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ABSTRACT. Like that of the neuronal nitric oxide synthase (nNOS), the binding éf ®aund calmodulin

(CaM) also regulates the activity of the inducible isoform (iNOS). However, the role of each of the four
C&*-binding sites of CaM in the activity of INOS is unclear. Using a series of single-point mutants of
Drosophila melanogastetaM, the effect that mutating each of the?Gainding sites plays in the transfer

of electrons within INOS has been examined. The same Glu (E) to GIn (Q) mutant series of CaM used
previously [Stevens-Truss, R., Beckingham, K., and Marletta, M. A. (18d¢hemistry 3612337

12345] to study the role of the €abinding sites in the activity of NNOS was used for these studies. We
demonstrate here that activity of INOS is dependent ott Gaing bound to sites Il (B2Q) and 11l (B3Q)

of CaM. Nitric oxide ({NO) producing activity (as measured using the hemoglobin assay) of INOS bound
to the B2Q and B3Q CaMs was found to be 41 and 43% of the wild-type activity, respectively. The site
I (B1Q) and site IV (B4Q) CaM mutants only minimally affectedlO production (95 and 90% of wild-

type activity, respectively). These results suggest that NOS isoforms, although all possessing a prototypical
CaM binding sequence and requiring CaM for activity, interact with CaM differently. Moreover, iINOS
activation by CaM, like nNOS, is not dependent or?Cheing bound to all four Ca-binding sites, but

has specific and distinct requirements. This novel information, in addition to helping us understand NOS,
should aid in our understanding of CaM target activation.

Nitric oxide synthase (NOSEC 1.14.13.39) continues in potentiating certain cancers. This physiologically important
to be of clinical importance because of the varied intracellular messenger is produced in a variety of cells fromarginine
roles of nitric oxide (NO). Besides its normal physiological and Q by NOS. Three distinct isoforms of NOS exist:
functions, including neuronal celfcell signaling and immune  neuronal (NNOS), endothelial (eNOS), and inducible (iNOS)
responsiveness, when its production is unreguldté@has  (1). Similarities among the NOS isoforms include the fact
been shown to play a part in several pathological conditions that they are all homodimers, with each monomer possessing
such as stroke and Alzheimer’s disease, and may be involvedgn N-terminal heme domain and a C-terminal reductase
domain @—5). The heme domain binds an iron protopor-
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1 Abbreviations: NOS, nitric oxide synthase; nNOS, neuronal nitric iS their interaction with the ubiquitous €abinding protein
oxide synthase; INOS, inducible nitric oxide synthase; eNOS, endot- CaM. The nNOS and eNOS enzymes bind2@@aMm

helial nitric oxide synthaseNO, nitric oxide; CaM, calmodulin; kB, S . .
(6R)-5.6,7,8-tetrahydra-biopterin: Hepes, 4-(2-hydroxyethyl)pipera- reversibly in response to €alevels, while iNOS binds Ca/

zineethanesulfonic acid; BSA, bovine serum albumin; DTT, dithio- CaM in a seemingly irreversible fashioh, (L8, 19). Despite
threitol; CAP, chloramphenicol; AMP, ampicillin; TB, Terrific broth; a number of studies that have focused on the interactions of

LB, Lauria—Bertani broth; IPTG, isopropyi-p-thiogalactopyranoside; . . -
EGTA, ethylene glycol bigt-aminoethyl etherN,N,N',N'-tetraacetic peptides corresponding to the NOS CaM-binding sequences

acid; SDS-PAGE, sodium dodecy! sulfatepolyacrylamide gel elec-  (13—15, 20), the molecular nature of the interactions is still

trophoresisp-ME, f-mercaptoethanol; ECL, enhanced chemilumines- poorly understood. In addition, it is unknown if the fully
cence; ICP, inductively coupled plasma atomic emission spectroscopy. Ca-b d f CaM sh in Ei 1i ded
In the mutant CaM nomenclature xRlenotes the Ga-binding site -bound structure of CaM shown in Figure 1 Is neede

while Q denotes the substituted residue (glutamine). for activation of the three NOS isoforms.
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Ficure 1: Ribbon diagrams depicting the fold of €abound CaM

Coordinates for this structure were taken from Brookhaven Protein

Data Bank entry 1c11 (Ga-bound CaM). In this NMR structure,

Gribovskaja et al.

regulation by several cell signaling mechanisis)(None-
theless, several studies have indicated that eNOS also
possesses contacts with CaM that are responsible for its
activity that are different from contacts solely involved in
binding R0, 26—28).

