Insulin Secretion from Pancreatic B Cells Caused by
L-Arginine—Derived Nitrogen Oxides
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L-Arginine causes insulin release from pancreatic B cells. Data from three model
systems support the hypothesis that L-arginine—derived nitrogen oxides (NOs) medi-
ate insulin release stimulated by L-arginine in the presence of D-glucose and by the
hypoglycemic drug tolbutamide. The formation of NO in pancreatic B cells was
detected both chemically and by the NO-induced accumulation of guanosine 3',5'-
monophosphate. N€-substituted L-arginine analogs inhibited the release of both
insulin and NO. Protein immunoblot and histochemical analysis with antiserum to
type I NO synthase suggest that the formation of NO in pancreatic B cells is catalyzed
by an NADPH- (reduced form of nicotinamide adenine dinucleotide phosphate),
Ca®*/calmodulin-dependent type I NO synthase of about 150 kilodaltons.

L-Arginine mediates protein-induced in-
sulin secretion (1, 2) and potentiates D-glu-
cose—induced insulin release. Furthermore,
L-arginine deficiency is associated with insu-
linopenia and a failure to secrete insulin in
response to glucose (3). The properties of
L-arginine that have been proposed to ex-
plain its insulin-releasing effect include non-
specific positive charge and pH effects, stim-
ulation of voltage-sensitive Ca®>* channels,
and utilization of L-arginine as a substrate
for polyamine biosynthesis or transglutami-
nase (4). However, none of these character-
istics satisfactorily explains the effect on in-
sulin release. We now show that in three
experimental model systems—the anesthe-
tized rat, isolated islets of Langerhans from
rat, and the glucose-responsive clonal pan-
creatic B cell line HIT-T15—the signal
transduction pathway involving L-arginine—
derived NO (5) mediates insulin release
from pancreatic B cells.

In HIT-T15 pancreatic B cells, a cell line
that retains characteristics of the normal islet
insulin secretory response (6), L-arginine in
the presence of D-glucose induced concom-
itant release of insulin and NO (Fig. 1). In
each case, about 80% of maximal release
occurred in the first 10 min. In addition, the
median effective concentrations (ECgq’s) at
which L-arginine potentiated release of insu-
lin and NO were 150 uM and 50 pM,
respectively; these values are in the physio-
logical range of plasma L-arginine concen-
trations (7). L-Arginine (0.3 mM) reduced
the ECs, for D-glucose to induce release of
both NO and insulin (from 15 mM to 5
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mM). L-Glucose or D-arginine (up to 30
mM) were without effect (8). Tolbutamide,
a drug that induces hypoglycemia, also
caused release of NO (Fig. 1B) and insulin
(8) in the presence of D-glucose.
NY-methyl-L-arginine (MeArg) and ~NS-
nitro-L-arginine (NO,Arg), two potent in-
hibitors of the enzymatic conversion of L-ar-
ginine to NO (9, 10), inhibited insulin
secretion induced by L-arginine in the pres-
ence of D-glucose both in vivo, in the anes-
thetized rat (Fig. 2A), and in vitro, in
HIT-T15 cells (Fig. 2B) and isolated islets
from rat [maximum inhibition, 57.8 and
45.8% at 100 puM MeArg and NO,Arg,
respectively (8)]. Higher concentrations

Fig. 1. Release of NO from

(>300 pM) of either inhibitor were less
effective. The observed order of potency
(that is, MeArg > NO,Arg) has not been
reported for any other constitutive NO syn-
thase (9) and therefore may be relevant for
attempts at selective pharmacological inter-
vention in the oxidative L-arginine pathway.

We considered the possibility that endog-
enous NO and exogenous nitrovasodilators
release insulin from pancreatic B cells by
stimulating soluble guanylyl cyclase (GC-S)
(11, 12) and increasing the amount of intra-
cellular  guanosine 3',5’-monophosphate
(cGMP), which has been suggested to be a
mediator of insulin secretion (13). We found
that L-arginine (up to 0.3 mM) with D-
glucose (10 to 20 mM), in the absence
or presence of isobutyl-methylxanthine
(IBMX, 1 mM), induced small increases in
the amount of cGMP in rat pancreatic islets
(59% increase at 3 min) and in HIT-T15
cells (48% increase at 2 min). Direct expo-
sure to the NO generator 3-morpholino-
sydnonimine (SIN-1, up to 100 uM) also
elicited a small elevation in basal cGMP
concentrations in HIT-T15 cells (43% in-
crease at 2 min). Supernatant fractions of
HIT-T15 cells caused an accumulation of
c¢GMP in rat lung fibroblast (RFL-6) cells
rich in GC-S (Fig. 3A), indicating that NO
has guanylyl cyclase—activating factor (GAF)
bioactivity (12). This activity was abolished
in the presence of 3 mM EGTA (free Ca*
< 107 M) or 10 pM hemoglobin or in

