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SUMMARY

Constitutive isoforms of nitric oxide dipse (NOS) are activated by transient binding of
Cd*/calmodulin (CaM). Here, we have developed a smuphase radioligand binding assay to
characterize the binding of CaM to purified neutd#@S (nNOS). 3]CaM bound to a single class
of non-interacting and high affinity sites on nN®&mnodimers with = 4.7\ nM. {?3]CaM binding
at 23C achieved rapid saturation, was linear with nNQG#icentration, and exhibited a strict
dependence on [€3 (ECs, = 202 nM). Neither affinity nor extent offljJCaM binding was affected
by nNOS substrates and cofactors L-arginine, NADé&tHtetrahydrobiopterin. Native CaM and
engineered CaM homologs with duplicated C-termif@hMCC) and N-terminal (CaMNN) lobes
displaced f3]CaM with K; values in the low nM range. CaMNN supported nN@$algsis, but
required ~5-fold more calcium for comparable atyiwith native CaM, while nNOS activity was
inhibited by CaMCC. Taken with results from kimetanalyses of ‘fJCaM association and
dissociation at various concentrations of free?*Caur finings suggest four sequential steps in
activation of nNOS by CaM: (1) a binds to CaM’s C-lobe, (2) the C-lobe of CaM bild®S, (3)
C&" binds to the N-lobe of nNOS-bound CaM, (4) theold of CaM binds nNOS. Activation of
NNOS only occurs after completion of step (4), with displacement of nNOS’s autoinhibitory insert.
Upon intracellular C& sequestration, deactivation of nNOS would prodee®verse order, resulting

in partial occupancy of inactive nNOS by CaM evehasal levels of CA



INTRODUCTION

Nitric oxide (NO) is a key cell signaling molecpighich is, synthesized from L-arginine by a
family of three mammalian NO synthase (NOS) germpets (Nathan and Xie, 1994; Griffith and
Stuehr, 1995). While NOS isoforms differ in th&calization and modes of regulation, all share a
requirement that calmodulin (CaM) be bound for eneyactivity. Indeed, appreciation of a
requirement for CaM was essential to the firstfpzation of a NOS isoform (Bredt and Snyder, 1990).
A 20 - 30 amino acid CaM-binding sequence thatathlbasic and hydrophobic is prototypic of
cd*/CaM activated enzymes ( Cohen and Klee, 1988)N@S$s, this CaM-binding sequence resides
at the juncture between N-terminal oxygenase anér@inal reductase domains ( Bredt and Snyder,
1990; Liu and Gross, 1996). All NOSs are obligadenodimers ( Griffith and Stuehr, 1995) and thus
have a possibility for binding two molecules of Cglelr dimer. Indirect evidence suggests that CaM
binding triggers NOS catalysis by eliciting a reotiation of heme and flavin cofactors within
oxygenase and reductase domains, respectivelyelthepromoting interdomain and intradomain
electron flux ( Abu-Soud et al.,, 1993, 1994). CaMs shown to gate electron flux in trans, i.e.,
between the reductase and oxygenase domains of acwomp subunits, providing a molecular
explanation for the experimental finding that diipation is essential to nNOS function (Siddhanta et
al., 1998). The ability of CaM to gate electrouxflis associated with the displacement of a pugativ
regulatory polypeptide within the FMN-binding domaif nNOS ( Salerno et al., 1997).

Neuronal NOS and eNOS, named for the neuronalesidthelial cells in which they were
first described, are constitutively-expressed igofo of NOS which are catalytically dormant until
CaM binding is triggered by transient elevationgnimacellular C&". Basal levels of intracellular €a
are typically 50 - 100 nM, whereas during cell eation C&" levels approach 1 uM. Accordingiy,

vitro studies have shown that nNOS and eNOS are bothivieaat basal intracellular levels of €a



and activity increases as Cdevels rise with EG, values for C& of 250 to 350 Nm (Bredt and
Snyder, 1990;, Schmidt et al., 1991). Thus, nN@& @NOS are perfectly poised for regulation by
changing levels of intracellular €aconcentration, in the physiological range. In tcast, the
inducible isoform of NOS (iNOS) contains CaM thatbound tightly, even at low resting levels of
intracellular C&" (Cho et al., 1992), explaining the apparent'@adependence of this isoform.

