of plas-
ma glucose the slope * standard error was
—0.0084 + 0.0010; P < 0.001) (16) (Fig.
4A). In every rat with less than 60% B cells
positive for GLUT-2, the morning blood
glucose was over 11 mM (200 mgydl) (Fig.
4A), and glucose-stimulated insulin secre-
tion was absent (Fig. 4B). Basal insulin
secretion, which was high in the mildly
diabetic rats with B cell GLUT-2 immuno-
fluorescence above 60%, declined in parallel
with the fall in GLUT-2 immunofluores-
cence to quantities below 60% (slope *
standard error was 4.513 * 1.273; P =
0.012) (Fig. 4C). By contrast, arginine-
stimulated insulin secretion was indepen-
dent of the level of GLUT-2 immunofluo-
rescence (Fig. 4D).

These findings indicate that the hyper-
glycemia of NIDDM in ZDF rats, as in
human NIDDM, is associated with selective
loss of glucose-stimulated insulin secretion.
The rate of high K, glucose transport in the
islets of severely diabetic rats was reduced to
18% or less of controls, which could well
explain the glucose insensitivity of their 8
cells.

Fig. 4. Relationships between islet

A Plasma glucose

Glucose transport in normal B cells is
estimated to have a K, of ~17 mM (11); at
this high Ko, glucose transport is never rate-
limiting for glucokinase-catalyzed phospho-
rylation (9). An incremental increase in
extracellular glucose from a normal fasting
level (4 to 5 mM) to a normal postprandial
level (8 to 10 mM) will be reflected by a
proportionate increase in intracellular glu-
cose, thus causing a glucokinase-mediated
increase in glucose usage and an appropriate
increase in insulin release. We calculate from
rates of transport measured at physiologic
blood glucose levels that a 75% reduction in
high K, transport would reduce glucose
transport to rates that could limit glucose
usage by islets (9, 11). In this case a post-
prandial rise in glucose to above 5 mM
would not increase intracellular glucose us-
age and could not stimulate insulin secre-
tion. Failure to mount an appropriate insu-
lin response to a rise in glucose concentra-
tion will result in the hyperglycemia upon
which the diagnosis of NIDDM is based.

The issue of primacy of the reduced
expression of GLUT-2 in the pathogenesis
of the B cell failure has not been addressed

B Glucose-stimulated IRl response
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here. However, GLUT-2 down-regulation
does not appear to be secondary to hyper-
glycemia (6), which increases B cell GLUT-
2 mRNA in normal rats (15). Conversely,
chronic administration of the a-glucosidase
inhibitor, acarbose, to prediabetic male
ZDF rats prevents their hyperglycemia but
does not prevent the GLUT-2 deficiency
(6). Although chronic hyperinsulinemia
suppresses GLUT-2 mRNA in normal islets
(15), in B cells of the nondiabetic female
Zucker rats, which have even greater basal
hyperinsulinemia than the diabetic males,
GLUT-2 mRNA was not reduced (Table
1). The down-regulation appears to be rela-
tively tissue-specific inasmuch as neither im-
munodetectable GLUT-2 nor its mRNA
were comparably reduced in hepatocytes of
the diabetic rats.

Reduction in B cell GLUT-2 appears to
be the most proximal abnormality thus far
identified in NIDDM. The putative patho-
genesis of the B cell disorder now seems to
be as follows: an unknown factor leads to
reduced GLUT-2 expression and therefore a
reduced capacity for high K, glucose trans-
port, which in turn results in loss of glucose-
stimulated insulin response and uncorrected
hyperglycemia. If GLUT-2 is also underex-
pressed in humans with NIDDM, elucida-
tion of the mechanisms of this abnormality
could lead to new therapeutic strategics
designed to restore the glucose responsive-
ness of B cells in these patients, and thereby
improve their capacity to compensate for the
underlying insulin resistance.
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Involvement of the Silencer and UAS Binding Protein
RAP1 in Regulation of Telomere Length

