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ABSTRACT. The C-terminal tail (CT) of neuronal nitric oxide synthase (nNOS) is a regulatory element
that suppresses NnNOS activities in the absence of bound calmodulin (CaM). A crystal structure of the

NNOS reductase domain (nNNOSr) (Garcin, E. D.,

Bruns, C. M., Lloyd, S. J., Hosfield, D. J., Tiso, M.,

Gachhui, R., Stuehr, D. J., Tainer, J. A., and Getzoff, E. D. (20048Biol. Chem279, 37918-37927)
revealed how the first half of the CT interacts with nNOSr and thus provided a template for detailed
studies. We generated truncation mutants in nNOS and nNOSr to test the importance of 3 different regions
of the CT. Eliminating the terminal half of the CT (all residues from 1le1413 to Ser1429), which is invisible

in the crystal structure, had almost no impact on

NADElease, flavin reduction, flavin autoxidation,

heme reduction, reductase activity, or NO synthesis activity, but did prevent an increase in FMN shielding
that normally occurs in response to NADPH binding. Additional removal of theo&ielix (residues
1401 to 1412) significantly increased the NADRelease rate, flavin autoxidation, and NADPH oxidase

activity, and caused hyper-deshielding of the FMN

cofactor. These effects were associated with increased

reductase activity and slightly diminished heme reduction and NO synthesis. Further removal of residues
downstream from Gly1396 (a full CT truncation) amplified the aforementioned effects and in addition
altered NADP interaction with FAD, relieved the kinetic suppression on flavin reduction, and further
diminished heme reduction and NO synthesis. Our results reveal that the CT exerts both multifaceted and
regiospecific effects on catalytic activities and related behaviors, and thus provide new insights into

mechanisms that regulate nNOS catalysis.

Nitric oxide (NO) is synthesized by the NO synthases
(NOS; EC 1.14.13.39), a family of homodimeric flavo-heme
enzymes that catalyze an NADPHand Q-dependent
oxidation ofL-arginine (Arg) toL-citrulline and NO in a two-
step procesdlj. Three distinct NOS isozymes, neuronal NOS
(nNOS), inducible NOS (iNOS), and endothelial (eNOS),

binding sequence. €adependent CaM bhinding triggers NO
synthesis by enabling electron transfer from the FMN
hydroquinone to the ferric heme. This enables the heme to
bind G, and initiate its reductive activation as required for
NO synthesis & 9). The flavoprotein domain of NOS is
structurally and functionally related to cytochrome P450

are expressed in mammals and have evolved to function inoxido-reductase (CYPOR) and related enzym@s11), and

health and diseas&<5). Each NOS is composed of an

is composed of separate ferredoxin-NADIRductase (FNR)

N-terminal oxygenase domain that contains binding sites for and FMN modules2, 13). Protein constructs of the NOS

iron protoporphyrin IX (heme), (®)-tetrahydrobiopterin
(H4B) and Arg, and a C-terminal flavoprotein domain that
contains binding sites for FAD, FMN, and NADPIS, (7).
The two domains are linked by a central calmodulin (CaM)
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flavoprotein domain with the attached CaM binding site
(NOSr) have been used to study structural and regulatory
aspects of NOS catalysis.

Electron transfer in NOSr and CYPOR starts with hydride
transfer from NADPH to FAD within the FNR module,
followed by electron transfer from the FAD hydroquinone
to FMN (14—16). The reduced FMN module (containing
FMN hydroquinone) must then swing away to transfer
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protein acceptors like cytochroms®r the cytochrome P450’s
(12, 17). Recent reports suggest that the steady-state activities
of NNOSr and CYPOR are determined in part by regulation
of a conformational equilibrium between the “FMN-shielded”
or electron input state and the “FMN-deshielded” or electron
output state of these proteink7-24). What controls FMN
shielding and how it relates to catalysis are topics of current
interest. Bound NADP(H) stabilizes the FMN-shielded
conformation in nNOSr19, 21) and CYPOR 25), implying
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a similar regulation for these proteins. Nevertheless, the PCR-generated using primers as follows: nNOS-tr1413
reductase activities of NOSr are suppressed relative toreverse primer is AAA ATCTAGACAGG ACT CAG
CYPOR and related flavoproteins, and CaM binding relieves ATC TAA GGC GGT; nNOS-tr1401 reverse primers is
the suppressior2g), indicating that NOS has an additional, AAA ATCTAGATC ATC TGA GGG TGA CTC CAA
distinct regulation. Three unique structural elements appearAGA, nNOS-tr1397 reverse primer is AAA ATCTAGEC

to be involved in the catalytic suppression of NOS: an ATC CAA AGA TGT CCT CGT. Forward primer is in all
autoinhibitory element in the FMN binding modul27- cases GCT CAA CAG AAT ACA GGC TGA CG. Stop
30), a CD2A loop in the connecting subdomaBil), and a codon is denoted in bold, arxbd sites are underlined. The
C-terminal extension or tail (CT, residues 139429) 32— PCR products were gel-purified and digested uskmd

37). The recent crystal structure of nNOSr visualizes the first (unique restriction site at nNOS cDNA position 3938) and
half of the CT, and shows how it interacts with nNO$7 Xbd (restriction site as designed) and ligated with purified
The structure reveals that the CT may help stabilize the Xmd—Xbd digested pCWori/nNOS cDNA reductase or full
FMN-shielded conformation by holding the FMN module length. The resulting products were transforme&scheri-

up against the FNR module as required for inter-flavin chia coli XL10-gold competent cells (Stratagene), and
electron transfer. Indeed, the CT contains a centrhElix positive colonies, selected with ampicillin, were identified
(residues 14011412) that interacts with the FMN module by restriction digestion analysis. The sequences of mutations
and provides a bonding network that may help shield FAD were confirmed at the Cleveland Clinic DNA sequencing
and FMN from solvent17). Point mutagenesis done in this facility. DNA containing the desired mutation was trans-
portion of the CT either to eliminate a charge pairing formed intoE. coliBL21 (DE3) cells for protein expression.
interaction between Arg1400 and th'eghosphate of bound  Cells expressing nNOSr were also transformed with a
NADPH (21) or to mimic phosphorylation at Ser14128j pPACYC plasmid containing human CaM and selected with
partly relieved the suppression of nNOSr reductase activities. chloramphenicol to coexpress CaM with the nNOSr protein.
This further implicated the CT and suggested some molec- Protein Expression and Purificatiorthe wild-type and
ular-level mechanisms of actiod, 21). mutant rat nNOS and nNOSr proteins were overexpressed