CaM is a 17 kD protein composed of an 8-turn @wtrhelix, flanked by globular N- and C-
terminal C4'-binding lobes (Babu et al., 1988). Two helix-loogkx structural motifs (EF-hands) are
present per lobe, each with a capacity for bindingingle C& atom (Manalan and Klee, 1984).
Binding of C&" causes compaction of the lobes, exposing hydrdpherd acidic residues, which
engage in binding to cognate regulatory sites ogetgprotein (Weinstein and Mehler, 1994). Since
strong positive cooperativity for €abinding occurs within lobes, but little or nonetween lobes,
CaM species will predominate that contain neitherboth C&" atoms bound to a given lobe (
Weinstein and Mehler, 1994). Notably, the C-lofeCaM binds C& with 5- to 10-fold higher
affinity than the N-lobe (Linse et al., 1991).. @n€aM is bound to a protein target, the affinity of
Cd"* for each lobe can increase substantially andreiffigally (Johnson et al.,1996).

Both the C&'-bound N- and C-lobes of CaM are independently ableind nNOS (Persechini
et al., 1994). While the C-lobe compacts intsni#0S-binding mode at lower concentrations of‘Ca
than needed for N-lobe compaction, binding of théobe was reported to be essential for nNOS
activation (Persechini et al., 1996a). Factord tegulate CaM binding to nNOS and the precise
sequence of CaM-binding events involved in NOSvation and deactivation await definition.

The present studies were performed to elucidat@lsief CaM binding and control of nNOS
activity. We demonstrate that CaM binds in a ecateidependent manner to a single class of non-
interacting sites on nNOS. CaM initially bindsndlOS via its C-lobe, and subsequently activates

catalysis by engaging its N-lobe. A sequential etddr activation and deactivation of nNOS is



inferred that has important implications for our pegriation of physiological nNOS

activation/deactivation kinetics.



MATERIALSAND METHODS

Materials High purity bovine brain calmodulin and protein @3lwere purchased from Calbiochem
(San Diego, CA). Bolton-Hunter labeledT]CaM (sp. act. 1395 Ci/mmol) was obtained from NEN
Life Sciences (Boston, MA). Rat recombinant nNOS wgpressed i&. coli and purified as
previously described (Roman et al., 1995). Theceatration of nNOS was quantified based on
spectrophotometric determination of heme chromapleontent, after heme reduction with
dithiothreitol and CO binding (McMilla and Mastef€993). Engineered CaM analogs, CaMNN (in
which CaM residues 82-148 have been replaced ligues 9-75) and CaMCC (in which CaM
residues 9-75 have been replaced by residues 82a#48 kindly provided by Dr. A Persechini and
prepared as previously described (Persechini,et@36a). Tetrahydrobiopterin (BHvas purchased
from Schirks Laboratory (Jona, Switzerland). FRrand calcium standard solutions were from
Molecular Probes (Eugene, OR). Microtiter platesW@F/B filtration membranes were from
Millipore (Bedford, MA). Troponin C, nitrate redude, lactic dehydrogenase and all other chemicals

were from Sigma (St. Louis, MS).

Binding of [*I]Calmodulin Binding assays were performed in 96-well mictodiion plates

containing GF/B membranes that had been pre-wasitadbuffer A [Tris-HCI (50 mM), CaGl (100
MM; omitted in experiments where effects of calcicomcentration were under investigation) §ad
lactoglobulin (0.5%), pH 7.6]. Incubations contdnbuffer A, DTT (1 mM), 1]CaM (1 nM)
(except for saturation analyses) and desired aadgitin a final volume of 100 pl. Addition of NNOS
(final concentration 10 nM) typically initiated thEs-minute binding reaction, conducted af@3
Binding experiments were terminated by rapid vacdilination followed by two washes with 100 pl

of ice-cold buffer A. Plates were air-dried and |25scintillation cocktail was added to each well



(OptiPhase SuperMix, Wallac). Bound radioactiwigs determined using a Microbeta Plus liquid
scintillation counter (Wallac). Non-specific bindi was defined by inclusion of either EGTA (5 mM)
or unlabeled CaM (1 pM) and typically accounted 40% of total f*1]CaM bound. C&-EGTA
buffers were prepared to approximate the desiretldencentrations of free €ausing a standard
protocol (Fabiato and Fabiato, 1979). Actual fre# @oncentration of buffers was specified by
ratiometric fluorometry using fura-2 (1 uM) and ladtolog-2 spectrofluorimeter (SPEX; Edison, NJ).

Preparation of MOPS/Ca?" buffers

Calcium buffers were prepared by mixing MOPS (10 ng¥ 7.2, KCI (100 mM) EGTA (10 mM)
with MOPS/KCI/EGTA and C& (10 mM).

