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Induction of Ca®*/calmodulin-dependent NO synthase in various organs
of rats by Propionibacterium acnes and lipopolysaccharide treatment
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Cu*"fealmodulin-dependent nitric oxide synthase wus found to be induced during rut liver necrosis cuused by administration of Propianibacterium

acnes und £, coli lipopolysacehuride to rats. Examination of the specific induction of Ca™*/calmodulin-dependent NO synthase showed that the

enzyme was induced in the lung. spleen and colon as well us (he liver, Northern blot unulysis revealed that the induction occurred at the
(ranseriptional level.

Nitric oxide: NO synthase; Culmodulin-dependent NO synthase: Indueible: Rut: Lipapolysuccharide

1. INTRODUCTION

Nitric oxide is known to have many biological func-
tions, such as neural transmission, vasedilatation, ¢yto-
toxic actions of macrophages and leukocytes, adaptive
relaxation of the stomach, and inhibition of platelet
ageregation {1.2). It is not known, however, how these
diverse biological functions are regulated, or how many
isozymes of NO synthase (EC 1.14.23) there are.

Isozymes of NO synthase can be classified into two
types, constitutive and inducible. All the constitutive
isozymes so far reported are Ca*/calmedulin-depend.
ent [3-6]. An inducible NO synthase has been purified
from macrophages and shown to be calmodulin-inde-
pendent {7,8]. A similar calmodulin-independent NO
synthase has also been purified from polymorphonu-
clear leukocytes [9]. We found that both calmodulin-
dependent and -independent NO synthase activities are
induced in the liver of rats treated with Propioni-
bacterium acnes and lipopolysaccharide (LPS) (10}, Re-
cently, we confirmed the induction of the Ca**/calmod-
ulin-dependent isozyme by its purification from rats
treated as mentioned abave (to be published elsewhere)
and showed that at least part of the calmodulin-inde-
pendent isozyme was a calmodulin-bound form of Ca*/
caimodulin-dependent NO synthase (lida et al., to be
published eisewhere). For a better understanding of the
biological roles of NO synthase, information is needed
on the molecular diversity and the regulation of expres-
sion and characteristics of its isozymes. In the present
study, we examined the induction of a Ca?*/calmodulin-
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dependent isozyme in rat liver and found that the same
isozyme is also induced transcriptionally in other or-
gans,

2. MATERIALS AND METHODS

2.0, Muaterials

L-[2,3-*H]Arginine (spec. art. 5§ Cimmol. | Ci = 37 GBg) waus
obtained from NEN (DuPont de Nemours, Wilmington, DE), A°.
Monomethyl-L-arginine acetate and (6R)-5,6,7,8-tetrahydro-L-biop-
terine (M.BP) were from Calbiochem (La Jolla, CA) and Dr. B, Lab-
oratories (Jona, Switzerland), respectively, Other reagents were of
anaiytical grade and were purchased from Sigma (St. Louis, MO) or
Wako (Onka, Japan).

2.2. Induction of nitric oxide synthase in vivo

Male Sprague-Dawley rats, weighing between 200~300 g, were
given heat-killed Propionibacterium acnes (25 mp/kg b.w.) through a
tail vein, followed five days later by an i.v. injecticn of E. coli LPS (4
mg/kg b.wt.). Organs were isolated from the rats 5 h after LPS injec:
tion and frozen at -80°C until use.

2.3, Burification of NO synthase

Frozen organs were homegenized with a Polytron homogenizer in
cold buffer A (5¢ mM Tris-HCIl, pH 7.4, 0.5 mM EDTA, 0.5 mM
EGTA, | mM dithiothreitel (DTT), | 4M leupeptin, 0.1 mM phen-
yimethylsulfonyl fluoride (PMSTF) using 5 ml of bufler per | g of tissue,
The homogenate was centrifuged at 105,000 x g for 1 h at 4°C and
the cytosol {rastion was insubated with 2°,5-ADP agarose in a ratio
of 50:-10-1 with gentle agitation for 20 min at 4°C. NO synthase wus
cluted with buffer A containing 10 mM NADPH. Then 2 ml of pooled
material was loaded on an FPLC mono Q HRS/5 column and eluied
Ly a programmed gradient of 0-0.25 M NaCl in buffer A.