We report here that activation of INOS, like that of NNOS,
does not require that €abe bound to all four Ca-binding
sites of CaM. Moreover, as previously found for nNOS,
activation of iINOS by CaM also involves specific Ta
dependent interactions; however, the interactions appear to
be different. Conclusions regarding the regions of CaM
believed to be responsible for activation of INOS will be
made, and a structural representation of the CaM-bound

the N- and C-termini are clearly indicated. Black spheres representiNOS will be proposed.

Ca&" ions bound to each of the &abinding sites. Sites Il and 1lI
are indicated.

We have previously demonstrated that iINOS'’s tight
interaction with CaM can be reverse2llf. However, initial
studies using EGTA to chelate €asuggested that the
INOS—CaM interaction was only partially reversible as only
30% of INOS activity was inhibited2(l). A synthetic peptide
corresponding to the CaM-binding sequence from iNOS,
however, was able to fully inhibit iINOS activity, and the
inhibition was demonstrated to be the result of removal of
the tightly bound CaM41). That study demonstrated that
like that of NNOS and eNOS, activity of INOS requires its
bound CaM as the peptide-induced inhibition was fully
reversible with the addition of exogenous CaM. Furthermore,
that study demonstrated the importance of?'Can the
interaction of CaM and iNOS, as the observed EGTA
inhibition was reversed by the addition of TaWhether
iINOS's interaction with CaM and its subsequent activation
require that C& be bound to one or all four Ca-binding
sites of CaM, until this report, has been a mystery. In fact,
the role of the C&-binding sites of CaM in the interaction
of CaM with any of the NOS isoforms is yet not understood.

In the case of nNOS, we have demonstrated tha&t-Ca
binding site | of CaM is crucial for electron transfer within

EXPERIMENTAL PROCEDURES

Materials and General Methods

Escherichia coliJM109 and BL21(DE3) competent cells
and the pACYC184 plasmid vector were obtained from
Novagen. All restriction enzymes were from Gibco BRL.
QIAquick gel extraction and QIAfilter plasmid DNA puri-
fication kits were from Qiagen. Tryptone and yeast extract
were from Difco. HB was purchased from Cayman Chemi-
cals and prepared in 100 mM Hepes (pH 7.4) containing
100 mM dithiothreitol (DTT). 25-ADP Sepharose 4B,
Superdex 200 prep grade, ECL reagents, and Hi-Trap
Desalting columns were from Amersham-Pharmacia LKB
Biotechnology, Inc. Bradford protein dye reagent, Chelex
100 resin, and all electrophoresis reagents were from Bio-
Rad. Ultrafree-15 centrifugal filtration units were from
Millipore. All other reagents, unless otherwise stated, were
from Sigma Chemical.

Subcloning of Drosophila CaMs

The genes fobrosophilawild-type and mutant CaMs (E
to Q mutant series) were subcloned into the pACYC184
vector from a pEMBLS8 vector (generous gift of K. Beck-

this isoform @2). On the other hand, nNOS is less dependent ingham, Rice University, Houston, TX) using Hindlll and

on C&*" being bound to site Il of CaM. These results (i)

Sall restriction sites29). Digested segments were separated

showed that nNOS'’s activation by CaM does not require that on 1% agarose gels, and the bands of interests were cut out

C&" be bound to all four sites, (ii) suggested that the
antiparallel orientation previously demonstrated for CaM
interacting with the CaM-binding sequence of nNOS may
also exist in the intact protein, and (iii) demonstrated that

of the gel and purified using DNA QIAquick gel extraction
kit following the manufacturer’'s procedures. The purified
fragments corresponding to the CaM genes were each then
ligated using T4 DNA ligase into the pACYC184 vector

additional interactions exist between CaM and nNOS outside previously digested with Hindlll and Sall. The CaM genes

of the putative CaM-binding domain that are critical to
nNOS'’s activation. In that study, a series of mutant CaMs
from Drosophilawere used to assess the role of thé'Ca
binding sites in the activity of nNOS. These mutant CaMs

were introduced into the pACYC184 vector in the tetracy-

cline resistance gene location on the plasmid (see New
England BioLabs DNA sequence map at www.neb.com).
Chloramphenicol (CAP) resistance was retained in the new

had previously been used to demonstrate the importance ofpACYC-CaM vectors, allowing for CAP resistance selection

the Cd&"-binding sites in the activation of several CaM-
binding proteins, as Ca binding is important for target
activation @3, 24). Our results with these mutants as well

capabilities. The integrity of the digested DNA and proper
CaM sequence insertion into the pACYC184 vector was
assessed using Aval, EcoRl, and Xbal, in separate restriction

as previous findings demonstrate that target activation €nzyme combination experiments, monitored on 1% agarose

involves specific C&-dependent interactions that are distinct
from interactions required for proteitprotein association.

gels. The pACYC-CaM plasmids were then amplifiedgn
coli IM109 cells, and purified using QlAfilter DNA plasmid