On the basis of the above information, we generated in E. colistrain BL21(DE3). The full-length nNOS proteins
truncation mutants that are missing increasing portions of contained a Histag in their N-termini to aid purification by
the CT in both nNOS and nNOST, to test the hypothesis that & Ni-resin affinity column 42). The nNOSr proteins (con-
specific regions of the CT regulate different catalytic Struct 695-1429) were purified by sequential chromatog-
properties of NNOS. We studied 8 different aspects of eachraphy on a 25-ADP Sepharose affinity column and CaM-
truncation mutant by conventional and stopped-flow spec- Sepharose resin as report@@)( The proteins were dialyzed
troscopic methods. Our results define the relative contribu- against buffer A (see materials) and stored in aliquots at
tions of each region of the CT and provide new understand- —80 °C. Purity of each protein was assessed by SBAGE

ing of how the CT and CaM regulate catalysis in nANOS. and spectral analysis. The concentration of the full-length
NnNOS proteins was estimated by quantification of heme

EXPERIMENTAL PROCEDURES protein content as evidenced through the formation of the
ferrous—CO adduct with an absorption maximum at 444 nm

Materials and General Methodall reagents and materials ~ (43). For the nNOSr proteins, concentration was determined
were obtained from Sigma or sources previously reported by using an extinction coefficient of 22,900 Mcm™! at
(39, 40). UV—visible spectra and steady-state kinetic data 457 nm for the fully oxidized formi4).
were recorded on a Shimadzu UV-2401PC spectrophotom- Determination of Bound FAD and FMNBound flavins
eter using quartz cuvettes. Single wavelength stopped-flowere released from a known amount of nNOS protein by
kinetic experiments were performed using a Hi-Tech (Sal- heat denaturation of the enzyme for 3 min in the dark,
isbury, U.K.) SF-51MX instrument equipped for anaerobic followed by a short centrifugation. Flavin concentration in
work and photomultiplier detectiod{). Full-spectra stopped-  the supernatant was spectroscopically determined using an
flow experiments were performed using a Hi-Tech SF-61 extinction coefficient of 12.2 mMt cm™t at 447 nm. To
instrument equipped for anaerobic work and rapid-scanning determine the FAD/FMN ratio samples were injected onto
diode array detection. The buffer used for all experiments a Cyano-18 HPLC column and flavins were detected by
and protein purifications (buffer A), unless noted otherwise, fluorescence emission following a published proceddd. (
contained 40 mM EPPS (pH 7.6), 10% glycerol, and 150 NO Synthesis, NADPH Oxidation, and Cytochrome ¢
mM NaCl. When necessary, samples were made anaerobiqReductionSteady-state activities were determined separately
inan alrtlght cuvette by repeated CyCleS of vacuum followed at room temperature using Spectrophotometric assays as
by a positive pressure of catalyst-deoxygenated nitrogen. Thepreviously described4d). In order to compare with previ-
nNOSr proteins were prepared for use by oxidizing the ously published data, in the case of NO synthesis and
pUriﬁed air-stable Semiquinone form with pOtaSSiUm ferri- NADPH oxidation the assay buffer contained 150 mM NacCl
cyanide followed by passing the mixture through a PD-10 while the assay buffer for cytochroneereduction contained
desalting column. no added NacCl.

Molecular Biology.Restriction digestions, ligation, trans- Interaction between the nNOSr Proteins and NADP
formation, cloning, bacterial growth, and isolation of DNA UV —visible spectral changes resulting from the association
fragments were performed using standard techniques. Theof NADP* with 20 uM nNOSr proteins were observed by
selected C-terminal tail NNOS truncations were achieved by calculating a difference spectrum between the fully oxidized
placing a stop codon at the appropriate position followed protein before and after treatment with a 3-fold molar excess
by an Xbd restriction site. NNOS cDNA fragments were of NADP". For these experiments the nNOSr proteins were
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first preincubated with 2AMP and then passed through a nm. The time course of absorbance changes was fit to a
PD-10 desalting column prior to use in order to remove any single-exponential equation. An initial spectrum was recorded
NADP* that might remain bound to the proteir20f. The without NADPH to serve as a baseline. Signal-to-noise ratio
observed rate constarit,f) values for the dissociation of was improved by averaging data from multiple individual
NADP* from the oxidized nNOSr proteins were determined mixing experiments.

by rapidly mixing a solution containing nNOSr (&0/1) and Analysis of Stopped-Flow Datln most cases, the spectral
NADP* (120 4M) with a solution of 2,5-ADP (4 mM) in traces were fit according to single or multiple exponential
the stopped-flow instrument at 16C and fitting the  equations. The best fit was designated when adding further
absorbance decreases at 510 nm to single-exponential funcexponentials did not improve the fit as judged by the

tions using the software Origin 7.5 (OriginLab, Northampton, residuals. In the case of flavin reduction by excess NADPH,

MA). we used a four exponential equation to fit the absorbance
Autoxidation of Reduced nNOSA solution of nNOSr change at 457 nm, as done in previous repds 21, 45).
protein (3 or 5uM) containing EDTA (0.5 mM) in Statistical AnalysisAll experiments were repeated three

air-saturated buffer was reduced by adding excess NADPH o more times with at least two different batches of proteins
(100 «M) and then allowed to auto-oxidize at room tem- ified separately. Data were analyzed and expressed as
perature in an open cuvette. The process was monitored ajnean + standard deviation of the mean. Analysis for
457 nm or visible spectra were recorded in replica experi- gtagistically significant differences among mean values was

ments. , _ o done, when applicable, using Studertt'est with a value
Anaerobic Stopped-Flow Flin Reduction KineticsThe of p < 0.05 considered as significant.

absorbance changes associated with nNOSr flavin reduction
by NADPH were recorded at 1 in the single-wavelength
stopped-flow instrument by rapidly mixing a solution of
oxidized nNOSr (6-8 uM) containing either EDTA (1 mM)

or CaCh (2 mM) + CaM (18-24 uM) with a solution of
60—100 uM NADPH. For each protein sample tested, the
maximum absorbance value at 457 nm was obtained by
replacing the NADPH solution in one of the stopped-flow
syringes with anaerobic buffer and recording2additional
mixing events. The individual rate constants were first
estimated by analyzing experiments of different time dura-
tion. The final reported values were obtained by fitting to a
quadruple exponential function experimentsaa2 stime
scale, which enables estimation of four rate constants. The
residuals were minimized and the signal-to-noise ratio was gegyL TS

improved by averaging45 individual mixing experiments.