Assay of NOS activity based on NADPH Consumption NADPH consumption by nNOS was assessed

at 25C in 96-well microtiter plates, as previously désed (Gross, 1996). Incubation mixtures
contained Tris-HCI (50 mM), Cag(100 uM), BH, (10 uM), NADPH (500 uM), L-arginine (500
uM), DTT (1 mM) and calmodulin (100 nM) (in thessmce or presence of CaMCC (100 nM), or
CaMNN (100 nM) (pH 7.6), in a final volume of 100 p Reactions were initiated by the addition of
NNOS (100 nM) and the rate ot4 decrease was measured at 15-s intervals for agoefi30 min in

a kinetic microplate spectrophotometer (Moleculavides; Menlo Park, CA).

Assay of NOS activity based on NOx Production NO synthesis was determined from nitrite + nitrate

(NOx) accumulation in reaction mixtures. NOx wpagantified by the method of Griess, following

enzymatic reduction of nitrate to nitrite and oxida of residual NADPH.

Analysis of Radioligand Binding Data Binding parameters were assessed by computestedsion-

linear least squares regression analysis, usingitisen2 program (GraphPad Software Inc.) to fit the
equation:

B = (Bmax+ T +Kg) /2 = {[(Bmax + T +Kg) /2]° = BraxT} 2



B is the amount of bound®fiJCaM (in dpm), Bnaxis the maximal binding density for CaM on nNOS,
T is the total concentration offljCaM (in dpm) and K is the dissociation constant of CaM. This
equation derives from the basic equilibrium formdild[B mad/[B] = K4, under the specialized
condition where free ligand concentration (L) igngficantly less than T, due to formation of
complexes, B. Analysis of association and dissmriskinetics of CaM binding and comparison of
one- site vs. two-site binding models was performsitig theLigand program (Biosoft, Cambridge,

UK) and Prism2.



RESULTSAND DISCUSSION

While the pivotal role of CaM as a regulator dDSs is well established, knowledge of the
quantitative relationship between binding and NQ@8vation is limited. Prior analyses of CaM
binding to target proteins, including nNOS, havdiagtd indirect methods such as activation of
enzyme activity or altered intrinsic protein fluscence resulting from CaM occupancy (Bredt and
Snyder, 1990: Sheta et al.,1994). As a consequehdieited assay sensitivity, these approaches
usually require that the target protein is presengreat excess over they,Kor CaM binding; this
results in diminished precision in determining Cdlvhding affinity due to uncertainties in the
calculation of free [CaM]. Moreover, the use ofidty as a surrogate marker for binding assumes a
1:1 ratio between binding and activity, which ig necessarily the case. Alternatively, direct bigd
of [**1]CaM has been investigated using protein targetsil to nitrocellulose membranes;(Edlund et
al., 1996; Hubbard and Klee, 1987) or by westeot bBhalysis of protein/CaM immunoprecipitates
(Presta et al., 1997; Ruan et al., 1996. This guhigse approach is limited in practice to the asiglyf
few samples, is neither highly reproducible nor aatée to the analysis of binding kinetics, and can
give results that poorly reflect actual binding mgein solution. For greater precise, high-thrqugh
and rapid analysis of CaM binding to purified nNO8e sought to develop a solution-phase
radioligand assay usindffljCaM in a 96-well microfiltration plate format.

Preliminary experiments demonstrated that upomwacfiltration through GF/B membranes,
nNOS/{#1]CaM complexes are retained while blank bindindeiss than 0.01% of freé’fljCaM. A
high single-pass extraction efficiency of nNG%I[CaM complexes by GF/B membranes was
indicated by our observation that two additionabassages of the flow-through resulted in < 5%
additional retention of radiolabeled complexes ba GF/B filters (beyond that measured after the
initial passage). Thus, filtration through 96-we&HF/B filter-bottom microtiter plates was validatasl
an effective and reliable means to quantify soturase binding of-f3]CaM to purified nNNOS.

9



Affinity, specificity and influence of substrates/cofactors on CaM binding to nNOS. As shown in Fig.
1A, the binding of {*1]CaM (1 nM) to nNOS (10 nM) progressed in a moragib manner with time,
reaching apparent equilibrium with g tof < 2 min at 23C. In the presence of 0.1 pmdfJ]CaM,
complex formation increased linearly with added @, until saturation was approached with >95%
of added f?3]CaM engaged in complex with nNOS (Fig. 1B). Therbolic fit observed in Fig. 1B
reveals that'fJCaM bound to a finite number of specific bindisiges on nNOS.