These results have led us to hypothesize that eNOS and iNOKits following the manufacturer’s protocols.

also possess €adependent interactions that are specifically

needed for enzyme activation. Studies to ascertain the

specifics of eNOS activation by CaM are complicated by

iINOS Expression
To obtain active, holo-iNOS, its coexpression with calm-

the fact that eNOS is membrane-bound, and is involved in odulin is necessary, as previously demonstrad&i31). E.
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coli BL21(DE3) cells were transformed with the plasmids PAGE. Protein concentrations were determined by Bradford
for both INOS (pCW-INOS) and CaM (pACYC-CaM) as analysis.

previously described3Q). Separate transformation experi-

ments were carried out for ea@rosophilaCaM that was ~ SDS-PAGE and Western Analyses

studied. BL21(DE3) double transformants were selected
using LB agar containing AMP (10@g/mL) and CAP (64
ug/mL), grown for 16-20 h at 37°C. Freshly transformed
cells (single colonies) were then transferred to a 60 mL TB
starter liquid culture containing AMP (1Q@/mL) and CAP

(64 ug/mL), and grown for 1218 h at 37°C. An aliquot of

the starter culture (10 mL) was transferred to 750 mL of TB
medium (also containing AMP and CAP) and allowed to
grow at 37°C until the OQyo reached~0.4. The incubator
temperature was reduced to 24, and the cells were grown
for an addition&l h or until the ODyoo reached~0.6. IPTG
(0.4 mM) was then added to the cultures to induce protein
expression, and these were maintained at@4or 36—42 ) . i
h. Cells were then harvested by centrifugation, resuspended NOS purification was monitored by SBSAGE on 12%

in sonication buffer [50 mM Hepes (pH 7.4), 20% glycerol, acrylamide gels. Aliquots of protein samples from each step

10-154M H,B, and protease inhibitors], and stored-at0 in the purification were obtained and treated with SDS
°C until further use. ’ PAGE sample buffer. To each lane was added g of

protein, and samples were electrophoresed at a constant
Purification of the INOS-CaM Complex voltage (180 V) for 76-90 min. Protein was visualized by

staining with Coomasie Blue.

As the interaction of INOS and CaM is strong and o ) ) )

seemingly independent of intracellular levels of calcium, Determination of Metal (calcium, iron, and zinc) Content
iINOS and CaM presumably interact immediately following
expression. iINOS was expressed with eBcbsophilaCaM
(wild type or each calcium-binding site mutant) as described
above. Purification was achieved following previously
reported protocolsl{l, 33) with modifications. Cells previ-
ously frozen in sonication buffer were thawed on ice and
lysed by sonication (5 30 s, at a setting of 4 using a Sonic
Dismembrator, Fisher). The cell homogenate was then
centrifuged at 37009to separate the soluble (supernatant)

from the insoluble fractions. Supernatant (30 000 units of Chelex-100 column (32.5 cm 2.5 cm) and collecting the

activity measured using the hemoglobin assay describedg) ent directly into a previously acid-washed container. Using

below) was then_ applied t.q a’,B’-ApP Sepharose 4B a 30 mL syringe, chelated 20 mM Hepes (pH 7.4, 20 mL)
column (5 g) previously equilibrated with buffer A [50 mM was run throug a 5 mL Hi-Trap desalting column to

Hepes, 10% glycerol, and 0.5 miarginine (pH 7'4)]_' The .. equilibrate the beads. Ugina 1 mL syringe, the purified
protein-loaded column was then was_hed sequentlally with ;\NOs—caMm protein was added to the equilibrated Hi-Trap
buffer A (30 mL), buffer B (buffer A with 2 mM adenosine ¢, mn, and the protein was eluted by passing chelated buffer
5-diphosphate, ®ADP, and 0.5 M NaCl, 60 mL), and buffer  , a4 the column using a 30 mL syringe. Aliquots (0.5
C [50 mM Hepes and 10% glycerol (pH 7.4), 30 mL], and ) ) were collected directly into 1.7 mL microcentrifuge
the protein was eluted with buffer D (buffer C with 1.0 MM hes. Protein concentrations were determined by Bradford
NADP" and 3.0 mM NADPH, 50 mL) directly into an  gnaysis, and the samples were analyzed for metal content

UltraFree-15 centrifugal concentrator and concentrateeﬂio by ICP analysis (Department of Geological Sciences, Uni-
mL. The concentrator contents were then washed with 10 versity of Michigan, Ann Arbor, MI).

mL of buffer C and reconcentrated tol mL. All column

washes and concentrator buffer changes containedl30  gpectral Characterization of the INGEaM Complex

uM H4B. Concentrated protein samples were applied to a

Superdex 200 (S200) column (47.5 cnil.0 cm) previously Spectra were obtained on a Cary 3E spectrophotometer
equilibrated with buffer C containing 3015 M H,B and equipped with a circulating water bath set at°@ Purified

