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ABSTRACT Specific binding sites for l25I4labeled insulin
were detected in purified nuclei isolated from rat liver. Binding
was rapid, reversible, and directly proportional to the number
of nuclei employed. Unlabeled native insulin, at concentrations
as low as 1 ng/ml, significantly inhibited the binding of labeled
hormone, whereas unlabeled proinsulin and desoctapeptide
insulin were less potent. In contrast, glucagon, thyrotropin,
growth hormone (somatotropin), and prolactin were without
effect. Under identical incubation conditions, 25I-1abeled
glucagon bound to liver plasma membranes 5- to 10-fold more
strongly than did insulin; in contrast, glucagon did not bind to
liver nuclei.
These studies demonstrate the presence of specific binding

sites for insulin in purified nuclei isolated from rat liver. In
addition, they suggest that the nucleus may be an intracellular
site of insulin action.

Insulin is a potent hormone which has profound metabolic ef-
fects in many tissues. These range from rapid effects on
membrane transport to long-term effects on RNA and DNA
synthesis (1-3). However, despite over 50 years of research, the
primary action(s) of insulin is (are) still' unknown. It is the
general opinion that the first step in the action of insulin is
binding of the hormone to a specific receptor protein on the
surface of target cells. After binding, it is presumed that the
hormone-receptor complex leads to all of the subsequent actions
of the hormone. In concert with this view of insulin action,
specific receptors for insulin have been identified on plasma
membranes of target cells (4-6).

In tissues such as liver and fat, insulin has long-term effects
on the synthesis of certain enzymes regulating the intracellular
metabolism of glucose (7-9). These effects are-believed to result
from an increased production of messenger RNA (7, 10-12).
In addition, in liver, insulin has been shown to increase DNA
template activity (13) as well as DNA-RNA hybridization (14).
In liver and in other tissues such as mammary gland and skin
fibroblasts, insulin increases DNA synthesis (15, 16). If insulin
acts exclusively at the cell membrane, an indirect mechanism
to transmit the insulin signal, such as the production of a second
messenger, must be postulated in order to explain how insulin
regulates intracellular events. However, if insulin binding sites
can be identified on intracellular structures such as nuclei, then
it is possible that insulin also has direct effects on nuclei and
other subcellular organelles.

Several groups have suggested that insulin can bind to a va-

riety of subcellular fractions including microsomes (17), mi-
tochondria (18), Golgi fractions (19), and nuclei (17). These
studies, however, failed to provide definitive evidence that the
preparations of subcellular components employed were entirely
free of contamination by plasma membranes. Others have re-

ported that insulin binds only to the plasma membrane and not
to other subcellular structures (20, 21).

Abbreviations: T3, triiodothyronine; STM, sucrose-Tris-magnesium
buffer; B, F, bound and free insulin.
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Techniques are now available for the preparation of purified
nuclei from liver and other tissues which are free of subcellular
contaminants (22). Such preparations have been employed by
Oppenheimer, Surks, and colleagues (23) as well as others
(24-26) to demonstrate directly the presence of specific'thyroid
hormone receptors in nuclei. In the present study we have
identified in nuclei purified from rat liver specific binding sites
for insulin that cannot be accounted for by contamination with
plasma membranes.

MATERIALS AND METHODS
Porcine insulin, 26 units/mg, was purchased from Elanco;
glucagon and L-triiodothyronine (T3) were purchased from
Sigma Chemical Co. Bovine growth hormone (somatotropin)
and ovine prolactin were generously donated by the Hormone
Distribution Office, National Institute of Arthritis, Metabolism
and Digestive Diseases. Trypsin was purchased from Worth-
ington Biochemical Corp. Bovine proinsulin was a gift of Dr.
R. E. Chance; bovine desoctapeptide insulin (lacking the
COOH-terminal octapeptide of the B chain) was a gift of Dr.
F. H. Carpenter. Bovine thyrotropin (TSH) was prepared as
previously described (27). Radioiodinated T3 (200,gCi/,ug) was
purchased from Abbott Laboratories, and neutral-pH, car-
rier-free Na125I (300-500 mCi/ml) was purchased from New
England Nuclear.