2.4, Assay of NO synthuse

Samples were added to 100 ui of reaction mixture consisting of 50
mM HEPES, pH 7.5, 20 mM 2,3 Hlarginine, 1| mM NADPH, |
mM EDTA, 1.25 mM calcium acetate, 10 4M FAD, 100 uM tetrahy-
drobiopterin, 0.1 mM DTT and | g calmodulin, After incubation for
10 min at 25°C, the reaction was terminated by the addition of 1 ml
of 20 mM HEPES, pH 5.5, containing 2 mM EDTA and the mixture
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was applied to 4 Dowex AGS0OWX-8 (Na* form) column, NO synthuse
activity was guantified by mensuring the radioaclivity of the flows
through fraction which contained citrullin but nct seginine, estantially
based on the mathed of Bredt and Snyder [3),

2.8, Immunobloning

Samples were separuted by SDS-PAGE in 3 6% gel and trunsfevred
to Immobilon IPVH (Millipare), The membrane wus blocked by over-
night incubation with 20% FDBS/PBS at 37°C., und was then incubated
wilh 17250 diluted anti-inducible NO synthuse antiserum pretreated
with acetone pawder of normal rat liver [11). The immunoblots were
incubated with unti-rubbit 3G conjugnted with horseradish peroxi-
duse, and bands were visualized by incubation in 0.5% H.O; in bufTer
containing 0.05% 3,3".didminobenzidine tetrahydrochloride,

2.6. Northern blat analysix

Total RNA was isolated from cach tissue by guanidine thiocyunate
extraction, and poly(A)” RNA waus scparated with Oligotex-dT30
(Jupan Roche Co.). Northern blot analysis was performed using a1 700
bp fragment of the §* portion of' ¢loned rut liver inducibic NO synthase
cDNA (Aduchi et al., to be published clsewhere) as a probe.

3. RESULTS

Administration of killed Propionibacteriiun aenes and
LPS to rats results in acute necrosis of the liver [12]. A
calmodulin-independent NO synthase activity is re-
ported to be induced during liver necrosis by this treat-
ment [13]. We found that both Cu*/calmodulin-de-
pendent and -independent NQ synthase activities are
induced in the liver by this treatment [10]. The former
is the only inducible Ca**/calmodulin-dependent NO
synthase so fur reported. To determine whether the in-
duction of this Ca**/calmodulin-dependent isozyme is
specific to the liver, we examined the NO synthase activ-
ities of various organs after partial purification of the
enzyme by 2°.5.ADP-agarose chromatography. As
summarized in Table I, this treatment increused the NO
synthase activity markedly in the cytoplasms of the
lung, spleen and colon, as well as the liver, but not in
the cerebrum or cerebellum. The results ulso showed
that a considerable amount of this NO synthase activity
is present in the colon without treatment. To character-
ize the induced enzyme, we subjected fractions from the
liver, lung. spleen and colon obtained by 2'.5-ADP-
agarose chromatography to ien exchange column
chromatography on a mono Q column. Both Ca*/
calmeodulin-dependent and -independent activities were
observed in the liver, lung and spleen (Fig. 1) and colon
(data not shown). Thus induction of Ca**/calmodulin-
dependent NO synthase is not specific to the liver. From
their chromatographic patterns, the Ca*/calmodulin-
dependent isozymes induced in the four organs seemed
to be the same,

Previously we prepared polyclonal antibody against
the inducible NO synthase from rat liver [11}. In order
to characterize the induced NO synthase further, frac~
tions after 2’.5-ADP agarose chromatography from
these organs with and without treatment with Propicai-
bacteriunt acnes and LPS were subjected 10 SDS-PAGE
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Fig. 1. Chromatographic profiles of WO synihase activity on a meno

Qcaolumn. Source of NOsynthase activity: A, liver: B, lung: C, spleen.

NO synthase activily was determinad with (@) or without (0) addition

of cilmadulin to the reaction mixture. The dashed line indicates the
concentration of NaCl.
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Fig. 2. Western blot analysis of indugible NO synthase in various

organs of rote treated with Prapionibucterium acnes and LPS, Samples

of various organs afer 2',5-ADP-~agarose chromatography were sub-

jected to 6% SDS.PAGE followed by Western blot analysis with antis
body against inducible liver NO synthase [11].
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ina 6% gel and examined by Western blotting with this
antibody, As shown in Fig. 2. the untibody cross-re-
acted with the induced NO synthase in the lung, spleen
and colon: proteins giving a mujor band of 125 kD and
a minor band of 120 kDa were observed in these orguns
only after treatment with Prepionibacterium aenes and
LPS. Amino ucid sequencing showed that the protein of
120 kDa was an enzymatically active degradation prod-
uet of NO synthuse that had lost 62 amino uacids from
the N-terminus of the sequence deduced from the
¢DNA sequence (to be published elsewhere). The results
clearly indicated that the NO synthases induced in the
lung. spleen. colon and liver huve the sume moleculur
weight, All the above data thus strongly indicute that
the same Cu*/calmodulin-dependent NGO synthase is
induced in various organs. Western blot analyses of
viirious other organs showed that a similar, probubly
identical, NO synthause is also induced in the heurt. kid-
ney, ileum. colon and adrenal gland. but not in the
cerebrum. cerebellum, bruin stem. spinal cord or testis
(data not shown),