ARTHUR J. LusTiG,* STEPHEN KURTZ, DAVID SHORE

The yeast protein RAP1, initially described as a transcriptional regulator, binds in
vitro to sequences found in a number of seemingly unrelated genomic loci. These
include the silencers at the transcriptionally repressed mating-type genes, the pro-
moters of many genes important for cell growth, and the poly[(cytosine),_; adenine]
[poly(C,-3A)] repeats of telomeres. Because RAP1 binds in vitro to the poly(C,_3A)
repeats of telomeres, it has been suggested that RAP1 may be involved in telomere
function in vivo. In order to test this hypothesis, the telomere tract lengths of yeast
strains that contained conditionally lethal (ts) rap1 mutations were analyzed. Several
rap1” alleles reduced telomere length in a temperature-dependent manner. In addition,
plasmids that contain small, synthetic telomeres with intact or mutant RAP1 binding
sites were tested for their ability to function as substrates for poly(C,_3A) addition in
vivo. Mutations in the RAP1 binding sites reduced the efficiency of the addition

reaction.

HE TELOMERES OF ALL EUKARYOTES

examined thus far consist of a gua-

nine-cytosine (GC)-rich sequence of
variable length [for example, poly(C;_3A) in
Saccharomyces cerevisiae] (1). The G-rich
strand appears to be added in a DNA tem-
plate—independent process that requires te-
lomerase, a ribonucleoprotein (2). In several
organisms, the sequences present at telo-
meres are organized into an altered chroma-
tin structure that is resistant to degradation
by micrococcal nuclease (3, 4). In yeast and
ciliates, nonhistone proteins that bind telo-
mere sequences have been identified (4, 5).
The interaction of these proteins with telo-
meric DNA is likely to be important for the
control of telomere replication, association,
and higher order structure (1).

In S. cerevisiae, the predominant telo-
mere-binding protein i1s RAP1 (also known
as TBA, GRF1, and TUF1) (5-7). Telo-
meric binding sites for RAP1 [ACACCCA-
CACACC] are found at an average den-
sity of one site per 40 bp of telomeric
poly(Ci3A) (8, 9). The gene encoding
RAP] has been cloned and is essential for
viability (7).

To investigate whether RAP1 affects telo-
mere structure in vivo, we analyzed chromo-
somal telomere lengths in four independent
rap1* mutants. Each mutant allele was a
unique recessive missense mutation and dis-
played a distinct pattern of growth. Strains
that contained the rap1-2 or rap1-5 alleles
grew at or near wild-type rates under per-
missive conditions (23°C) and required at
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least 16 hours of incubation at the restrictive
temperature  (37°C) to inhibit growth.
Strains that carried either the rap1-1 or rap1-
4 alleles grew poorly at 23°C and rapidly
arrested growth when shifted to 37°C.

The effect of the rap1™ mutations on the
size of telomeric poly(C,3A) tracts was
analyzed by culturing each mutant strain at
permissive or semipermissive temperatures
for approximately 100 generations. The se-
mipermissive temperature was defined as the
temperature at which a significant decrease
in growth rate occurred. Under these condi-
tions, cells were partially deficient in RAP1
activity. The tract length of the predominant
class of telomeres (the XY’ class, see Fig.
1A) was measured by hybridizing Southern
(DNA) blots of Xho I-digested genomic
DNA with *?P-labeled poly[d(GT)]-poly-
[d(CA)], which identified the telomeric po-
ly(Ci_3A) sequences and internal poly(CA)
tracts (Fig. 1A).

At the permissive temperature (23°C),
telomeres showed only minimal alterations
in tract length (Fig. 1B). However, at semi-
permissive temperatures (30° to 31.5°C),
telomere tract size was gradually reduced in
rap1* cells during ~100 generations of cul-
turing (300 to 125 bp, Fig. 1C). Progressive
loss of sequences, observed in both rap1-2
mutant haploids and homozygous diploids,
was recessive; diploids that were heterozy-
gous for the rap1-2 mutation had wild-type
tract lengths (10). Strains containing either
the rap1-4 or the rap1-1 allele showed a
moderate loss of telomeric sequences (~130
and ~88 bp, respectively) when cultured at
23°C (10). No significant changes in telo-
mere sizes were observed in isogenic wild-
type strains at any of the temperatures used
in this study (Fig. 1, B and C).

The loss of terminal tracts observed in
rap1-2 mutants was fully reversible. When
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