Percent absorbance changes were calculated for the absor- Mutant Protein Expression and Characterizatidie CT
bance change occurring in the instrument dead time (1.5 ms).truncations we generated in rat nNOS are illustrated in Figure
Anaerobic Pre-Steady-State Cytochrome ¢ Reduction. 1. The tr1413 truncation removes only the portion of CT

solution of each nNOSr protein (388 uM), glycine (3 that is not visible in the crystal structure (1418429), while
mM), 5-deazariboflavin£1 uM), and either EDTA (1 mM) maintaining thex-helix and the phosphorylation-susceptible
or CaC} (2 mM) + CaM (30uM) was completely photore-  residue (Ser1412) that is known to be involved in determining
duced in an anaerobic cuvette using a commercial slide CaM affinity and nNOS heme reduction ra88). The tr1401
projector bulb until no changes in the UWis spectrum of truncation additionally removes residues that create the CT
the sample were observed upon further irradiation of the a-helix but preserves the critical residue Arg1400 which
sample. The prereduced protein sample was rapidly mixedmakes a charge pairing interaction with th@i2of bound
in the stopped-flow spectrophotometer with a solution of NADPH (17). The tr1397 truncation additionally removes 4
cytochromec (3 uM) at 10°C, and the absorbance change residues (13971400) at the start of the CT that make
at 550 nm was recorded. In some cases 1 mM NADPH was hydrophobic contacts (Val1397Ala888), hydrogen bonds
added to the prereduced protein sample and the mixture wagVal1397-Tyr889, Thr1398/Leul399Asp1351) or ionic
incubated at 10C for 15 min prior to mixing. Absorbance interactions (Arg1400) with the FMN or FNR modules. The
data were then fit to a single-exponential function using a tr1397 truncation compromises the entire CT (all residues
nonlinear least-square method provided by the instrumentdownstream from Gly1396) and is equivalent to the nNOS-
manufacturer. trl previously studied by Roman et aB2j. The tr1413,
Heme Reduction Rate in Full-Length ProteikSnetics tr1401, and tr1397 mutants were expressed both as the
of heme reduction were analyzed at° M using a stopped-  nNOSr and full-length nNOS enzyme constructs. In general

Modeling. The model for the nNOS reductase structure
was produced by homology modeling through Swiss-Model
(46, 47) using the structure of nNOS reductase dimEr) (

as template. All elements not visible in the crystal structure
were modeled but the extension of the C-terminal tall
(residues 14141429, rat nNOS numbering). This element
was modeled separately using Swiss-Model and joined to
the C-terminus of the nNOS structure (lle 1413). The phi
and psi angles for the linker residues (lle 1413, Ala 1414)
were manually adjusted. The geometry of the final structure
was validated with PROCHECKA) to verify that phi and

psi values were in the allowed regions of the Ramachandran
plot.

flow spectrophotometer as described previou8g).(Reac- the nNOSr enzymes were obtained in greater yield (about
tions were initiated by mixing an anaerobic, buffered, CO- 15-20 mg/L) than the full-length proteins {6.0 mg/L).
saturated solution containing 10M NADPH with an Flavin analysis showed that all NNOS proteins incorporated

anaerobic solution of #4M nNOS (wild type or mutant) in 2 mol of flavin (FAD + FMN) per subunit (data not shown).

100 mM EPPS pH 7.6, 150 mM NacCl, 1/ H,B, 0.4 mM Spectrophotometric analysis of the full-length proteins
DTT, 1 mM Arg, and 10uM CaM. Heme reduction was showed that B and Arg binding caused their heme Soret
followed by formation of the ferrousCO complex at 444  bands to shift to a high-spin state, and reduction of the
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CT a-helix increase in reductase activity, while the tr1401 and tr1397
ANOS —M)—— N -+ activities are respectively 5- and 8-fold greater. In the
wild-type RYHEDIFGVTLRTYEVTNRLRSESIAFIEESKKDODEVESS 1429 presence of Cd/CaM the cytochrome reductase activity
tr1413 RYHEDIFGVTLRTYEVTNRLRSES was comparable with wild-type enzyme in all the nNOSr
11401 RYHEDIFGVTLR truncations mutants, however their absolute values were 10%

tr1397 RYHEDIFG to 20% lower. The full-length nNOS CT truncated enzymes,

FIGURE 1: Protein constructs used in the study. The C-terminal of 1N the absence of CaM, exhibited a similar response to
rat nNOS contains a highly conserved region (RYHEDIFG, bold) increasing CT deletion with the largest increase in rate
that precedes the CT. The composition of the nNOS wild-type and observed for nNOS tr1397 (14-fold increase). The data
truncation mutants are shown. CT residues Arg1400 and Serl412indicate that CT residues beyond Ser1412 (+41429) do
are in bold. not play a major role in suppressing activity toward external
electron acceptors like cytochroroén CaM-free nNOS. On
the other hand, the remaining residues of the CT show a
graded degree of importance, and bothdhielix and four
residues immediately upstream from it (139/400) are

Table 1: Apparenk. Values for Cytochrome Reductase
Activities Supported by NADPH in nNOS Wild-Type and
Truncation Mutants

nNOS reductase nNOS full-length ) .
Y an Cam can necessary for suppression in the absence of CaM. A
enzyme (minell) (minell) enzyme (minefl) (mineil) comparison of cytochromereductase activities between the
i 4301 8L A272L 191 wi 463178 5320% 243 mutant reductase and fl_JII-Iength enzymes (Table 1) revealed
1413 683+ 109 3413+ 340 r1413 495:54 5817+ 520 significant @ < 0.05) differences in their absolute values.
tr1401 2049+ 162 3325+ 260 tr1401 3088237 6264+ 274 In particular, the activities of the CaM-bound full-length
1397 3121+ 196 3461+ 386 1397 6402 306 3580+ 371 nNOS tr1413 and tr1401 mutants were on average 2-fold

aThe apparentk.s values were calculated from cytochronee higher than the respective nNOSr enzymes. However, the
reductase activities determined at 25 as described in Experimental full-length NNOS tr1397 showed a 2-fold increase only in
Procedures. Values are the me&nSD from triplicate experiments the CaM-free condition. Also, binding CaM inhibited its
representative of two independent enzyme preparations and are . T :
expressed as mole of product formed per mole of enzyme per min. Cytochromec reduction activity as previously reporte8d.
These results suggest that CT control of NOS reductase