Analysis of saturation binding experiments reveateat {?3]CaM binds to a single class of
high affinity binding sites on nNOS with gy 4.70+ 0.47 nM (n=8; Fig. 2). Maximal binding was
observed at a stoichiometry dfj]JCaM to nNOS heme chromophore that approachedRid 2).
The observed maximal stoichiometry of 1.0, and gesd-of-fit to a single hyperbolic function,
indicates that CaM binds to each subunit of the SN®Omodimer with an equivalent affinity. Thus,
although CaM binding has been demonstrated to afttt Wwithin and between nNOS subunits to
promote electron flux (Abu-Soud et al., 1993, 199#jdhanta et al., 1996b), no evidence for site-to-
site cooperativity was detected. The observgdfid.70 nM for CaM binding to holo-nNOS confirms
and refines an earlier estimate of 1 nM, based iodilg-induced changes in intrinsic tryptophan
fluorescence of NNOS (Sheta et al., 1994), and a&ctcord with reports of a 1-3 nM affinity for CaM
binding to nNOS-derived peptides (Vorherr et H93; Zhang and Vogel, 1994).

Substrates and cofactors of nNOS were tested Heir influence on f1]CaM binding.
Inclusion of 10 uM concentrations of NADPH, BEnd L-arginine, individually and in combinations,
resulted in no significant effect offfijCaM binding (results not shown); notably thesa@entrations
all exceed the respectiveKvalues for ligand binding ( Griffith and Stuehr99b). Higher
concentrations of NADPH and L-arginine (0.1 and M reach) were similarly without effect on

[*#]CaM binding (results not shown). These findingggest that substrate/cofactor occupancy of the

10



active site of nNOS does not elicit allosteric effeon key CaM-binding residues sufficient to
manifest as a macroscopic effect on CaM bindingniaff In contrast, Bl is reported to be an
allosteric modulator of recombinant rat nNOS anduneed for high affinity binding of arginine
analogs (Alderton et al., 1998: Liu and Gross, 19R6man et al.,1995). Moreover, maximal
[*H]tetrahydrobiopterin binding to nNOS has been rebto require arginine occupancy (Alderton et
al., 1998; Gorren et al., 1996; Liu and Gross, 19%96us, although CaM binding clearly alters the
active site environment of nNOS, allowing for efeat gating from FMN to heme, our findings
suggest that active site substrates do not elgtactable effect on CaM binding characteristics.

Specificity of the CaM binding site on nNOS waséstigated by comparing the ability of
native CaM, other calcium-binding proteins, andieegred CaM analogs, to compete for binding of
[**]CaM. Since previous studies suggested that waldiinding proteins displacé®fjCaM from
CaM-activated enzymes such as nNOS (Su et al.,)1g85relative ability of troponin C and protein
S-100 to compete withf1]CaM was examined (Fig. 3). Troponin C was aretff/e competitor but
exhibited relatively low potency, with an §€value of 5.9 uM. On the other hand, the ubiqgudtou
calcium binding protein of brain, S-100, was corglle inactive as a CaM competitor at
concentrations up to 30 uM. Thus, the CaM binditg) on NNOS exhibits a high degree of selectivity
for CaM.

Native CaM and engineered CaM analogs that corggirer duplicated C-lobes or N-lobes,
namely CaMCC and CaMNN, inhibited®jiJCaM binding to nNOS with Ki values of 4.3% 1.12
(n=7), 31.01+ 5.03 (n=3) and 4.9% 0.86 (n=6) nM, respectively (Fig. 4). The 6-7dfdlower affinity
of CaMCC for nNOS, relative to native CaM and CaMMNNggests that the C-lobe of CaM may not
dock effectively with binding sites on nNOS thateiract normally with the N-lobe of native CaM.
Moreover, a diminished Hill coefficient for bindinGaMCC (0.77+ 0.17), relative to the Hill

coeficients for the binding of native CaM (1.84.22) and CaMNN (1.3 0.20), suggests that the C-
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lobe of CaM may actually sustain anti-cooperativieriactions with sites on nNOS that interact with
the N-lobe of native CaM. In contrast, the simidiinity and Hill coefficients for binding CaMNN
and native CaM suggest that the N-lobe of CaM déectively interact with sites on nNOS that
normally interact with the C-lobe of native CaM. Wehthe order of CaMNN and CaMCC binding
affinity described above is opposite to that praslyg reported for nNOS (Persechini et al., 1998a),

is notable that the latter determination was iradjree., deduced from enzyme activity measurements
rather than direct analysis of binding.