100 mMAME. This column was run under low pressure until samples (40@.L, 1.0-4.0 uM) in 50 mM Hepes (pH 7.4)

all the protein was eluted. Fractions that were found to containing glycerol (10%) were placed in a quartz cuvette,
contain NOS protein bound to high-spin heme (determined and spectra were recorded.

spectrophotometrically as a peak centereet400 nm and Arginine Binding.Concentrations of-arginine from 0 to
possessing a heme-to-flavin ratio &f3) were pooled, 500 uM were added to a cuvette containing protein, and
concentrated in an UltraFree-15 centrifugal concentrator, andspectra were recorded after each addition. The change in
stored at—70 °C in the presence of 20% glycerol and-10  absorbance at 381 nm was subtracted from the change at
15 uM H4B. The purification efficiency and purity of the 418 nm (AA absorbance 381418) for each spectrum
various iINOS-CaM complexes were assessed by SDS recorded, and these differences were plotted against

INOS expression was analyzed on 12% acrylamide gels
under denaturing condition&. coli cells were suspended
in sonication buffer and frozen at70 °C for a minimum of
24 h. Before analysis, samples were sonicated, and cell
lysates (10ug of total protein per lane) were loaded into
separate lanes of the gels and electrophoresed at a constant
voltage (180 V) for 76-90 min. Following electrophoresis,
proteins were transferred to a nitrocellulose membrane. The
membranes were then probed with rabbit-grown polyclonal
antibodies against iINOS, followed by treatment with horse-
radish peroxidase-conjugated anti-rabbit IgG antibodies.
iINOS detection was achieved using ECL reagents.

To assess the number of calcium ions bound to calmodulin
in the INOS-CaM complex, as well as to determine the iron
and zinc content of INOS, the method of ICP analysis was
used. Metal-free samples were obtained as previously
described 33) with the following modifications. Purified
iINOS—CaM proteins were desalted using a Hi-Trap desalting
column (Amersham-Pharmacia) that had been equilibrated
with metal-free 20 mM Hepes (pH 7.4). Metal-free buffer
was obtained by slowly passing the solution through a
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§f F7
¢ reduction.

Hemoglobin assaysvere carried out as previously de- I I I

scribed B4) with the following modifications. iINOS bound  FIGURE2: Western analysis of post-induction time-dependent INOS
to each of theDrosophilaCaMs (5-10 nM) was incubated ex?“’g;';}r;E- Cg'{hce” 'ys‘;ﬂ‘? Samp'ef We';e rug ?” SB.?AG'E |

. L gels 6), and then proteins were transferred to a nitrocellulose
with L-arginine (1 mM), HB (10_29/”\/')’ DTT (200-400 membrane. Membranes were probed with polyclonal antibodies to
uM), glycerol (10%), oxyhemoglobin (7104M), and Hepes  iNOS, and proteins were visualized by chemiluminescence. The
(50 mM, pH 7.4). Assays (1 mL) were initiated with NADPH iNOS control lane corresponds to a purified iNOS control sample.
(240 uM), and were monitored at 401 nm and 3C. The heme/reductase domain bands were determined by comparison
Activities were determined using an extinction coefficient (© Purified samples run in separate lanes on the same gels. The
of 60 000 M-* cm-* for the increase in absorbance at 401 time labels for each lane correspond to the time of protein

expression in the cells post-IPTG induction.

nm, indicative of the production of methemoglobin. Assays P ) ) P o ) )
carried out for the determination pfarginineKy, values were ~ Were obtained (Figure 2). Purification was achieved using a
conducted by varying the concentrationieérginine from  combination of two columns. First, the,2-ADP column
1 to 1000uM. Specific activities were then plotted against separated the INOSCaM complex from otherE. coli
L-arginine concentrations, arith, values were determined proteins, as these were washed off with the first buffer wash
by nonlinear regression using KaleidaGraph. (Figure 3A, lanes 2 and. 3). Loosely bound impurity protel_ns

Cytochrome cassays were carried out as previously Were removed by washing thg coI_umn with a buffer contain-
described §, 22) with the following modifications. iNOS ~ 19 S-ADP. As can be seen in Figure 3A (lane 4), several
bound to each of thérosophila CaMs (4-7 nM) was protein bands were lost from the sample after th&BP
assayed in Hepes (50 mM, pH 7.4), glycerol (10%), and wash with a minimal loss of NOS protein. Protein obtained
cytochromec (50 «M). Assays (1 mL) were initiated with ~ [7om this step was deemed to b&50% pure (Figure 3A,
NADPH (2404M), and were monitored at 550 nm and 37 'ane 6). In reported protocold, 32), a DEAE-Bio-Gel A
°C. Activities were determined using a change in extinction 10N €xchange column is typically used as the second step in

arginine concentration. Binding constankg;)were deter-
mined by nonlinear regression using KaleidaGraph (Reading,
PA).