5000 - activity is not always equivalent in the full-length nNOS and
[ ]-Cam the nNOS.
e I -CaM Interactions of NNOSr enzymes with NADBecause the
"= 4000+ CT is located near the site of NADPH binding in nNOSr
‘€ (17), we investigated if the CT deletions would alter enzyme
= T interactions with bound NADRP It has been reported@—
2 3000+ 51) that the nicotinamide ring of NADPcan engage in an
2 aromatic stacking interaction with the FAD isoalloxazine ring
B 2000 of CYPOR and NOS. This interaction shifts the flavin
o absorbance spectrum in a characteristic manner. Typically,
€ analysis by difference spectroscopy reveals an absorbance
O 10004 increase centered near 510 nm that correlates with the degree
of nicotinamide-FAD stacking 62—54). We investigated
’:_| this interaction in the nNOSr truncation mutants (in their
0 T ' - ' T : fully oxidized state) by monitoring changes in their visible

wild-type tr1413  tr1401  tr1397 absorption spectrum upon NADRd(dition (Figure 3 inset).
FIGURE 2: Cytochromec reductase activity of wild-type and CT ~ Compared to nNOSr wt, binding of NADRNn the nNOSr
truncation mutants of nNOSr. The reactions were run at room tr1413 and tr1401 caused a smaller 510 nm difference
temperature as described in Experimental Procedures. Each ‘?Xperiabsorption peak and caused no observable absorption change
ment was performed in triplicate, and values are representative of. .
two or more independent determinations. in the NNOSr tr1397. The data suggest that, \_/vhen CTis
partially truncated, the nNOSr can still engage in a normal
enzymes in the presence of CO produced the expected 444icotinamide-FAD stacking interaction, but to a lesser extent
nm Soret absorbance peak for the ferrous hethmlate CO than in nNOSr wt. The full CT truncation does not allow a
complex (data not shown). These findings indicate that CT normal interaction with NADP, at least when FAD is in
truncation does not grossly perturb NOS structure, prostheticthe fully oxidized state. We can estimate the extent of the
group and substrate binding, or heme electronic environment,nicotinamide-FAD stacking interaction in wild-type nNOSr
consistent with previous result83, 33, 35). and each truncation mutant by comparing their 510 nm
Cytochrome ¢ Reductase Adty. The steady-state cyto- difference absorption values to that obtained for the F1395S
chrome ¢ reductase activity of nNOS can quantify the nNOSr mutant, which supports the maximum (arbitrarily
electron flux through its reductase domain. Table 1 contains assigned as 100%) stacking interaction between FAD and
apparentk., values for cytochrome reductase activiies ~ NADP* (20). This calculation indicates a nicotinamidEAD
supported by NADPH in the nNOSr and full-length nNOS stacking of 34%, 20%, and 15% in the wild-type, tr1413,
wt and CT truncation mutants. In the absence of'@zaM, and tr1401 nNOSr proteins, respectively.
the increasing severity of CT deletion resulted in increased As previously shown 20), mixing the NADP-bound
cytochromec reduction as shown in Figure 2. Compared to nNOSr with an excess of'B-ADP results in a time-
the nNOSr wt, the nNOSr tr1413 displays less than a 2-fold dependent absorbance decrease at 510 nm which can be used
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0.046 —— wild-type] 0.075 Table 3: Kinetic Analysis of NADPH-Dependent Flavin Reduction

"é“ ——1r1413 g in the NNOSr Enzymés

c E 0.01 tr1401 » K K ke K

S 0.044 e & I TF tr1397 9 " it 2 =, )

=1 5 ooob\ — = nNOSr condition (s™) (sH (s (s

s Ny 7 T —

E © A 0.070 8 wild-type —CaM 64+5 6.7£2 2.2+0.9 0.009+ 0.008

© 0.042- §_w 3 +CaM 160+36 124+2 2.6+ 1.1 0.016+ 0.006

o - fing tr1413 —CaM 772 6.8+£0.3 2.1+ 0.1 0.054+ 0.013

5 E +CaM 112+4 164+0.8 4.1+ 0.1 0.140+ 0.002

o 00 500 800 700 — tr1401 —CaM 76+2 114+0.7 2.5+0.1 0.074+ 0.004

S 0.040 Wavelength (nm) -0.065 & +CaM 103+5 16+1 3.3+0.1 0.110+0.009

0 ‘E' tr1397 —CaM 128+8 1741 1.94+0.2 0.061+ 0.004

g 3 +CaM 1165 15+1 2.0+0.1 0.072+0.002

0.038 4 ] e aReactions were initiated by mixing each oxidized enzyme with a
10-fold excess of NADPH under anaerobic conditions in a stopped-
T T T ' 0.060 flow instrument at 10C. The absorbance change at 457 nm was fit to
0.00 0.02 004 006 0.08 0.10 a quadruple exponential function. The percentage of the total absorbance
Time (s) change occurring in the instrument mixing dead time was between 24%
) ;
Ficure 3: Kinetics of NADP" dissociation. NADP-saturated and 30% for all the proteins tested.
NNOST proteins were rapidly mixed with an excess oF0ADP in all mutants in the presence or absence of CaM. The

in the stopped-flow instrument at 1C as described in Experi- d-fl fi I drupl ial
mental Procedures. The absorbance decreases at 510 nm are showtioPP€d-flow traces fit well to a quadruple exponentia
along with the calculated lines of best fit. Inset: Difference spectra function, and thus four rate constants were obtained following