Todination of Insulin and Glucagon. Insulin was radioio-
dinated by the stoichiometric chloramine-T technique under
the conditions described for bovine thyrotropin (27). The initial
concentrations of reactants were 15 MAM insulin, 30,gM Na251I,
and 30,gM chloramine-T. After the preliminary purification
step with Sephadex G-25 (27), the hormone was purified further
on Sephadex G-50 (regular). This radioiodinated insulin (80-190
gCi/,gg) was 95-97% precipitable by 10% trichloroacetic acid
and greater than 90% precipitable by excess insulin antibodies.

Glucagon was radioiodinated as previously described (28).
Preparation of Nuclei and Plasma Membranes. Nuclei

were prepared by a'combination of the sucrose-density cen-
trifugation (29, 30) and the Triton X-100 techniques (31). Fe-
male Sprague-Dawley rats, 80-120 g, fed ad lib, were anes-
thetized with ether and decapitated. After exsanguination the
liver was rapidly removed, freed of connective tissue, placed
in a chilled beaker, and minced. The following steps were
performed at 4°. Ten grams of liver was added to 100 ml of
buffer containing 0.25 M sucrose, 10 mM MgC12, and'20mM
Tris-HCI, pH 7.85 (STM buffer). The tissue was then homog-
enized with 10 strokes with a Potter-Elvehjem homogenizer
(2000 rpm), filtered through four layers of cheesecloth, and
centrifuged at 800 X g for 10 min. The pellet was then sus-
pended in 60 ml of 2.2 M sucrose plus 1 mM MgCl2, divided
into six portions, and centrifuged at 53,000 X g for 45 min. The
combined pellets were then suspended in STM buffer plus 0.5%
Triton X-100 (10 ml/g wet weight of liver) and centrifuged at
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FIG. 1. Electron micrograph of the sucrose-Triton nuclear
preparation. Nuclei were fixed in 1% glutaraldehyde-0.1 M cocady-
late, post-fixed with 1% osmium tetroxide, and embedded in Epon-
Araldite. Magnification is X8400. (N = nucleus; Nu = nucleolus.)

800 X g for 10 min; this step was repeated once. The pellet was
then suspended in 100 ml of STM buffer and centrifuged, and
then suspended in assay buffer (see below). This nuclear
preparation (sucrose-Triton nuclei) had a protein/DNA ratio
of 2.2 and a RNA/DNA ratio of 0.22.

Electron microscopy, kindly performed by Dr. Joseph
Goodman, revealed intact and broken nuclei (Fig. 1). No intact
cells, plasma membranes, vesicles, or other cellular organelles
were seen.

Subsequently, it was found that nuclei of similar high purity
(as determined by electron microscopy) could also be obtained
even if centrifugation through 2.2 M sucrose was omitted. These
nuclei (Triton nuclei) had a protein/DNA ratio of 2.4 and a
RNA/DNA ratio of 0.31. In addition, these nuclei had unde-
tectable levels of Na+-K+ ATPase, a marker enzyme for the
plasma membrane; succinate dehydrogenase, a marker enzyme
for mitochondria; and 3-hydroxy-3-methylglutaryl-coenzyme
A reductase, an enzyme bound to microsomal membranes (34)
(Table 1). The characteristics of the binding of insulin to both
types of nuclear' preparations were very similar.

Liver plasma membranes were prepared by the method of
Lesko et al. (35).
DNA, RNA, and protein were measured by standard tech-

niques (36-38).
Hormone Binding. Purified nuclei or plasma membranes

were suspended in assay buffer (STM buffer plus 2mM EDTA
and 5 mg/ml of bovine serum albumin, pH 7.85).* Typically,

* Albumin was added to eliminate nonspecific binding of the hormone
to nonbiological surfaces (4, 5). Increasing the albumin concentration
from 2.5 to 20 mg/ml did not influence the binding of insulin to
nuclei. No significant binding was seen in the absence of nuclei (Table
2).

Table 1. Enzyme studies in isolated nuclei

Activity
(/.mol/mg
of protein

Enzyme Organelle per min)

Na`-K+ ATPase Nuclei Undetectable
Plasma membranes 0.065

Succinate Nuclei <9
dehydrogenase Mitochondria 580

HMG-CoA re- Nuclei Undetectable
ductase Microsomes 222

Enzymes were measured by published techniques (32-34). HMG-
CoA is hydroxymethylglutaryl-CoA.