Formation of the FerrousCO ComplexFollowing each
arginine binding experiment (finalarginine binding spec- I
tra), excess dithionite was added to the cuvette containing HOS
INOS, and spectra were recorded. CO gas was then gently

added directly to the solution in the cuvette followed by its Herrs/Ratuctaes
addition directly to the headspace for 50 min on ice, and Domains
spectra again were recorded.

Activity Assays

The electron transfer ability of INOS in the presence of
the variousDrosophila CaMs was assessed either by the
formation of methemoglobin or by monitoring cytochrome

coefficient of 21 000 M cmL. NOS purification. However, this resin proved to be ineffec-
tive in our procedures as very few impurities were removed
Statistical Analyses (data not shown). Size exclusion chromatography using a

) . . Superdex-200 (S200) gel filtration column afforded proteins
Comparisons of the means were made using a Student’s {4t were deemed 95% pure (Figure 3A, lane 10, and
test, with the values assessed at the 95% confidence interval,:igure 3B), assessed from the FlurS-scanned images quanti-

fied using QuantOne (Bio-Rad). S200 fractions loaded into
lanes 7 and 8 (Figure 3A), although appearing to correspond
Expression and Purification of CaM-Bound, A&j Intact to the pure iINOS protein, were found to contain low-spin
Holo-iINOS.Active inducible NOS is typically isolated from  heme iINOS as determined spectrophotometricallyx
cells tightly bound to CaM. For this reason, expression of values of iINOS were broad and slightly red shifted (data
active, soluble iINOS was only afforded upon its coexpression not shown).
with the variousDrosophilaCaMs.E. coli cells transformed Characterization of E coli-Expressed iNOS Bound to
with both the INOS plasmid (pCW-INOS) and any of the Various Drosophila CaMsAll of the purified recombinant
CaM plasmids (pACYC-CaM) were found to express intact, iINOSs bound toDrosophila CaMs possess spectral and
soluble INOS at high levels. SDFPAGE followed by L-arginine binding properties identical to those of INOS
Western analysis demonstrated that INOS expressed in celldound to human CaM3Q). They were all found to be
up to 24 h post-IPTG induction was rapidly proteolyzed purified bound to a high-spin heme withia.x centered at
intracellularly (Figure 2). High levels of peptides that ~400 nm as shown in the representative spectrum in Figure
migrated at molecular masses that corresponded to the hemd. In all cases, the INOSCaM complex bound-arginine
and reductase domain of INOS that also reacted with INOS and demonstrated the typical blue shift representative of
polyclonal antibodies were detected by Western analysis substrate binding (Figure 4A). Arginine binding constants
(Figure 2). When cells were allowed to express protein for (Kq) were spectrally found to be between 6 and8(Table
36—42 h post-induction, high levels of intact, active INOS 1), in agreement with published value®?). Arginine Kn,

RESULTS
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Ficure 3: SDS-PAGE analysis of the purification of recombinant
iINOS bound toDrosophilaCaMs. Aliquots from each step in the
purification protocol were treated with SDS sample buffer and
loaded into separate wells of 12% acrylamide gels. Electrophoresis
was carried out under denaturing conditions, and proteins were
visualized using Coomassie Blue. Panel A is a representative gel
showing samples from the fractions from both columns in the
purification. The protein in lane 10 is an aliquot of the purified, : : : : : : :
concentrated, INOSB2Q-CaM (2Q) enzyme: lane 1, supernatant %00 3% 400 450 500 550 600 650 700
loaded onto column 1 (ADP-Sepharose); lane 2, column 1 Wavelength (nm)

flowthrough; lane 3, column 1 buffer A wash; lane 4, column 1
buffer B wash; lane 5, column 1 buffer C wash; lane 6, column 1
eluent; lane 7, fraction from column 2 (S200 Superdex) spectrally
determined to contain low-spin heme INOS; lane 8, fraction from

column 2 that contained spectrally sound, pure iNOS; and lane 9, conpjex (4.04M) was added arginine, incrementally, from 0 to
fraction from column 2 that contained a principally reductase 5004M, and spectra were recorded after each addition. The solid

contaminant, as determined spectrally. Panel B shows the lanes fro”bpectrum is that of INOS in the absence of arginibig.centered
representative gels that corresponded with lane 10 in panel A but ;460 nm). The dotted spectrum is that of INOS bound to arginine

that were obtained for iINOS purified bound to wild-type (Wt), it 55q,,M. 1. observed to shift te~393 nm). (B) To the purified
| mutant (1Q), site lll mutant (3Q), and site IV mutant (4Q) CaMs. i(NOSpil?;4(51?(X:aM complex (4.1:M) was fir)st(azjded argFi)nine to