elicited by the binding of NADP to each nNOSr protein. a previously described analysis for nNO36,(21, 45). Data
are summarized in Table 3. For each experiment, an initial
Table 2: Kinetics of NADP Dissociation from Wild-Type nNOSr absorbance value representing no flavin reduction was also
and Truncation Mutants obtained. In all cases a significant amount of the total
rate of NADP" total abs absorbance change took place in the dead time of the
nNOSr dissociatiorker)  change % nicotinamide instrument, consistent with previous reports for NNQIS
enzyme (s (mOD) occupancy 21, 56). The kinetics of flavin reduction in the CaM-free
wild-type 75+ 0-1(332@ 15 34 NNOSr tr1413 and tr1401 mutants was analogous to the
:ﬁj(l)f ﬁi 8:; 8843 3 ig nNOSr wt. However, the CaM-free nNOSr tr1397 had
tr1397 nd nd 0 considerably faster flavin reduction and was similar to the

aEnzyme samples containing bound NADRere mixed at 10C CaM-bound W|Id-type nNO.Sr' Binding CaM. to tr1397
in a stopped-flow spectrophotometer with an excess,6f2DP, and caused no further increase in the rate of flavin reduction.
the absorbance decrease at 510 nm was recorded as described i@ur data show that the four residues upstream from the CT
Experimental Procedures. The curves were fit to single-exponential o-helix are required to suppress the rate of flavin reduction
decay function yielding the observekl; rates. The number in in CaM-free nNOST.

parentheses indicates the percentage of absorbance change occurring } 3 .
in the instrument mixing dead time. The values are the me&D of Pre-Steady-State Cytochrome ¢ Reductibm determine

5—6 single mixing experiments and are representative of 2 different hOW the CT may regulate FMN shielding in nNQS, we
enzyme preparations each; nd, not detected. utilized an established stopped-flow spectroscopic method

(19—-21) to measure the rate of electron transfer to cyto-
to estimate the dissociation rate of NADffom the enzyme.  chromec by each photoreduced nNOSr protein under three
A concentration of 4 mM 25'-ADP was used to minimize  different conditions: as is, plus NADPH, and plus NADPH
rebinding of the released NADPfrom 30 uM NADP*- and CaM. Each absorbance trace fit well to a monoexpo-
saturated nNOSr protein (Figure 3, main panel). The tracesnential curve, and the rate values we obtained for the nNOSr
of absorbance were fit to a single-exponential decay function enzymes are reported in Table 4 and compared in Figure 4.
to yield the observed NADPdissociation ratekis) at 10 The observed rate under the basal (NADPH- and CaM-free)
°C. Rates are reported in Table 2 along with the total condition was similar in wt and the tr1413 mutant, but was
absorbance change measured for each proteinkghvalues 4 to 5 times faster in tr1401 and tr1397 mutants. This reveals
for NADP* dissociation were faster for nNOSr tr1413 and that the CTa-helix helps to determine the set point for FMN
tr1401 than in nNOS wt by 1.1- and 1.5-fold, respectively. shielding in nNOS. NADPH binding to CaM-free wt NNOSr
The numbers in parentheses indicate the percentage oftaused a 4-fold rate decrease, consistent with previous results
absorbance change occurring during the instrument dead timeshowing that bound NADPH stabilizes the FMN-shielded
(about 1.5 ms). It was found that in the CT truncated proteins conformation of nNOSr ¥9—21). In contrast, NADPH
about half of the total absorbance change occurs in thebinding caused no decrease in rate for the tr1413, tr1401,
instrument dead time compared to 1/3 for the nNOSr wt. and tr1397 mutants. This reveals that the terminal half of
Thus, thea-helix and upstream portion of the CT impacts the CT is required for NADPH to increase FMN shielding
NADP* binding in nNOS by enabling a nicotinamied&AD in CaM-free nNOSr. When CaM bound to the NADPH-
interaction and by decreasing the release rate of NADP  bound mutant enzymes we observed a rate increase in tr1413
Kinetics of Flain Reduction by NADPHThe rate of NNOSr but saw little or no increase in the tr1401 and tr1397
NADPH-dependent flavin reduction is suppressed in CaM- mutants. Thus, CaM can no longer alter FMN shielding in
free nNOSr, and the suppression is relieved upon CaM the absence of the Ca-helix.
binding 20, 55). To see if the CT is involved in this process, Flavin Autoxidation.Full truncation of CT was reported
we measured rates of NADPH-dependent flavin reduction to increase the rate of flavin autoxidation in nNCG&)( To
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Table 4: Effect of CaM and NADPH on the Rate of Electron 0.08 NADPH added
Transfer to Cytochrome by Prereduced nNOSr and the Truncation
Mutant Enzymes £
observed rate (3) .,'E, 0.06+
nNOSF —CaM —CaM +CaM s
enzyme —NADPH +NADPH +NADPH g 0.04
3 0.044
wild-type 23+1.2 5.8+ 0.5 41+ 0.5 s
Tr1413 23+ 0.6 24+ 0.4 46+ 0.6 £ — wild-type
Tr1401 92+ 2.2 96+ 3.4 102+ 4.2 § - - -tr1413
Tr1397 1114+ 6.7 102+ 1.5 148+ 2.4 < 0.024 <e-- tr1401
a An excess of each prereduced nNOSr protein in the presence or . - tr 397,
absence of NADPH and CaM was mixed with cytochromén a 0 100 _ 200 300
stopped-flow spectrophotometer under anaerobic conditions &€ 10 Time (s)
as described in Experimental Procedures. The observed rates offigure5: Kinetics of NADPH consumption and flavin autoxidation
absorbance increase at 550 nm are reported as the n&nof 5-6 by the nNOSt proteins. The nNOSr proteins were diluted td/3
Slngle mixing eXperlmentS and are representatlve of at least 2 different in air-saturated buffer in a cuvette, given ]_,OM NADPH’ and
enzyme preparations. then allowed to consume NADPH at room temperature as described

under Experimental Procedures. Data are representative of three

independent experiments.
1501 [ -CaM -NADPH
1 I -CaM +NADPH - — -
12 -+CaM +NADPH Table 5. Steady-State NO Synthesis Activities and Associated
5 a e X
| NADPH Oxidation Rate for nNOS and the Truncation Mutants
100 NADPH oxidation during ~ NO synthesis from
—.‘;"‘ Arg reaction (min?) Arg (min~?)
< 75 nNOS enzyme  —CaM +CaM —CaM +CaM
wild-type 3.0+1.1 107+ 8.8 nd 53+ 4
501 tr1413 5.6£1.2 119+ 16 nd 49+ 5
1 tr1401 53+ 4.9 138+ 15 nd 40+ 2
25 tr1397 83+ 3.9 185+ 15 3.0+£05 272
a2 Rates of NO synthesis and NADPH oxidation are expressed as
05 wild-type  tr1413 tr1401 tr1397 moles of product per mole of heme per min and were derived from