Activity studies showed that CaMNN faithfully mios the ability of native CaM to promote
electron transfer in nNOS, monitored as an increadADPH consumption rate (data not presented).
On the other hand, an increase in NADPH consumpiias not observed at a concentration of
CaMCC that occupies >80% of CaM binding sites oi©O8N Indeed, the addition of CaMCC in 10-
fold molar excess over native CaM resulted in a%Bhibition of NADPH consumption (results not
shown). These observations are in accord witle#tnker finding (Persechini et al., 1996a) thateMC
with duplicated C-lobes can bind but not activalO®, whereas a CaM with duplicated N-lobes
supports both binding and catalytic activity. D NMR studies have demonstrated that the N-
terminal lobe of CaM binds to the C-terminal aspafcthe CaM binding site of nNOS (Zhang et al.,
1995), we infer that it is this specific interactithat is crucial for activation of nNOS by CaM.
Notably,0 it is also the C-terminal aspect of tr@MCbinding site that is in closest proximity to the
FMN-domain regulatory control-element whose dispiaent by CaM was identified and proposed to
mediate calcium-dependent NOS activation (Salerad.£1997). Function of the proposed regulatory
control element was recently confirmed for both &N@lishida and de Montellano, 1999) and nNOS
(Daff et al.,1999). Thus, the N-lobe of CaM is esséfdianNOS activity and, when bound to nNOS,
is poised to engage in putative control-elemergratdtions that may serve to release the proposed

autoinhibition of NNOS activity.
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Calcium-dependence of CaM binding and nNOS activation. The calcium-dependence dfJ]JCaM
binding to NNOS was directly assessed using assefiealcium-EGTA buffers for precise control of
free C&" concentration. The amount of?J]JCaM bound to nNOS under equilibrium conditions
increased as a function of free fJawith half-maximal binding achieved at 202 + 6Wn(n = 5;
dashed line, open circles in Fig. 5). Minimal CaMding was detectable at < 16 nM free {g@and
binding approached a maximal level at 1 pM3TaFurther increase in free [ERfrom 10 pM to 1
mM resulted in a 24% reduction from maximal CaM haoyn = 2, data not shown), consistent with
the decline in nNOS activity reported by Bredt &md/der (1990) at similarly high concentrations of
Cd". This loss of CaM binding with high [€3 may involve binding of C4 to additional weak
affinity sites on CaM that have recently been ideat (Gilli et al., 1998). The Hill coefficienfor
Cd*-dependence off1]CaM binding to nNOS was 1.22 + 0.24, not sigrafitly different from unity.
Surprisingly, the E€ of calcium for support of nNOS catalytic activiiyas significantly greater than
that required for support offljCaM binding. As shown in Fig 5, the curve whiaflects the CH-
dependence of nNOS activity (solid line, filledabés) lies to the right of that for €ainduced CaM
binding exhibiting an E§3 value of 447 £ 13 nM, (n = 5).

The conspicuous non-identity of binding and actoratcurves can be reconciled by the
existence of at least two modes of CaM binding MOS: at low levels of GA (< 100 nM) a
CaM/nNOS complex can form that is devoid of catalgctivity, whereas at higher levels of Ctéhe
activated nNOS complex results. We questioned nidecular identity of these two postulated
complexes. Given that the C-lobe of CaM compatis its protein-binding conformation at 5 to 10-
fold lower C&" than that needed for N-lobe compaction (Linsel ¢t1891), and the C-lobe alone is
insufficient for nNOS activation, we hypothesizéhtt the catalytically non-productive complex may

result from exclusive binding of CaM's C-lobe. Hewer, when C4 concentrations are sufficiently
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high to compact both C- and N-lobes, permittinghelabe to simultaneously bind nNOS, critical N-
lobe interactions may elicit the activated nNOS ptax. Consistent with the higher concentration of
C&”* required for compaction and binding of N-lobeslafige to C-lobes), the Eg of C&" for
activation of nNOS by CaMNN was found to be 2.6®.42 uM (n = 3), approximately five-fold
higher than that for native CaM. Taken togetheese findings suggested that the existence of two
distinct nNOS/CaM complexes: one that is cataljjcmactive, formed at low levels of €aand
involves C-lobe interactions only, and a secondt fisa catalytically active, formed at higher
concentrations of Ga and involves both C- and N-lobe interactions. sThstepwise” binding

hypothesis was tested by studies of the effec&bfconcentration on CaM binding kinetics.