. . generate the arginine binding spectrum (not shown in panel B),
values V_Vere also .determlned for iINOS ,bound to each and then the iron was reduced with dithionite followed by the
DrosophilaCaM (wild type and mutant) using the hemo- addition of carbon monoxide (CO) to the sample. The solid

globin assay. Values df,, were found to be between 7 and spectrum is that of oxidized iNOS in the absence of arginingy(
15uM (Table 1), in the range of published values for murine centered at-400 nm). The dotted spectrum is that of reduced INOS
macrophage iNOS1¢). All of the recombinant iNOS bound to arginine (50@M) and CO {nax centered at-444 nm).
proteins were also found to form the prototypical P450 2). When bound to wild-type CaM, iNOS proteins were
spectrum in response to the iron being reduced in the found to bind four calcium ions per monomer. However,
presence of CO (Figure 4B). These parameters demonstratedvhen bound to any of the four mutated CaMs, iINOS was
thatE. coliindeed expressed an iNOS protein that was similar found to possess only three calcium ions per molecule, as
to INOS isolated from other sources. expected (Table 2).

Given that the CaM proteins used in this study were Effect that CaM Mutations Ha on INOS Actiities. The
mutated at one of the €abinding sites, it was crucial to  ability of iNOS to transfer electrons was analyzed in two
determine the amount of €abound to each of these ways. First, INOS proteins were assayed for their ability to
recombinant iINOS proteins. Additionally, assessment of the reduce cytochrome, which is a measure of the extent of
amount of metals bound to iNOS is important for charac- electron transfer within the reductase domain. The results
terization of enzymatic activity. Metal analysis done by the show that maximal cytochroneereduction ¢20xmol min~t
method of ICP demonstrated that regardless ofheso- mg1) was observed for iNOS bound to either the wild type
phila CaM protein bound to iINOS, all recombinant proteins or the site | mutant (B1Q) of CaM (Table 3). When bound
purified with approximately one iron (0-8L.5 per iINOS to the B2Q and B3Q mutant CaMs, iINOS was found to
monomer) and one zinc (0-0.9 per INOS monomer) (Table  reduce cytochrome by only 65 and 68% of the wild-type

Ficure 4: Spectral analysis of recombinant iNOS in the presence
of mutatedDrosophilaCaMs All spectral analyses were carried
out on a Cary 300 spectrophotometer equipped with a circulating
water bath set at 10C. (A) To the purified INOS-B2Q-CaM
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Table 1: Arginine Binding Constants for Recombinant iNOS in the
Presence obrosophilaCaMs

calmodulin Kg (uM)? Km (uM)P
wild-type 13.08+ 0.58 7.804 1.56
B1Q 8.4F+1.36 9.71+ 1.88
B2Q 6.70+ 0.31 10.80+ 1.70
B3Q 10.16+ 0.79 14.20+ 1.29
B4Q 12.404+1.20 14.50+ 4.10

Gribovskaja et al.

is in agreement with the previously published values for
iNOS (32). As shown in Table 3, mutation of €abinding
site | or IV of CaM had little effect on theNO forming
activity of INOS (95% of wild-type CaM activity observed
with the B1Q mutant and 90% with the B4Q mutant)?Ca
bound to sites Il (B2Q) and Il (B3Q) of CaM, however,
appears to be crucial to electron transfer within iINOS. Only
41 and 43% of wild-type CaMNO producing activity was

aValues were determined spectrophotometrically as described in found for INOS bound to the B2Q and B3Q mutants,

Experimental Procedure3Values were determined using the hemo-

globin assays as described in Experimental Procedures. The value

represent the average of two or more experimentle standard error
of the mean® This value is statistically different from the corresponding
wild-type values whemp = 0.05.

Table 2: Metal Content of Recombinant iNOS in the Presence of
DrosophilaCaMg

no. of metals per iNOS molectile

calmodulin calcium iron zinc
wild-type 3.98+ 0.07 0.81£0.11 0.75+ 0.09
B1Q 2.8F+0.21 0.82+ 0.08 0.68+0.11
B2Q 3.08+£0.20 1.50+ 0.20 0.82£0.13
B3Q 3.12+0.17 1.39+0.30 0.80+ 0.16
B4Q 3.26 £ 0.30 1.60+0.12 0.87+£ 0.08

a All analyses of metal content were carried out by the method of
ICP at the University of Michigar? Values represent the molar ratio
of metal to iINOS protein molecule. Errors are the standard error of the
means based on two or more analyses per sarfiplgs value is
statistically different from the corresponding wild-type values when
= 0.05.