) assays run at room temperature as described in Experimental Proce-
FicURE4: Rates of cytochromereduction by photoreduced nNOST  qures. The values are the mearSD of three separate measurements,
proteins under various conditions. The observed rates that werewwo enzyme preparations each; nd, not detectable.

obtained in pre-steady-state cytochromeeduction experiments

as reported in Table 5 are plotted for each nNOSr protein to indicate . .
the effects of NADPH and CaM binding on the rate of electron NNOS tr1397 displayed a low but detectable NO synthesis

transfer to cytochrome. The bars indicate the mean rateSD. activity (3 min1), as previously reported3p). Using
N-hydroxy4 -arginine in place of Arg as a substrate for the
compare how the different CT truncations affect flavin NO synthesis reaction did not change these results (data not
oxygen reactivity, we added 100V NADPH to each fully shown). In the presence of CaM the nNOS tr1413, tr1401,
oxidized NNOSr enzyme in air-saturated buffer, and then and tr1397 mutants had 10%, 20%, and 45% lower NO
monitored the time required for each enzyme to consume synthesis rates, respectively, compared to nNOS wild-type
the NADPH and then reoxidize. Flavin absorbance traces (rank order was wild-type- tr1413> tr1401> tr1397). This
monitored at 457 nm are shown in Figure 5. The nNOSr suggests that the CT truncations have a relatively mild effect
tr1413, tr1401, and tr1397 mutants consumed the NADPH on NO synthesis activity until a full CT deletion is achieved.
approximately 1.5, 4, and 5 times faster than did nNOSrwt, The rates of NADPH oxidation increased in the CT-
respectively. After the NADPH was oxidized, the subsequent truncated enzymes. Compared to the CaM-free wild-type
absorbance gains indicated that reduced flavins in the mutants\NOS, the tr1413, tr1401, and tr1397 nNOS enzymes
reoxidized 3 to 5 times faster compared to wt. The final increased respectively by 2-, 18-, and 27-fold. Thus, the
absorbance values at 457 nm were similar in all three greatest increases were seen when thex@ielix had been
enzymes, indicating that they each reoxidized to a fairly deleted (tr1401 and tr1397), consistent with the analogous
stable one-electron-reduced state that presumably contain&NOSr mutants having similarly increased rates of flavin
the FMN semiquinone radical5{, 58). Thus, the @ autoxidation (Figure 5). NADPH oxidation by the CaM-
reactivity of the reduced flavin species increased with the bound tr1413, tr1401, and tr1397 nNOS mutants also
extent of CT deletion, and the greatest increase in reactivity increased during their NO synthesis by 1.1-, 1.4-, and 1.8-
was obtained upon deletion of the GFhelix. fold over wild-type nNOS, respectively. In this circumstance
NO Synthesis and NADPH Oxidation Adties. We the differences between the values measured for the mutant
utilized full-length nNOS enzymes to investigate how the and the wild-type enzymes could be accounted for by their
CT truncations would affect NO synthesis and NADPH increased rates of NADPH oxidation seen under the CaM-
oxidation activities, and the values are listed in Table 5. In free condition. This indicates that CaM binding did not
the absence of CaM the nNOS wild-type, tr1413, and tr1401 significantly alter the uncoupled NADPH consumption
truncation mutants had no detectable NO synthesis, as judgedssociated with the truncations. The ratio between NADPH
by the oxyhemoglobin assay (data not shown, the assayconsumption and NO synthesis from Arg in CaM-bound,
detection limit in our conditions is 0.5 mif). However, the wild-type nNOS was 1.9, but this ratio increased to about 3




14424 Biochemistry, Vol. 46, No. 50, 2007 Tiso et al.

Table 6: Kinetics of Heme Reduction in Wild-Type nNOS and truncations affected these and other parameters compared
Mutant$ to CaM binding to nNOS. In general, the CT truncations
mimicked, and in some cases exceeded, the changes caused

nNOS enzyme rates of ferric heme reductiorts o .

- by CaM binding. As truncation of the CT grew more
VT"r"ld:f’?Pe 1‘_311 8:3 extensive, a greater number of parameters were affected,
Tr1401 3.6+ 0.4 some to a graded extent. The details are discussed below in
Tr1397 1.9+ 05 the context of the CT and nNOS structuifeinction.

a Solutions of CaM-bound nNOS enzymes were mixed & @ith Wild-Typeversus trl413.Remarkably, results with the

excess NADPH under a CO atmosphere in the stopped-flow spectro-tr1413 mutants show that the entire terminal half of CT has
photometer, and the rate of ferret€O complex formation was  almost no role in suppressing catalysis, the rate of flavin
determined at 444 nm. The observed rates are the me&@D from 5 yaqyction, or protecting against flavin autoxidation in CaM-
to 6 runs and representative of 3 to 4 independent measurements usmq NOSr. Thi hat the first half of the CT. which
two enzyme preparations. free n r. This means that the first half of the CT, whic
is the portion that is visible in the nNOSr crystal structure

60 (17), is practically functional on its own. To better compre-
wild-type hend this finding, we modeled the terminal half of CT, and
< 999 tr1413 #—‘ then attached one of its probable structures to the existing
E 40l 1401 —F—s struc_ture of nNOSr (Figure 7A). In this representation the
@ terminal half of CT forms a helix that can extend over the
ﬁ 30 surface of the FMN module. Although this is only one of
g tr1397 —4— several protein conformations with similar energy, it serves
8 201 to illustrate the scope of the tr1413 truncation. Moreover,
Z 0] placement over the FMN module is consistent with the
terminal half of CT helping to control the conformational
00 7 T T T s equilibrium of the FMN module. This role is demonstrated

by our finding that NADPH no longer increases FMN

Ficure 6: Relationship between the steady-state NO synthesis _shleldlng in tr1413 nNOSr, whereas it causes about a 4-fold

activity and the ferric heme reduction rate in the full-length nNOs  Increase in FMN shielding in wild-type nNOSr (Table 7).
proteins. Points are the mean valuesSD for the NO synthesis ~ The crystal structure of nNOSr shows that Arg1400 in the

activities and heme reduction rates listed in Tables 5 and 6. first half of CT contacts bound NADPH, and mutagenesis