HIT-T15 clonal pancreatic 10

B cells. Accumulation of
NO was measured in the
culture medium of cells
stimulated for 1 hour with
L-arginine in the absence
(O) or presence (@) of 10
mM D-glucose (A), tolbuta-
mide in the absence (O) or
presence (@) of 10 mM

0.5¢

D-glucose and 0.3 mM L-ar-
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(®) of 0.3 mM L-arginine
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(C). (D) Release of NO
from cells stimulated with
10 mM p-glucose and 0.3
mM L-arginine for various
times. HIT-T15 cells (pas-
sage 64 to 79) were cultured
in RPMI 1640 (Gibco) (6)
in six-well dishes (3 x 10°
cells per well). Cells or islets
were equilibrated for 1 hour

(nanomolecules per well)

NO

1.0

0.5

in glucose-free Hanks buft-
ered salt solution containing 0 1
bovine serum albumin (3%
w/v) (HBSS) before each

D-Glucose (mM)
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experiment. After reduction of nitrate to nitrite with nitrate reductase and oxidation of remaining
NADPH with lactate dehydrogenase and pyruvate, the amount of accumulated NO (that is, nitrite and
nitrate) was measured spectrophotometrically by means of the Griess reaction. Data are averages + SE
of six to eight experiments, each performed in triplicate. NO release correlated with the release of
immunoreactive insulin (8). Pancreatic islets were isolated as described (28) for other experiments.
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the absence of superoxide dismutase.

The conversion of L-arginine to NO in
cell-free preparations of HIT-T15 cells (Fig.
3A) is probably due to the activity of a
type I NO synthase, an NO synthase that is
soluble and dependent on Ca**, calmodu-
lin, and NADPH. This hypothesis is sup-
ported by our finding that the Ca* iono-
phore A23187 (ECso, 80 nM), which is
known to induce insulin release (14), also
induced NO release from HIT-T15 cells
(2.89 nmol per well). D-Glucose potentiated
the action of A23187 (EC;( reduced to 10
nM) but the maximal effects of A23187 and
D-glucose were not additive. In addition,
insulin secretion is correlated with the intra-
cellular concentration of NADPH (15),

Ca?* (14), and calmodulin (16). Direct ev-
idence for the presence of NO synthase in
pancreatic B cells was obtained by SDS-
polyacrylamide gel electrophoresis (PAGE)
and protein immunoblot analysis. Antisera
to purified NO synthase from rat cerebellum
(type 1, 160 kD) (12, 17) recognized a
150-kD protein in supernatant fractions of
HIT-T15 cells (Fig. 3B) and specifically
stained the islets of Langerhans of the rat
pancreas (Fig. 4). Islets of Langerhans also
contained NADPH diaphorase, an enzyme
activity that in brain is identical with NO
synthase (18). The fact that NADPH di-
aphorase was detected in the periphery of
the islets indicates that pancreatic A, cells
(cells containing glucagon) also contain NO