1-2 mg/ml of nuclear protein or 0.1-0.2 mg/ml of membrane
protein were incubated with labeled and unlabeled hormones
at 240. At appropriate times, 200 ,gl aliquots were obtained,
layered over 200 ,.l of assay buffer chilled to 40, and centrifuged
at 10,000 X g in a Beckman 152 Microfuge (1 min for nuclei
and 3 min for membranes). The supernatant radioactivity was
aspirated, the tips of the tube containing the insulin or glucagon
bound to the pellets were cut off, and the radioactivity was
measured. In studies of T3 binding, the pellet was washed twice
with 200 jAl of buffer to reduce nonspecific binding (26). Nu-
clear binding of insulin was expressed as the ratio of bound over
free (B/F) hormone/mg of protein per ml.

RESULTS
Incubation Time and Protein Concentration. Insulin bound

rapidly to isolated rat liver nuclei. Binding was one-half max-
imal at 30 min, maximal at 90 min (Fig. 2), and remained at a
plateau for up to 4 hr (data not shown). Nonspecific binding of
insulin (binding in the presence of excess unlabeled insulin)
ranged from 40 to 50% of total binding. Similar high ratios of
nonspecific binding to total binding have been reported in
studies of TS binding to nuclei prepared under similar condi-
tions (25, 26), and in studies of the binding of insulin to isolated
fat cells (39). In the present investigation nonspecific binding
was due in part to the trapping of insulin in the cell pellet, since
either modifying the method of centrifugation or employing
filtration reduced nonspecific binding to 30% of total (Table
2).

Binding of insulin was linear up to 2.5 mg/ml of nuclear
protein. Preincubation of nuclei with low concentrations of
trypsin (5 ,ug/ml) for 30 min at 240 abolished the ability of the
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FIG. 2. Time course of insulin binding. [125IJInsulin (0.16 ng/ml)
was incubated in the presence and absence of unlabeled insulin (200
,ug/ml) with nuclei (sucrose-Triton) at 1.3 mg of protein per ml. Each
point is the mean of duplicate determinations.
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Table 2. Binding of insulin to nuclei as determined by
centrifugation and filtration

I25I] Insulin bound (cpm/ml)

Total Nonspecific
binding binding

(unlabeled (unlabeled
insulin insulin

Method absent) present)

ii. Nuclei absent
Centrifugation 311 ± 13 281 ± 15
Filtration 764 ± 15 709 ± 72

B. Nuclei present
Centrifugation 5064 ± 301 1786 ± 91
Filtration 5524 ± 84 2197 ± 157

[125I]Insulin (0.21 ng/ml) was incubated with Triton nuclei (2
mg of protein per ml) in the absence and presence of 200 jig/ml of
unlabeled insulin for 90 min, and bound and free hormone were
separated. Centrifugation: 100 Al of suspension was layered over
200 Al of chilled 0.8 M sucrose and centrifuged for 3 min, and the
supernatant was aspirated. Filtration: 100 Al of suspension was
added to 5 ml of chilled assay buffer and filtered through Oxoid
filters (Amersham) under suction. Each value is the mean 4 SD
for triplicate determinations. The ratio of nonspecific nuclear
binding to total nuclear binding was 0.32 with the centrifugation
technique and 0.31 with the filtration technique. In the analyses
of these ratios, the blanks (nuclei absent) were subtracted.

nuclei to subsequently bind insulin, suggesting that the binding
sites on nuclei were protein in nature.
Plasma Membrane Enrichment Studies. The addition of

plasma membranes to tissue homogenates (2 or 4 mg of plasma
membrane protein per g of liver) failed to increase the binding
of insulin to nuclei prepared subsequently (Table 3). Further,
washing the nuclei with plasma membranes solubilized in
Triton X-100 did not increase the ability of nuclei to bind insulin
(Table 4), indicating that nuclei did not absorb insulin receptors
from plasma membranes during the Triton X-100 washings.