) ) . ) of this residue can also prevent the NADPH-induced increase

in tr1401 and to 6 in tr1397. The increase in uncoupled iy FMIN shielding @1). Perhaps this interaction with NADPH

NADPH oxidation was associated with a lower NO synthesis gjrectsboththe CTa-helix and the terminal half of CT to

activity in the tr1401 and tr1397 mutants. stabilize the FMN module in the shielded conformation
Anaerobic Rate of Heme Reductiaiie measured rates  (rigure 7A). This possibility can now be investigated.

of ferric heme reduction in the CaM-bound nNOS enzymes = Eyen though NADPH could no longer increase FMN

to determine if their lower NO synthesis activities were ghjelding in tr1413 nNOST, its cytochrome reductase
associated with slower rates of heme reduction. Heme gtivity was only 1.6 times greater than that of the wild-
reduction was monitored by following the formation of the {yne CaM-free NNOSr (Table 1). This result is surprising,
ferrous heme CO complex at 444 nm after mixing each  pecause the NADPH-induced increase in FMN shielding has
CaM-bound enzyme with excess NADPH under anaerobic peen assumed to be the major contributing factor in sup-
conditions in a stopped-flow spectrophotometL, (38).  pressing the reductase activity of CaM-free nNOST relative
Ferric heme reduction was monophasic in all the enzymes, 5 the CaM-bound enzymel, 21). As our current data

and the observed rates of heme reduction are listed in Tableg,ggest, this may not be the case; further work is needed to

tr1397 mutant had a rate that was about 50% slower. A plot  Tv1413 yersus tr1401.Additional truncation of CT to

of the NO synthesis activities versus the heme reduction ratesye|ete itso-helix greatly increased all the measured param-
indicates that a direct relationship exists between the two gigrs reported in Table 7 except for the flavin reduction
parameters in the CT-truncated enzymes (Figure 6). kinetics. Clearly, thex-helix is essential and it appears to
be the central structural feature that enables the CT to
DISCUSSION suppress CaM-free nNOS. Deleting the @¥helix also
Our previous crystallographic and mutagenesis studigs ( greatly influenced the FMN shielding equilibrium. Indeed,
21, 38) guided the design of partial CT truncations to further our data indicate that the FMN in CaM-free tr1401 is twice
dissect its function in nNOS. The current results reveal new less shielded than in CaM-bound nNOSr, and therefore exists
roles for CT in regulating NADPH binding, flavin reduction in a “hyper-deshielded” state. This drop in FMN shielding
rate, FMN shielding, and heme reduction in nNOS, and show was associated with a 5-fold increase in cytochrome
how three regions of the CT impact each of these aspects inreductase activity, consistent with an inverse relationship
relation to catalysis. It is known that electron import and between FMN shielding and the reductase activity of CaM-
export are suppressed in CaM-free nNOSB, 57), that its free NNOSr 9, 20). This concept is further discussed in a
FMN modaule is relatively shielded from solveritq, 20, 22, later paragraph.
57), and that CaM binding relieves the suppression of these Deleting the CTa-helix greatly increased the NADPH
parameters. Table 7 summarizes how each of the 3 CToxidase activity and flavin autoxidation rate of NNOSr. These

Heme reduction rate (s'1)
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Table 7: Comparative Effects of the CT Truncatibns

nNOSr— CaM wild-type tr1413 tr1401 tr1397 wild-type CaM
Cyt c reductase activity 1 1.6 5 8 9
NADPH oxidation activity 1 2 18 27 2.50)
Kot NADP* 1 11 1.6 nd 170)
flavin autoxidation rate 1 15 4 5 15
flavin reduction ratek;) 1 1.2 1.2 2 25
flavin reduction ratek) 1 1 1.7 25 1.8
relative level of FMN deshieldirtg 1 1 4 4.8 2
effect of NADPH on FMN deshieldirfg 0.25 1.1 11 0.9 1.2Q0)
nNOS+ CaM wild type tr1413 tr1401 tr1397
NO synthesis activity 1 0.9 0.8 0.5
heme reduction rate 1 1 0.8 0.4

aThe numbers are the mutant to wild-type ratio and were calculated using values reported in this manuscript or in the references noted in
parentheses; nd, not detectatbién the NADPH-free conditionS Ratios are calculated relative to the value obtained for each CaM-free protein in
the absence of NADPH.

N\ ~ ‘

Ficure 7: Panel A. The nNOSr structure featuring interactions of the CT. The FMN binding domain is yellow, and the remaining subdomains
of NNOSr are green. The bound cofactors NADPH, FAD, and FMN are shown in white, yellow, and orange, respectively. The CT (residues
1397-1429) is color-coded to correspond with the tr1413, tr1401, and tr1397 truncations: the portion of CT not visible in the nNOSr
crystal structure 1TLL (residues 14132429, modeled here as a magenta helix); theocfielix (residues 14021412, red); the upstream

CT residues (139%#1400, cyan). Panel B. Interactions between CT residues and residues or cofactors located in other nNOSr subdomains.
Coloring is according to panel A. See text for details.

two effects are linked and underscore the importance of the most parameters in Table 7 to increase by a moderate degree.
CT o-helix in limiting O, reaction with the reduced flavins  The cytochrome reductase activity and flavin reduction rate

in nNOS. Although the protective mechanism is unclear, the almost doubled to become nearly equivalent to those
CT o-helix may restrict Qaccess to the flavins by covering  measured for CaM-bound nNOSY. In addition, the NADPH
part of the subdomain interfacdq, 32). Alternatively, it njcotinamide-FAD interaction was further altered, there

module or coordinate its movement to the redox state of the greater flavin autoxidation, and this was the only truncation

FAD and FMN cofactors. In any case, it is remarkable that o relieved the kinetic suppression on flavin reduction.