Fig. 2. Effects of NO syn-
thase inhibitors on insulin
secretion. (A) Effect of NS-
methyl-L-arginine (MeArg)
on plasma immunoreactive
insulin (IRI) in the anesthe-
tized rat in the absence (O)
or presence (A) of D-glu-
cose (750 mg/ml). (B) Ef-
fﬁo%tochArg (Oand A) or
-nitro-L-arginine (@ and ol : 0
A) on the release of IRI 0 10 100 0 10
from HIT-T15 cells in the MeArg (mg/kg) Arginine analog (uM)
absence (O and @) or pres-
ence (A and A) of D-glucosc (10 mM). Rats (male Wistar, 300 g) were anesthetized (with Inactin; 100
mg/kg, intraperitoneally) and the carotid artery and ]ugular vein were canulated. Blood (0.5 ml) was
collected from the carotid artery immediately before and 5 min after injection of D-glucose (750 mg/kg)
via the jugular vein. MeArg was given intravenously as a single injection at the indicated doses
immediately after the first sample of blood was collected. Blood samples were centrifuged (4500g, 20
min), and the concentration of plasma IRI was determined by radioimmunoassay (ICN). Data are
averages + SE of four to seven experiments. HIT-T15 cells were incubated as described (Fig. 1). Data
represent averages + SE of six to eight experiments, each performed in triplicate.
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Fig. 3. Detection of NO syn-
thase in HIT-T15 cells. (A) NO
synthase activity in the superna-
tant fraction of HIT-T15 cells
was assayed by measuring the
amount of NO produced,
which directly stimulates cGMP
levels in RFL-6 cells rich in
soluble guanylyl cyclase (10).
Data are averages * SE of three
experiments, each performed in
duplicate. (B) Protein immuno-
blot analysis with antibody to
NO synthase-type 1 (12) of 0 10
crude su| tant fraction of Protein (jg/mi)
HIT-T15 cells (100 pg of protein) (lane 1), supernatant fraction of rat cerebellum (5 pg of protein)
(lane 2), or particulate fraction of HIT-T15 cells (100 pg of protein) (lane 3). HIT-T15 cells (2 x 108;
packed cell volume, 0.25 ml) or rat brains (20 g) were homogenized in four volumes of 50 mM tris-HCl
(pH 7.45) containing 2-mercaptoethanol (0.1%, v/v), 2 mM EGTA, 1 mM EDTA, and various
protease inhibitors (12) and centrifuged (105,000¢ for 90 min at 5°C). NO formation in the
supcmamnt fraction of HIT-T15 cells was assayed as described (10) in the presence of 100 pM
L-arginine, 100 uM NADPH, 1 pM tetrahydrobiopterin, superoxide dismutase (20 U/ml), calmodulin
(20 U/ml), and 2 mM Ca?*. Proteins were separated by SDS-PAGE (7.5% gel, w/w) and transferred
to nitrocellulose membranes for protein immunoblotting. For immunodetection, all procedures were
rmed in tris-buffered saline [40 mM tris-HCI (pH 7.55), 0.3 M NaCl] containing Tween 20 (0.3%,
v/v). Membranes were subsequently incubated with dried milk (7%, w/v), rabbit polyclonal antiserum
(6761-8) to NO synthase—type I (diluted 1:1000) (12), and a horseradish peroxidase—conjugate of
affinity-purified goat antiserum to rabbit immunoglobulin G (diluted 1:5000) (Sigma). Immune
complcxm were detected by exposing photographic film to hydrogen peroxide-luminol chemilumines-
cence (Amersham) and quantitating the density of bands with a laser scanner (AppleScan).
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synthase. Indeed, L-arginine-induced gluca-
gon release has been demonstrated (19). The
lower inhibitory potency of NO,Arg rela-
tive to MeArg and the lower molecular size
of the enzyme on protein immunoblots in-
dicate that NO synthase in B cells is likely
to be a different isoform or variant of the
type I NO synthase found in brain.
Maximal activation of the oxidative L-ar-
ginine signal transduction pathway in some
cells and tissues can be limited by the extra-
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Fig. 4. Detection of NO synthase in islets of
Langerhans of rat pancreas. (A) Immunohis-
tochemical localization of NO synthase and (B)
histochemical localization of NADPH diapho-
rase. Pissues were excised, frozen in hexane—dry
ice, and mounted onto microtome chucks with
OCT mounting medium. Sections (8 pm) were
cut on a Reichert-Jung Frigocut 2800 cryomicro-
tome, thaw-mounted onto microscope slides,
fixed by immersion in acetone at 4°C for 5 min,
and air-dried. Slides were stored at 4°C until used.
For immunohistochemical staining of NO syn-
thase, slides were incubated in phosphate-buffered
saline (PBS) for 5 min, and then with rabbit
polyclonal antiserum (6761-8) to NO synthase—
type I (diluted 1:100 in PBS containing bovine
serum albumin (1%, w/v) for 30 min at 37°C.
Slides were then washed twice in PBS (5 min) and
incubated in horseradish peroxidase—conjugate of
affinity-purified polyclonal goat antiserum to rab-
bit immunoglobulin G (diluted 1:300). Slides
were again washed twice in PBS (5 min) and once
with tris-HCl buffer (pH 7.6) (10 min). The
peroxidase label was developed with diaminoben-
zidine dissolved in imidazole buffer (pH 7.6) (6
to 10 min), and the slides were washed in tris-
HCI! buffer and dehydrated. For histochemical