Northern blot analysis was used to examine whether
induction of the NO synthiuse occurred at the transerip-
tionul level. As shown in Fig. 3. before treatment with
Propionibacterium acnes und LPS, no mRNA was de-
tectable in any of the organs tested. but the treatment
resutted in marked induction of mRNA in the lung.
spleen, colon, and liver, although not in the cerebrum
or cerebetlum.

4. DISCUSSION

In the present paper we found that Ca**/calmodulin-
dependent NOQ synthase can be induced in various or-
guns of ruts. There are two types of NO synthase, Ca®™/
culmaodulin-dependent and -independent types. and all
previously isolated Ca*/calmodulin-dependent
isozymes, such as those from briin and endothelial cells,
have been considered to be constitutive. The calmodulin
dependency of these isozymes might be essential for
delicate control of their activity coupled with caleium
channels of receptors for specific biologically active
substances. On the other hand. inducible-type NO syn-
thases have been considered to be calmodulin-inde-
pendent. Macrophage NO synthase is a representative
of this type. As its biological funciion is target cell kill-
ing [1]. delicate control of its uclivity may not be re-
quired. What is the bhiological function of an inducible
Ca**/ealmodulin-dependent isozyme? As showr in the
present work, this enzyme seems to be induced in a wide
variely of orguns upon stimulation with LPS. LPS ad-
ministration causes endotosin shock. so maintenance of
a sufficient blood flow in mujor orguns after LPS treat-
ment may be difficult. Consequently in this conditon
controlled production of nitric oxide to maintain an
adequate blood flow and to inhibit intravascular cougu-
lation may be critical for survival, This possibility is
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Fig. 3. Northern blot anulysis of RNA fromn rut organs with and

without Prapionibucterium aenes und LPS treatment. Samples of 25

4g of total RNA from various orguns were subjected to 1% ngarose
gel electropharesis after pantial purification on Oligotex d'T30.

supported by preliminary immunohistochemical studies
on rat organs after LPS treatment, which showed that
vascular endotheliul cells guve a positive reaction for
inducible NO synthase [11].

A Cua*/culmodulin-dependent WO synthase with a
molecular weight of 135 kDa was recently found in a
particulate fraction of endothelial cells [14). The possi-
bility that the inducible Ca**/calmodulin-dependen: en-
zyme described here is derived from this consiitutive
enzyme by limited proteolysis is disproved by the find-
ing that, after LPS treatment. she level of the constitu-
tive NO synthase remained constant and its activity
remained in the particulate fraction (data not shown).
Furthermore, the 135 kDa particulate enzyme differs
from our enzyme immunologically (data not shown).
Therefore. this inducible Ca*/calmodulin-dependent
enzyme studied in this work is a novel and distinet
isozyme {10].

In the present work, we treated rats with both Propi-

Tuble 1

NO synthase uctivities of visrious argans before und alter 2, arnes and
LPS treatment

Control P. ucnesiLPS trented
(cpm/mp protein/min)  (epn/mg protein/min)

Liver 120 = I8 900 * 180
Lung 0= 2,360 & GO0
Spleen 148 + 37 1.860 = 240
Calon 2,650 % 18 $,230 % 230
Cercbrum 13,000 46 8,350 + 1,530
Cerabellum 14,900 + 990 12,500 % 1,400
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onihacrerium acnes and LPS, but treatrnent with LPS
alone was sufficient to induce both Ca*/calmodulin-
dependent and -independent NO synthuse activities
(data uot shown). LPS treatment is reported to induce
calmodulin-independent NO synthuse in macrophages
(8). but we recently found that at least part of the culmo-
dulin-independent isozyme was a calmodulin-bound
form of the Ca*"/ealmodulin-depend at isozyme (lida et
al.. to be published elsewhere). It is not clear at present
il the calmodulin-independent NO synthase derived
from mucrophages is different from the calmodulin-
independent activity which we studied in the present
work.
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