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The relevance of a particular signaling
pathway or a protein family correlates

with the number of functions associated
with it and their physiological and patho-
physiological implications. In the case of the
nitric oxide (NO) signaling pathway and the
NO synthases (NOS1–3), their relevance
became also apparent in recent years from
the complexity of their regulation. Not only
are NOS isozymes ‘‘cofactor-accumulating’’
enzymes but also are associated with a jun-
gle of more than 20 interacting proteins
(Table 1). These affect both the activity and
spatial organization of NO synthesis within
the cell, and some of these interactions may
even have functions beyond NO formation.

Although the mechanisms regulating
overall NOS activity by increases in Ca2� or
phosphorylation or by expression are quite
well understood, subcellular regulation of
NO formation by binding proteins with re-
spect to time and place is much more com-
plex. The first NOS-binding protein dis-
covered was calmodulin (CaM) (1). It is
required for electron flux and thus NO
production by all three NOS isoforms.
Other aspects of NOS regulation such as
membrane attachment and activity modu-
lation are also mediated by (often isoform-
specific) protein-interaction networks.
Moreover, trafficking of NOS within the cell
is an important issue, because these inter-
actions are not static. Zimmermann et al.
(2) report in this issue of PNAS the identi-
fication of a previously uncharacterized
player in this important aspect of NOS
transport, NOSTRIN (NOS3 traffic induc-
er), which regulates the relocation of NOS3
in different cell types. Together with the
recently identified other NOS3-binding pro-
tein, NOS3 interacting protein (NOSIP) (3),
NOSTRIN is a ‘‘hot’’ candidate for regulat-
ing the intracellular trafficking of NOS3
and perhaps other proteins in the plasma
membrane.

NOS3 Activation
Protein–protein interactions are crucial and
best studied for the regulation of NOS3
activity. Docking of NOS3 to the plasma
membrane in complex with caveolin-1
[caveolin-3 in cardiomyocytes (4)] keeps
NOS3 in an inactive yet activatable state (5).

Similarly, direct interaction with the intra-
cellular domain 4 of the bradykinin B2 re-
ceptor inhibits NOS3 (6). After activation of
endothelial cells with bradykinin or Ca2�

ionophore, NOS3 dissociates from its com-
plexes and becomes active (see Fig. 1A).
Stimulation of endothelial cells with brady-
kinin or Ca2� ionophore also promotes the
interaction between NOS3 and the voltage-
dependent anion�cation channel (Porin) to
further augment NO production (7). Acti-
vation of NOS3 after stimulation with vas-
cular endothelial growth factor also results
in a dynamic reorganization of the protein
complexes between NOS3 and its binding
proteins. The ‘‘early’’ Ca2�-dependent acti-
vation of NOS3 is followed by a ‘‘late’’
phosphorylation-dependent activation by
protein kinase B�Akt (9, 10) and protein
kinase A (11). Heat-shock protein 90
(Hsp90), which binds both NOS3 (12, 13)
and the neuronal isoform NOS1 (14), facil-
itates CaM-dependent disruption of NOS3
binding with caveolin (15) and mediates the
interaction between NOS3 and protein ki-
nase B�Akt (16, 17). Efficient supply with
substrate during all this is ensured by local-
ization of the arginine transporter cationic
amino acid transporter (CAT1) in caveolae
and its direct interaction with NOS3 (8).

NOS3 Traffic
To ensure that all these events can occur,
NOS3 needs to be in the right place at the
right time. In confluent endothelial cells,
NOS3 localizes to the Golgi region and
plasmalemmal caveolae where it is activated
(18). Further co- and posttranslational fatty
acid modifications are required (19–21).
The role of protein–protein interactions in
this process is more elusive. A great number
of NOS3-interacting proteins within caveo-
lae can be important factors determining
the localization of NOS3 in this compart-
ment in addition to regulating activity.
Other proteins such as dynamin-2 (22) or
NOSIP (3) may be involved in the localiza-
tion of the enzyme to the Golgi apparatus
and other intracellular compartments
(Fig. 1A).