Calcium-dependence of kinetics for CaM binding to nNOS. Levels of free CZ dictate the extent to
which the C- and N-lobes of CaM are compacted icoaformation suitable for nNOS binding.
Association rates for'{I]CaM binding to nNOS were quantified at each ofesal free [C&]]. As
expected, on-rates were found to increase progedgsiith increasing Ca concentration;if, values
of 1.549+ 0.163, 0.603t 0.201 and 0.414 0.098 min were observed with 0.08, 0.23 and 6.2 uM
Cd", respectively (in the presence of 1 nM CaM anchlnNOS; n = 3 for each concentration).
Accuracy of kinetic measurements is limited by asay dead time estimated to approach 0.1 min.
Increasing [C&] also enhanced the levels of equilibriuff3]CaM binding to nNOS, achieving
approximately 22, 56 and 100% of maximal levelspeetively (data not shown).

Rates of {*1]CaM dissociation from complexes with nNOS weréetimined upon addition of
a 1000-fold molar excess of unlabeled CaM. WHéR]CaM/nNOS complexes were formed in the
presence of a concentration of?Cthat elicits maximal CaM binding and nNOS actieat(6.2 pM),
dissociation of "3]CaM occurred at a monophasic exponential raté wjt = 54.2 + 7.6 min (Fig. 6

and summary data in Table 1). An indistinguishabmophasic dissociation rate was observed when

14



[**1]CaM/NnNOS complexes were formed using a still tge@xcess of Ga (100 uM; dissociation

= 48.8 + 13.2 min). However, whetf1]CaM/nNOS complexes were formed in the presend@ 28
UM C&", a concentration that supports approximately 5@%naximal CaM binding, two distinct
temporal phases of dissociation were observed (€igand Table 1). Whereas 52.6% of the
[**]CaM/nNOS complexes formed at 0.23 pM?Cdissociated within 2 min = 0.74 + 0.36 min;

n = 3), the remaining 47.4% dissociated at a subatly slower rate (> = 24.6 £ 7.6 min; n=3) that
was not significantly different from the singuldssbciation rate observed with high f(Ja

In additional experiments, the rate of dissociatfi*1]CaM/nNOS complexes was assessed
after free [C4"] was diminished to a specified level by chelatigith EGTA; this is akin to actual
cellular regulation and therefore affords a morgsblogically relevant approach to the analysis of
CaM dissociation. Rapid reduction of calcium carication from 6.2 to 0.23 uM, concomitant with a
10-fold dilution of incubates, elicited biphasissiciation kinetics; a rapid component involved %50
of complexes i, = 0.205 min, n = 3), and a much slower phaseiahb (t,, of 13.993 min, n=3; data
not shown).

Biphasic dissociation kinetics of insect CaM fronvariety of CaM-binding peptides have
similarly been observed using stopped-flow measargs after calcium-chelation (Brown et al.,
1998); dissociation by a combination of partialgfatum-occupied CaM and calcium-devoid CaM was
indicated to be responsible for the biphasic phesmmn. Studies of chelator-induced calcium
dissociation from CaM/nNOS complexes, in which rait levels are driven to essentially zero
(Persechini et al., 1996b), demonstrated that lmduhd calcium ions, two dissociate rapidly from the
N-lobe of CaM, at a rate exceeding 1000, whereas the additional two dissociate slowly fittwn C-
lobe, at 1 3. Thus, ample evidence favors the view that CaNldiasociate from nNOS, and perhaps
other CaM-binding proteins, in either of two modiepending on free [3: one in which only the C-

lobe of CaM has bound calcium and a second in whith N- and C-lobes of CaM are devoid of
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calcium. Reciprocally, CaM association with nNO®@|d similarly involve binding of two distinct
species whose relative concentrations would bermi@ted by free Cd, one with C&" bound only to
the C-lobe of CaM (most abundant at low intracelil€&") and a second with &abound to both N-
and C-lobes of CaM (most abundant at high intrat@llC&"). Interestingly, a small-angle scattering
study of CaM binding to myosin light chain kina®dL(CK) demonstrated that CaM binding to this
enzyme occurs at substoichiometric {J4Krueger et al., 1998). While CaM was shown todbto
MLCK at C&* concentrations lower than 2 mol/mol of CaM, conijmacand activation required
saturating [C&].