Table 3: Activity of Recombinant iNOS Bound to Various
DrosophilaCaMs'

specific activity

cytochromec reduction  methemoglobin formation
calmodulin (wmol min~* mg-1)° (nmol min mg=1)¢
wild-type 20.1+1.2 936.6+ 42.5
B1Q 21.9+3.3 893.9+ 3.4
B2Q 129+1.1 386.5+ 23.8
B3Q 13.6+ 1.8 399.8+12.8
B4Q 8.6+ 0.7 842.4+ 3.5

aThe values were calculated from three or more experiments

performed in duplicate. Errors are the standard error of the mean.
bValues are the maximal velocities observed for iINOS in the presence

of the given CaM mutant. The amount of protein was determined by
Bradford analysis¢ Assays contained iNOS {4/ nM) and cytochrome

¢ (50 M), and were monitored at 550 nm as described in Experimental
Procedures? Assays contained iNOS {510 nM) and hemoglobin

10 uM), and were monitored at 401 nm as described in Experimental
Procedures.

respectively (Table 3). It appears then that activation of INOS

Sy CaM requires that Ga-binding sites Il and Il have Ca

bound to them. Cd-binding site IV of CaM appears to be
primarily involved in electron transfer by the INOS reductase
domain to exogenous acceptors, such as cytochimme

DISCUSSION

For a number of years, we have been interested in the
regulation of NOS activity by CaM. All NOS isoforms
isolated to date are CaM-activated protei®8) ( Calmodulin
interactions, however, are believed to be different and unique
between the NOS isoforms. The CaM-binding domains of
the three NOS isoforms exhibit little sequence homology,
with the two constitutive forms (nNOS and eNOS) having
more homology between them than between them and iINOS
(36). The interactions of the various NOSs with CaM have
also been used to divide NOS into forms that bind CaM
reversibly (nNOS and eNOS, dependent od'Gancentra-
tions) and those that interact in an irreversible fashion
(namely, iNOS, which is irresponsive to €aconcentra-
tions). Although all three NOS isoforms have been shown
to possess a prototypical CaM-binding seque2¢87, 39),
additional contacts peripheral to that sequence are believed
to exist. Our data suggest that these contacts are distinct
between the NOS isoforms, and they therefore represent
potential drug target sites.

The neuronal isoform of NOS has been shown to interact
with CaM in an antiparallel orientation. This was observed
by crystallographic analysis of CaM bound to the putative
nNNOS CaM-binding peptide, and the structure indicates that
the interaction of these two proteins is prototypical of Ga
dependent CaM-binding proteins such as MLCK5)(
Previously published biochemical data further support that,
and additionally demonstrate that®#inding site | of CaM
is crucial to electron transfer by nNO&3). Furthermore,
those results suggest that CaM's?Géinding site | exerts
its action via the reductase domain of nNOS.

The study presented here was conducted in an effort to

level, respectively, and in the presence of the site IV mutant determine what role each of the €abinding sites of CaM

CaM (B4Q), the level of cytochromereduction was found
to be 43% of that of the wild type (Table 3). These results

plays in the activity of INOS. The results obtained demon-
strate that wild-typ@®rosophilaCaM is able to fully activate

suggest that electron transfer by the reductase domain ofiNOS, as observed with nNOS. However, activation of these

iNOS requires that CaM have &aat sites I-IV. Second,
the ability of INOS to produceNO when bound to each
CaM mutant was assessed by monitoring formation of

two NOS isoforms appears to occur by different mechanisms,
as theDrosophilaCaM mutants had a differential effect on
their activities. In the presence of wild-typgosophilaCaM,

methemoglobin. Nitric oxide is produced by NOSs as a result iNOS was found to produc®O and reduce cytochrone
of the heme iron being reduced by electrons donated by FMN at rates that were similar to reported valugg, (32, 39).

in the reductase domaiB%). By monitoring methemoglobin

When iNOS was isolated bound to the site IV mutant CaM

formation, therefore, we assessed the transfer of electrongB4Q), however, a surprising and unexpected result was

through the reductase and heme domains of INOS *Ne
forming activity of iINOS bound to wild-typérosophila
CaM was found to be 0.891.0umol min~t mg™%. This value

obtained. While the B4Q CaM significantly affected intra-
and intermolecular electron transfer by nNCGX)( it only
affected intermolecular electron transfer by iNOS, as cyto-
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chromec reduction was significantly affected (43% of wild- A B

type activity measured) while methemoglobin formation was

not (90% of wild-type activity measured) (data presented in Rediictasa Reductase
Table 3). Moreover, Ca binding to site IV of CaM was Domain RRmain
found to affect NNOS’s ability to produce methemoglobin

to a greater exten®@). Another differentiating finding was ¢ c

that activities of INOS bound to the site Il (B2Q) or site IlI
(B3Q) CaM mutant were indistinguishable from each other il

(Table 3). However, these mutant CaMs had very different v N N
effects on the activities of NNOS; the B2Q CaM affected
both the intra- and intermolecular activity of nNOS, while Heme Domain Heme Domain

the B3Q CaM had little effect on either activit22).