Redistribution of NOS3 is one of the
events following its activation. However,
demonstrations that NO production is a

more rapid process than the enzyme relo-
cation suggest that intracellular NOS3 traf-
fic plays a role in terminating rather than
initiating NO release. Zimmermann et al.
(2) demonstrate now that overexpression of
NOSTRIN in Chinese hamster ovary cells
results in a profound relocation of NOS3
from plasma and Golgi membranes to ves-
icle-like structures spread over the cytosol.
Inhibition of NO production in NOSTRIN-
overexpressing cells may be the conse-
quence of this redistribution of NOS3. It is
now of great interest whether NOSTRIN,
which is expressed in intact endothelial cells,
participates in NOS3 traffic in these cells.

NOS1
The neuronal isoform of NOS, NOS1, is
also under tight control by binding pro-
teins with several parallels to NOS3. Here,
PDZ domain-containing proteins play a
central role in forming multiprotein sig-
naling complexes. In neuronal cells, the N
terminus of NOS1 binds via PDZ–PDZ
interaction to postsynaptic density pro-
teins, PSD95 or PSD93, which further
couple NOS1 to N-methyl-D-aspartate
(NMDA) receptors (23, 24). In case of
skeletal muscle cells, NOS1 is attached to
sarcolemma via the dystrophin-binding
and PDZ protein, syntrophin (23, 25).
Although in the latter case, the function of
the membrane attachment of NOS1 re-
mains to be clarified, proximity of NOS1
to the calcium channel of NMDA recep-
tors in neuronal cells may increase the
efficacy of NOS1 stimulation in response
to glutamate-induced influx of Ca2� (Fig.
1B). Moreover, a postsynaptic localization
of NOS1 simplifies the participation of the
putative retrograde messenger, NO, in the
regulation of synaptic plasticity. Proteins
competing with PSD proteins for the PDZ
domain of NOS1 are supposed to be
negative regulators of NO production
in NOS1-expressing cells. One such pro-
tein is C-terminal PDZ ligand of NOS1
(CAPON) (26), which is expressed in neu-
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ronal cells, interacts with the NOS1 PDZ
domain, and disrupts PSD-95–NOS1 com-
plexes when overexpressed. An alternative
role of CAPON may be the coupling of
NOS1 to NO targets, as has been demon-
strated for Dexras-1, an NO-activated
member of the Ras family (27).

In addition to activity and localization,
also the stability of NOS1 homodimers can

be affected by protein–protein interactions.
A recently described protein inhibitor of
neuronal NOS1, PIN, binds to the N termi-
nus of NOS1 and destabilizes the NOS1
homodimers (28); a similar mechanism has
been described for NOS2 (see below).

Soluble Guanylyl Cyclase (sGC) Coupling
Besides the aspect of regulating NOS activ-
ity and its localization and trafficking within

the cell, NOS–protein interactions have
gained an additional interesting aspect re-
cently: the spatial coupling of NO synthesis
to its ubiquitous receptor enzyme, sGC.
Despite its name attribute ‘‘soluble,’’ sGC
may attach to some extent to cellular mem-
branes involving proteins that also bind to
NOS (29). One such complex seems to
involve NOS1 and specifically the sGC�2��1

Fig. 1. NOS-associated proteins forming signaling clusters and regulating NOS trafficking. The presentation illustrates possible interactions of NOS and
NOS-binding proteins and does not represent the composition of actual complexes. (A) NOS3 and NOS3-binding proteins including NOSTRIN. (B) NOS1 and
NOS1-binding proteins. For details, see text.

Table 1. NOS-interacting proteins

Protein
NOS

isoform

Binding site on
Other complex

members Function Refs.Binding protein NOS

CaM 1–3 C- and N-terminal
domains

CaM-binding
domain

Activation 1

Caveolin-1 3 aa 61–101; 135–178 aa 350–358 Inhibition 5, 37
Caveolin-3 1–3 aa 65–84; 135–178 N terminus Inhibition 4, 38
Bradykinin B2 and

angiotensin AT1 receptor
3 ID 4 Inhibition 6

CAT1 3 Substrate supply 8
Dynamin-2 3 Activation 22
Porin 3 Activation 7
Protein kinase B�Akt 3 ? ? Hsp90 Activation 9, 10
HSP90 1,3 aa 442–600 N terminus