Dissociation. The addition of an excess of unlabeled insulin
to the reaction at steady state demonstrated that binding was
reversible (Fig. 3). Dissociation was not rapid; approximately
40% of the nuclear receptor-insulin complex dissociated in 2
hr. As has been reported in studies of the insulin receptor in liver
plasma membranes (40), dissociation of the insulin-nuclear
receptor complex was not a simple, first-order process.

Effects of Unlabeled Hormones. The binding of labeled
insulin was inhibited by unlabeled insulin at concentrations as

Table 3. Lack of effect of enriching liver homogenates
with plasma membranes prior to preparing nuclei

B/F [ 2 5 I]Insulin

Exp. A Exp. B

Nuclei from control
homogenates 0.040 ± 0.002 0.041 ± 0.004

Nuclei from enriched
homogenates 0.030 ± 0.002 0.033 ± 0.003

Six grams of liver were homogenized in 60 ml of STM (see Ma-
terials and Methods). To one portion ("enriched"), purified plasma
membranes were added (2 mg of protein per g of liver, Exp. A; or
4 mg of protein per g of liver, Exp. B), and nuclei were prepared
(Triton). Nuclei (0.8 mg of protein per ml) were then incubated
with 0.3 ng/ml of [125Iinsulin and sampled after 120 min of incuba-
tion. Each point is the mean A SD for triplicate determinations.
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FIG. 3. Dissociation of the insulin-receptor complex. [125IInsulin

(0.25 ng/ml) was incubated with 2.2 mg of protein per ml of nuclei
(Triton) for 90 min. Unlabeled insulin (200 ug/ml) was then added
and dissociation was followed for 120 min. Nonspecific binding (in
the presence of 200 gg/ml of insulin) has been subtracted. Each point
is the mean of triplicate determinations.

low as 1 ng/ml (25 Arunits/ml, 160 pM) (Fig. 4). One-half
maximal inhibition of binding occurred at 50100 ng/ml, and
maximal inhibition was seen at 105 ng/ml. Proinsulin had ap-
proximately 5% the potency of native insulin, and desocta-
peptide insulin was even less active. Glucagon, thyrotropin,
growth hormone, and prolactin were without effect.
Comparison of Insulin, Glucagon, and T3 Binding. The

specific binding of insulin, glucagon, and T3 was studied in
purified rat liver nuclei and in purified rat liver plasma mem-
branes (Fig. 5); insulin bound to both cellular fractions. Under
identical incubation conditions, l25I-glucagon bound 5- to
10-fold more strongly to plasma membranes than did l25I-in-
sulin. In contrast to the significant binding of insulin to nuclei,
glucagon did not bind at all to these structures. Under these
same incubation conditions, T3 bound to nuclei but not to
plasma membranes. Other studies revealed that 12'I-thyrotropin
(27) did not bind to isolated nuclei.

DISCUSSION
In the present study, specific binding sites for insulin were
identified in rat liver nuclei. This binding fulfilled the re-

Table 4. Effect of washing nuclei with solubilized
plasma membranes

B/F [ 1 2 5 I] Insulin

60 min 120 min

Control wash 0.011 ± 0.001 0.019 ± 0.001
Solubilized plasma
membrane wash 0.009 ± 0.001 0.021 ± 0.002

Nuclei (Triton) were purified from 4 g of liver up until the last
wash with Triton X-100. One half of the preparation was then
washed in 20 ml of STM-Triton X-100 in which 1 mg of plasma
membrane protein had been solubilized. The other half was
washed in STM-Triton X-100 in which 1 mg of bovine serum
albumin had been solubilized. Both portions were then washed
once in STM-Triton X-100 and once in STM. Purified nuclei (0.8
mg of protein per ml) were then incubated with 0.6 ng/ml of
[125I]insulin and sampled after 60 and 120 min. Each point is the
mean 4 SD for triplicate determinations.