ining of NADPH diaphorase, slides were im-
mersed for 20 to 30 min at 37°C in 50 mM
tris-HCl (pH 8.0) containing 1 mM NADPH,
0.5 mM nitroblue tetrazolium, and Triton X-100
(0.2%, vfv). They were then washed briefly in
PBS, counterstained with eosin, and dehydrated
in a graded series of ethyl alcohol solutions. Slides
from both staining procedures were mounted
with Permount. The bar indicates 100 pm.
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cellular L-arginine concentration (5, 20).
The concentration of L-arginine required for
maximal uptake in endothelial cells is within
the physiological range of L-arginine plasma
levels (7) [apparent half-maximal saturation
constant (K,) = 0.21 mM; saturation after
15 s]. In contrast, L-arginine uptake in islets
is saturated at 15 mM (21), a concentration
that is about 100 times higher than the
normal concentration in plasma. Thus,
changes in plasma L-arginine due to diet or
other factors would be expected to be a
regulator of the oxidative L-arginine path-
way in pancreatic B cells but not in endo-
thelial cells.

Exocrine and endocrine stimulus-secre-
tion coupling may represent a physiological
function for signal transduction by NO (22).
The regulation of insulin release by L-argi-
nine has been reported to be deficient in
patients with noninsulin-dependent diabetes
mellitus (23) but not with insulin-dependent
diabetes mellitus (24). Thus, alterations of
the oxidative L-arginine pathway may par-
ticipate as one of the mechanisms of patho-
genesis in diabetes mellitus. Diabetes melli-
tus may represent only one expression of a
putative defect in the oxidative L-arginine
pathway. Indeed, diabetes mellitus has been
associated with diminution in endothelium-
dependent relaxation (25) and nonadrener-
gic, noncholinergic neurotransmission (26);
both of these processes are known to be
mediated by the oxidative L-arginine path-
way. These clinical conditions may be ex-
plained by altered release of NO or the
expression and regulation of different iso-
forms of NO synthases (12, 22, 27).

Note added in proof: L-Arginine-induced
increases in cGMP, evidence for a constitu-
tive NO synthase, and inhibition of insulin
release by Me Arg in islets of Langerhans
from rat and RINm5F insulinoma cells have
been reported (29).
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Reversal of Integration and DNA Splicing Mediated
by Integrase of Human Immunodeficiency Virus

SamsoN A. CHow, KAREN A. VINCENT, VIOLA ELLISON,

PaTtrick O. BROwWN*

In retroviral integration, the viral integration protein (integrase) mediates a concerted
DNA cleavage-ligation reaction in which the target DNA is cleaved and the resulting
5’ ends of target DNA are joined to the 3’ ends of viral DNA. Through an
oligonucleotide substrate that mimics the recombination intermediate formed by this
initial cleavage-ligation reaction, the purified integrase of human immunodeficiency
virus was shown to promote the same reaction in reverse, a process called disintegra-
tion. Analysis of a set of structurally related substrates showed that integrase could
promote a range of DNA cleavage-ligation reactions. When the viral DNA component
of the disintegration substrate was single-stranded, integrase could mediate a DNA
splicing reaction analogous to RNA splicing.

genome of a new host cell is a critical

step in the life cycle of retroviruses.
Genetic and biochemical studies of several
retroviruses, including human immunodefi-
ciency virus (HIV-1), have shown that inte-
gration requires sequences at the ends of the
linear viral DNA, and a protein encoded by
the viral pol gene, the integration protein or
integrase (1, 2). The viral DNA precursor
for the integration reaction is a linear dou-
ble-stranded molecule that is synthesized by
reverse transcription from the viral RNA
genome. Two bases from each 3’ end of the
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linear viral DNA are first removed by inte-
grase such that the viral 3’ ends are recessed
by two bases from the 5’ ends and terminate
with the dinucleotide CA (3-8). A staggered
cut is then made in the target DNA, and the
resulting overhanging 5’-P ends are cova-
lently joined to the recessed 3'-OH ends of
the viral DNA (3-5, 9). Target DNA cleav-
age appears to be coupled to the joining of
viral and target DNA because this step does
not require an exogenous energy source (10,
11). This cleavage-ligation reaction pro-
duces a gapped intermediate; integration is
completed by a gap repair process that re-
mains to be characterized.

Recent in vitro studies with synthetic
oligonucleotides have shown that the pro-
cessing of the viral DNA ends and strand
transfer can be accomplished by integrase
alone (4, 8). As the cleavage-ligation reac-
tion mediated by integrase is likely to be
isoenergetic, we hypothesized that this step
would be reversible. In this study, we an-
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