Taken together, our findings are reconciled by eguential model that describes the
relationship between binding and activation of nNGS CaM (Fig. 7). The model reflects an
appreciation of the independent contributions eftivo lobes of CaM to formation, stabilization and
catalytic activation of CaM/nNOS complexes. Analysof [?9]CaM/nNOS association and
dissociation kinetics suggest four successive astthdt steps in binding/activation of nNOS by CaM.
In step 1, an intracellular €atransient results in an increase in {giaand preferential binding of 2
mols of C&" to EF-hand pairs within the C-terminal lobe of CalVhis results in a compaction of the
C-lobe and exposure of residues that are acidichgddbphobic for high-affinity binding interactions
in step 2, with the N-terminal aspect of the CaMdig site on nNOS. The resulting species is
proposed to explain catalytically inactivE[]CaM/nNOS complexes detected at low levels of‘Ca
(i.e., < 100 nM). As [CA&]; continues to rise, additional 2 mols of?Caan saturate EF-hand pairs
within the N-terminal lobe of nNNOS-bound CaM (s®p This triggersn situ compaction of the N-
lobe of CaM, revealing amino acid residues thatexagage the C-terminal aspect of the CaM binding
site on NnNOS (step 4). Activation of catalyticieity would occur only after completion of this &h
step. Based on reported structures of CaM boumdbgnate peptides from myosin light chain kinase

(Meador et al., 1992, 1993) and CaM-dependent prddease Il (Ikura et al., 1992), it is presumed
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that the lobes of C&saturated CaM envelope the CaM-binding peptideN®S, resulting in nNOS
activation via reorientation of inter- and intrabsnit heme and flavin cofactors. This structural
reorganization is proposed to occur in associatith a displacement of the autoinhibitory control
peptide. It is notable that three-dimensional haggibased modeling indicates that the control
peptide occupies space that is adjacent to or ameirhg the site where CaM’s N-lobe interacts with
NNOS (Salerno et al., 1997). The identity of rasglwithin the N-lobe of CaM that may contribute to
displacement of the autoinhibitory peptide in nN&&it specification.

Upon intracellular C4 sequestration, deactivation of nNOS would proceereverse order.
Since C&" dissociates orders of magnitude faster from thiebé- than the C-lobe of nNOS-bound
CaM (Persechini et al., 1996b), and N-lobe bindmgssential for nNOS activity, €adissociation
from the N-lobe would control nNOS activity. Thubse initial phase of Gadissociation from the N-
lobe of CaM would result in inactive nNOS with Cabddund only by C-lobe interactions. As the
affinity of C&* for CaM may be significantly increased for NOS-bduCaM, relative to NOS-free
CaM (Persechini et al., 196b), the concentrationfreé C4&" that elicits half-maximal complex
dissociation may be significantly less than thapursed for half-maximal complex formation. Thus,
hysteresis in the Gadependence for nNOS binding and unbinding of CaMaiticipated. Our
finding that significant levels of catalyticallydntive f*JCaM/nNOS complexes can be forméad
vitro in the presence of 50-100 nM Camakes it likely that these species would alsalpmgnate in
cells at resting levels of intracellular [€p Our findings lend direct support for the viehat rapid
Ccd" dissociation from the N-terminal lobe of CaM woelitit enzyme inactivation without triggering
dissociation of the CaM-nNOS complex, proposed anlier stopped-flow fluorescence studies of
calcium dissociation from CaM, bound to a nNOS-gtipeptide (Persechini et al., 1996Db).

An important implication of the above scenariothet some nNOS would be replete with

ineffectually-bound CaM in cells at rest, and theside in a state that is primed and ready fordrapi
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activation upon exposure to an intracellular catctimansient. Evolution may have favored pre-bound
CaM as a means to endow nNOS with an enhanced tahtpsponsiveness to physiological stimulus-
evoked changes in free [ERin neurons, skeletal muscle and other nNOS-coimgitissues. This
situation is not likely to be unique to nNOS; itshlaeen speculated earlier that in some other CaM-
regulated enzymes high C-lobe binding affinity mnagult in CaM bindingn vivo, at resting levels of
free [C&"]; (Meador et al., 1992).

In conclusion, we have used a novel radioliganadipig assay to perform the first direct
guantitative analysis of CaM binding to a NOS isofo Conceivably, this technique will also have
utility for the analysis of CaM interactions witther high-affinity CaM-binding proteins. In additi
to defining Ky, C&*-dependence and the potential influence of cofacsmd other calcium-binding
proteins on CaM/nNOS interactions, this approachdrabled us to perform a direct assessment of the
relationship between CaM binding and nNOS activati@ur findings reveal that CaM can bind to
NNOS at low basal levels of intracellular calciunthout triggering NO production. Molecular details
of subsequent interactions, specifically those Iving the N-lobe of CaM that are critical for NOS

activation, will be the key to a future understangdof how CaM gates electron flux in NOSs.
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Table 1. Influence of [C4] on the kinetics of £1]CaM dissociation from nNOS.