Perhaps the most interesting results were obtained wit

the site | mutant CaM (B1Q). When bound to B1Q CaM, ron0sed structure of nNOS bound to Cal®)( In these schemat-
nNOS was unable to catalyze any activiB2). However, ics, the reductase and heme domains of NOS have been simplified
in the presence of the B1Q CaM, iNOS activities were so they do not detract from the main message. Their approximate
observed to be identical to the corresponding activities location ée|aﬂve t%g”g anolt)hedr’ howeve(;, is the same as PrEViOUS'{j
. . . proposed. The N aM-binding peptide sequence is represente

measured with vylld-type CaM (see Tqble 3). Qne hypothesis by the squiggly line with the C-terminus and N-terminus labeled.
that could explain the observed activities of INOS bound to The Roman numerals correspond to each of th ®inding sites
the B1Q CaM could be that upon CaM binding to iNOS the of CaM with the central helix given as the straight line that runs
site interacts with Ca. However, metal analysis showed from the numeral Il to Il in each structure. Panel A is representative
that when bound to iINOS none of the mutant CaMs regained ?f the Ca.M'b‘?“”dl “N(?”S) .S””ﬁture- The N‘term.”;]a'r:"bg of CaM

; " . ! : . possessing sites | an is shown to interact with the C-terminus
their ability to bind C&" at the mutated site (data listed in ¢ the nNOS CaM-binding peptide sequence, while the C-terminal
Table 2). Therefore, the effects observed with any of these |ope of CaM (possessing sites Il and IV) interacts with the nNOS
mutant CaMs suggest that different contacts between CaMN-terminus. This is representative of an antiparallel orientation of

and these enzymes exist, and that these contacts play a crucidhese two proteins relative to one another. Panel B is representative
role in their activation of our currently proposed structure of iINOS bound to CaM. This

o o ~_ schematic is being proposed on the basis of the biochemical data
To the best of our knowledge, this is the first investigation obtained in this study. The data suggest that iNOS binds CaM in

wherein the role of specific factors of the CaM structure in a parallel orientation; therefore, the C-terminal lobe of CaM has

the activation of NOS has been reported. Data obtained with 2&€n placed closer to the C-terminus of INOS, and the N-terminal
. L lobe is closer to the N-terminus.

these mutant CaMs conclusively show that activation of

iINOS requires CH. We previously demonstrated the need

for Ca&" in the activity of iNOS using the EGTA, but this

C&" chelator only reduced iNOS activity by 30%1). We

hypothesized at that time that INOS activation by CaM did

not require C& binding to all four sites. The results

presented here support that hypothesis sinceéNtBeproduc- The biochemical data presented here fpr iNOS bound Fo
ing activity of INOS is nearly maximal when site | or site (€€ CaM mutants suggest that crucial contacts exist

IV of CaM is C&*-free (data presented in Table 3). between iNOS and regions of CaM that are exposed upon
Ca&" binding to specific sites of CaM. When these sites are

The data obtained with this seri.es ofz(*:fbindi'ng site. Cat+-free, CaM may not adopt the required conformation
mutant Ca.Ms.support the hypothe5|s that CQM d|ffe_rent|ally to fully activate INOS. Understanding how CaM binds to
affects activation of the NOS isoforms. The biochemical data 5y activates its target proteins continues to be the subject
obtained in our previous study of NNOS's actlvatlon.by these of investigations. Guptaroy and colleagues have previously
CaM mutants allowed for a proposed representation of the suggested that the pattern of target recognition by CaM
CaM-bound nNOS molecul@g). The results presented here i qves specific C#-binding site interactions2d). The
for INOS can also be used to hypothesize about @ CaM- jiterential responses seen for iINOS and nNOS when bound
bound structure of INOS. Figure 5 provides a simplification , these mutants further support that notion. Investigations

of our previously proposed nNOS structure (Figure 5A). We ,a il help in deciphering the molecular details of CaM’s
proposed here that INOS interacts with CaM as representediyiaraction with the NOSs that results in subsequent regula-
in the schematic shown in Figure 5B. In as much as {ion of their functions are underway.

biochemical data can yield information regarding a protein’s

structure, our results using theBeosophilaCaMs suggest  ACKNOWLEDGMENT
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