(aa 300–400)
sGC�1 Allosteric; scaffold,

coupling for Akt
16, 17; R. J. Venema and

J. D. Catravas, personal
communication

NOSTRIN 3 SH3 aa 98–366 i.c. trafficking 2
NOSIP 1,3 aa 366–486 Inhibition 3
PDZ domain proteins

�1-Syntrophin 1 PDZ N-terminal PDZ 23, 25
CAPON 1 C terminus N-terminal PDZ Dexras Competition with PSD 26, 27
PSD-95 PDZ N-terminal PDZ SAP90; sGC�2 Coupling to NMDA

receptor
23, 30, 39

PSD-93 1 PDZ N-terminal PDZ Coupling to NMDA
receptor

40

Phosphofructokinase M (PFK-M) 1 PDZ 41
EBP50 2 PDZ C terminus 33

PIN 1 �-strands of dimer aa 228–244 Inhibition 28, 42–45
Rac2 2 Oxygenase domain Activation 34
Kalirin 2 aa 570–753 N-terminal 70 aa Prevents dimer

formation
36

NAP110 2 N-terminal 70 aa Prevents dimer
formation

35
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heterodimer. The C terminus of the �2
subunit binds to the third PDZ domain of
PSD-95 (30), the same protein that inte-
grates with its second and first PDZ domain,
neuronal NOS1 and the NMDA receptor,
respectively. This may allow for tight colo-
calization of sGC�2��1 and NOS1 in
postsynaptic densities (see Fig. 1B).

The second case involves endothelial
cells, where both NOS3 and sGC were
found in caveolae (29). However, the mech-
anism of this colocalization remains to be
established. Hsp90 may play an essential
role in this scenario, because it has been
found to interact with both NOS3 and sGC
(R. J. Venema and J. D. Catravas, personal
communication). Hsp90, just like PSD-95
for NOS1 and sGC�2��1, serves as a linker
between NOS3 and sGC�1 (see Fig. 1A). In
both cases, NO would not need to travel
through a cell to reach its cytosolic receptor
sGC, but NO–cGMP signaling would be
confined to a protein complex, presumably
at or near the cell membrane. Besides such
intracellular NO effects, the paracrine mode
of signaling between NO generator and
effector cells is well established for blood

vessels and retrograde synapses. In the latter
case, sGC localizes close to the presynaptic
membrane (31). These findings may modify
our understanding of NO signaling, from
NO clouds and diffusion gradients penetrat-
ing several cell layers to a much more closely
organized and spatially confined puff of NO
at or between two membranes but leaving
the rest of the cell untouched, which is quite
similar to submembrane Ca2� spikes versus
large cellular Ca2� waves.

NOS2
Much less is known about proteins interact-
ing with NOS2. NOS2 serves not so much
for signaling purposes but generates large
amounts of NO to kill bacteria and tumor
cells. It also differs from the other isoforms
in that it binds CaM at free Ca2� levels of
resting cells. As early as 1995 Nathan and
coworkers (32) observed a membrane local-
ization for NOS2, apparently in specialized
vesicles not corresponding to peroxisomes
or lysosomes. In polarized epithelial cells,
NOS2 has been demonstrated to bind the
PDZ protein ezrin-radixin-moesin-binding
phosphoprotein 50 (EBP50) (33), which

participates in localization of NOS2 to the
apical cell compartment. Recently, interac-
tion between NOS2 and a Rho GTPase
member, Rac2, has been demonstrated (34).
Overexpression of Rac2 in macrophages
results in augmentation of lipopolysaccha-
ride-stimulated NO production, suggesting
that Rac2 serves as a positive allosteric
regulator of NOS2. Similar to PIN-destabi-
lizing NOS1 homodimers, two proteins,
NOS-associated protein of 110 kDa
(NAP110) and kalirin, affect NOS2 by pre-
venting dimerization (35, 36).

In conclusion, protein–protein interac-
tions play an essential role in our under-
standing of NOS regulation. Reorganiza-
tion of local NOS protein complexes
regulates NOS activation. Moreover, the
active redistribution of NOS, bringing it to
or away from NO targets, is now clearly
controlled by NOS-interacting proteins. We
are curious whether the newly discovered
NOSTRIN in particular will become the
protein connecting separated NOS intracel-
lular pools to a unified dynamic and multiply
regulated system and along that line also
extend our knowledge about traffic of other
membrane proteins in general.
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