Site 1 Site 2
[C&™] (uM) N t12 (min) % total site§ 1 (Min) % total site  r?
100 3 48.8£13.22 100 - - 0.931
6.2 3 54.24+ 7.58 100 - - 0.921
0.23 4 2459+ 759 52.6:12.23 0.740.36 47.415.70 0.994

[**9]CaM (1 nM) was incubated for 30 minutes at°@3with nNOS (10 nM) to elicit complex

formation. Dissociation of complexes was initiatgdthe addition of excess unlabeled CaM (1 uM).

All values are means SEM. The number of experiments performed is dehbieN and the mean

correlation coefficient for non-linear least squsafit to one-site or two-site models of dissociatare

indicated byr?.
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FIGURE LEGENDS

Figure 1. Binding of'?A]CaM to purified rat NANOS.Panel A: Time course of'fJ]CaM (1 nM) to
NNOS (10 nM) at 23 (for details, sedlaterials and Methods). The reaction was initiated by the
addition of nNOS and terminated by rapid vacuurtrdiion at the indicated times. Data points
represent means SEM of specific f1]CaM bound (n = 5).Panel B: Effect of increasing [nNNOS] on
the formation of NNOSIf1]CaM complexes, after a 30 min incubation with @rhol [*1]CaM (1
nM final concentration). Data points represent msea SEM for triplicate determinations of

specifically-bound 3]CaM. Similar results were obtained in 3 indepemdexperiments.

Figure 2. Saturation binding of'fI]CaM to nNOS. Increasing concentrations &flJ[CaM were
incubated with nNOS (10 nM) and binding reactioresevterminated after a 30 min incubation. The
Kd for specific }?1]CaM bound to nNOS was determined by nonlinearessjon analysis using an
algorithm that accounts for depletion of free lidaas a result of binding (for details, ddaterials
and Methods). The computer-fit binding parameters are giverite plot. Eight independent analyses
yielded similar results, with® > 0.95 and a meangalue of 4.70+ 0.47 nM. The inset depicts a
Scatchard plot of the given data, consistent wisingle class of binding sites and a stoichiomefry

mol [*?3]CaM bound per mol of nNOS.

Figure 3. Specificity of £1]CaM binding to nNOS: competition for binding byher calcium binding
proteins. Calmodulin (circles), Troponin C (stas) protein S-100 (diamonds) were added at the
indicated concentrations to incubation mixturestaiming [*I]CaM (1 nM) and nNOS (10 nM).
Incubations were performed as describetMaterials and Methods and data points are mean + SEM

values of triplicate determinations. Similar réswvere obtained in 4 independent experiments.
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Figure 4. Competition by engineered CaM proteinth\fi?3]CaM for binding to nNOS. CaMNN
(residues 82-148 replaced by residues 9-75; squ&ZaMCC (residues 9-75 replaced by residues 82-
148; triangles) or native CaM (circles) were indglokat the indicated concentrations with nNOS (10
nM) and [?1]CaM (1 nM) as described iMaterials and Methods. Data represent mean + SEM values

of triplicate determinations. Similar results wel#ained in 3-7 separate experiments.

Figure 5. Effect of free calcium concentration anding of [*3]CaM (100 nM) to nNOS (100 nM)
and activation of nNOS by native CaM and CaMNN #Ceoncentrations were controlled using
calcium-EGTA buffers and were quantified by FURAK2orescence, as describedMaterials and
Methods. CaM binding data are indicated by the dashesl dind open circles and are represented on
the ordinate as % total binding. Activity of nN@Q®0 nM) was measured as nitrite production during
a 30-min period of incubation with CaM (100 nMjdil circles) or CaMNN (100 nM; filled squares)
and buffer yielding the indicated concentratiorfree C&". All points are means SEM of triplicate

determinations.

Figure 6. Dissociation of-f3]CaM from complexes with nNOS formed at differingncentrations of
free C&". [**3]CaM (1 nM) was incubated with nNOS (10 nM) for fifin at 0.23 pM and 6.2 pM
calcium ion concentrations. Dissociation was indubg addition of 1uM native unlabeled CaM.

Points are means + SEM values of triplicate deteations.
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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