Biochemistry: Goldfine and Smith
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FIG. 4. Top. Effect of insulin and other hormones on the binding
of [1251]insulin. Bottom. Effect of insulin, proinsulin, and desocta-
peptide insulin on the binding of [125I]insulin. In both studies
[1251linsuiin (0.18 ng/ml) was incubated with the above concentrations
of labeled hormone and 1.5 mg of protein per ml nuclei (Triton) for
120 min. Each point is the mean + SD of quadruplicate determina-
tions.

quirements generally accepted to define a biologically im-
portant hormone receptor (4-6). The binding of labeled insulin
was rapid, reversible, and saturated by physiologic concen-

trations of unlabeled insulin. Further, the insulin analogues,
proinsulin and desoctapeptide insulin, which have diminished
activities both in intro and in vivo (5, 6), had a proportionately
diminished ability to inhibit the binding of labeled insulin.
Finally, other hormones unrelated to insulin, such as thyro-
tropin, growth hormone, glucagon, and prolactin, had no effect
on insulin binding.

It was considered possible that the binding observed with
nuclei was due to contamination of these structures by plasma
membranes; five lines of evidence suggested that this was not
the case. First, electron microscopy revealed that the prepa-
rations employed did not contain plasma membranes. Since
nuclei bound insulin approximately 10% as well as did plasma
membranes, it is unlikely that a 10% contamination of the nuclei
with plasma membranes would have gone unnoticed. Second,
enrichment of homogenates with plasma membranes did not
increase the binding of insulin to nuclei. Third, the nuclei were
prepared with Triton X-100, a detergent known to solubilize
the insulin receptor of plasma membranes (41); also, washing
nuclei with solubilized plasma membranes did not increase the
binding of insulin. Fourth, the nuclei did not contain the plasma

FIG. 5. Comparison of insulin, glucagon, and triiodothyronine
(T3) binding to liver plasma membranes and nuclei. Membranes and
nuclei (sucrose-Triton) were incubated for 120 min with [l25I]insulin
(0.2 ng/ml), [l25I]glucagon (0.6 ng/ml), and [1251ltriiodothyronine (0.06
ng/ml) in the presence and absence of unlabeled hormones: insulin,
200 ,ug/ml; glucagon, 50 gg/ml; and triiodothyronine, 1.0 ,g/ml.
Nonspecific binding has been subtracted. Each point is the mean i
SD of quadruplicate determinations.

membrane enzyme Na+-K+ ATPase. Finally, these nuclei did
not bind glucagon, a hormone which binds to plasma mem-
branes more strongly than does insulin.

Both electron microscopic and enzymatic studies indicated
that contamination with other cellular fractions such as mi-
crosomal membranes and mitochondria was not present in the
preparations of nuclei employed.

Preliminary studies indicate that insulin also binds to nuclei
prepared from human cultured lymphocytes.J This finding
suggests that nuclear binding sites for insulin are neither cell
nor species specific.

At present it is not known whether insulin enters the intact
cell. Several years ago, studies with insulin covalently coupled
to large beads of agarose appeared to indicate that insulin acted
exclusively at the cell surface (42); however, these data have
been questioned (43, 44), and it is now known that the insu-
lin-agarose complex is unstable in the presence of biological
fluids (45-47). The solubilized insulin released from such
preparations of insulin-agarose is sufficient to account for all
of the activity detected (46, 47). Since molecules as large as

albumin can penetrate certain cell membranes (48) and the
intracellular uptake of insulin into isolated hepatocytes has been
reported (49), it is possible that insulin also enters the cell and
then binds to intracellular structures.
The data of the present study suggest that there may be at

least two cellular mechanisms of insulin action. Undoubtedly,
insulin binds to receptors on the plasma membrane and this
interaction leads directly to changes in various membrane
functions such as transport, electrical activity, and the activity
of membrane-bound enzymes (1-3). In addition, however, it
is well established that insulin regulates various intracellular
functions, including the synthesis of DNA, RNA, and protein,
as well as the activity of several critical enzymes, but these in-
tracellular effects cannot be ascribed directly to binding at the
plasma membrane. It is possible that insulin, like glucagon and
certain other hormones, mediates such functions by generating
a second messenger at the plasma membrane. A simple and

tI. D. Goldfine and G. J. Smith, unpublished observations.
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more straightforward explanation of how insulin regulates in-
tracellular events is that insulin itself enters the cell and then
mediates its own actions. The data presented herein demon-
strate that insulin in fact binds directly to the cell nucleus in
vitro. This finding suggests that direct interactions with intra-
cellular structures in vio may constitute a second mechanism
of insulin action.
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