nNOS evolved to rely on CT for this protection, because all Together, this shows that the full CT deletion completely
flavoproteins related to NOS have no CT and must minimize relieved ,suppression of NNOSr. but also caused some

their flavin autoxidation by other means. The changes we changes that are not observed in the shorter CT truncations

observed in tr1401 nNOSr are consistent with theoCielix 9 - L

making numerous contacts with the FNR and FMN modules or upon CaM binding. The crystal structure indicates that
deletion of the four residues 1397400 will remove

as evident in the nNOSTr crystal structut&), These include .
the hydrophobic contacts, hydrogen bonds, and ionic interac-"Ydrophobic contacts (Val139Ala888), hydrogen bonds

tions shown in Figure 7B that appear to provide a bonding (Val1397-Tyr889, Thr1398/Leu1399Asp1351), and ionic
network that helps the CT protect the flavins and stabilize interactions (Arg14062'Pi of NADPH) made between CT
the FMN-shielded conformation. and the FMN or FNR modules in nNOSr (Figure 7B). Our

Tr1401 versus tr1397 The tr1397 truncation eliminates results imply that these contacts enable some suppres-
the entire CT and is equivalent to the nNOS-tr1 previously sion even without the rest of the CT. The four residues
studied by Roman et al3@). In our hands, additional deletion also provide protection against flavin autoxidation and
of the four CT residues upstream from thehelix caused enable a normal NADPH binding interaction in nNOSr.
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N
o
1

owt +CaM relieves suppression of nNOSr through an effect on CT
function. But how is the effect of CaM binding transduced
] through nNOSr? One possible mechanism has CaM desta-
1397, bilizing an interaction between CT and the autoinhibitory
,l1-‘{’1’4'00E insert (Al) in the FMN module in order to relieve suppression
of NNOSr @3, 27, 35, 37). Geometric constraints apparent
U Lt in the crystal structure of NNOSr imply that the Al cannot
.-WF13958 directly interact with the CTa-helix (17). However, the Al
could still conceivably interact with the terminal half of CT,
e 4008 which although invisible in the crystal structure can be
9“,’3/’ imagined to extend a significant distance (as shown in Figure
. . . ; ; 7A). Despite this possibility, our data with the tr1413 nNOS
0 4 8 12 16 20 enzymes show that the terminal half of CT is not required
Comparative FMN deshielding for any of the CaM responses that we measured. If the
FiGure 8: Correlation between the steady-state cytochrame terminal half of CT was involved in the CaM response, then
oroteins. The ndicated values were obtained from his report or \IC, \WoUId expect CaM lo have been unable to impact
ro . ; ;
from ref 21 (R14005, R1400E) of unpublished data (F13958), The Multiple parameters in the tr1413 nNOS mutants. Thus, our
least-squares line of best fit is indicated. data argue against models for CaM function that involve Al
interaction with the terminal half of CT, and suggest that an
Relationship between FMN Shielding and the Reductasealternative mechanism exists. Perhaps CaM enables the Al
Actizity of nNOSr. NOSr and related flavoproteins are to interact with the CTo-helix despite the physical con-
thought to exist in a conformational equilibrium between straints apparent in the crystal structure, or perhaps CaM
FMN-shielded and FMN-deshielded states that respectively influences CT function by an entirely different means.
enable electrons to enter into or exit from the FMN cofactor  Does the FMN deshielding caused by CaM fully explain
(19—25, 59). Daff and colleaguesl1@) were the first to its ability to increase the cytochronegreductase activity of
propose that an inverse relationship might exist between thenNOSr? Our data in Figure 8 suggest that it does not.
degree of FMN shielding and the cytochromeeductase  Specifically, the CaM-free nNOSr proteins whose positions
activity of CaM-free nNOSr. This proposal was based on on the FMN shielding continuum are similar to CaM-bound
measures taken with nNOSr samples that had been poisediNOS (i.e., those having araxis value near 8 in Figure
at three different states in the FMN conformational equilib- 8) have reductase activities that are only about one-third that
rium (NADPH-free and CaM-free; NADPH-bound and CaM- of CaM-bound nNOSt. In fact, the CT truncation mutants
free; and CaM-bound). Subsequent measures with pointhave to reach a level of FMN deshielding that is 2 to 3 times
mutants that have altered FMN shielding (R1400E, R14008S, greater than that caused by CaM in order to approach the
or F1395S nNOSr) generally lend support to the concépt ( same reductase activity (Figure 8). It is unclear what other
21). However, our current study with CT truncation mutants effects of CaM binding enable it to support a higher reductase
allows us to examine the relationship over a much wider activity at its particular level of FMN shielding. Possible
range of FMN shielding states than previously possible. effects include CaM-dependent changes in the flavin reduc-
Figure 8 plots the cytochronereductase activities we have tion rate (Table 3)39) or in the flavin reduction potentials
measured for various NnNOSr proteins in the CaM-free, (24). Clearly, CaM regulation of reductase activity is
NADPH-bound stateersustheir degree of FMN deshielding multicomponent and should be further investigated.
relative to the NADPH-bound wild-type nNOSr, to which Does the CT enable CaM to effect NOS heme reduction
we assigned reductase activity and FMN shielding values and NO synthesis? We found that CaM supported near-
of unity. A strong inverse correlation does exiBt= 0.96) normal rates of heme reduction and NO synthesis in tr1401
between the reductase activity and degree of FMN shielding nNOS, which means that the GFhelix has little to do with
across the entire experimental range represented in Figurghese CaM responses. Indeed, an independence between CaM
8. Remarkably, the relationship appears to be relatively responses that are reductase-specific (FMN shielding, cyto-
independent of the means we used to change the FMNchromec reductase activity) and CaM responses that involve
conformational equilibrium (CT point mutationgrsusthe electron transfer between the NOS reductase and oxygenase
various CT truncations). Overall, the data establish that an domains (heme reduction, NO synthesis) has been previously
inverse correlation exists between FMN shielding and the described and discusse2¥y( 45, 60—63). The data presented
cytochromec reductase activity, and reveal that the CT show that the CTo-helix is primarily responsible for
determines the baseline or set point value for the FMN suppressing CaM responses in nNOS that are reductase-
conformational equilibrium in CaM-free nNOSr. specific. However, this ultimately is an incomplete descrip-
CT and the CaM Response of nNGRur study helps  tion of CT function, because point mutagenesis within the
address some questions about CaM’s mechanism of actionCT (at residues R1400 or S1412) increases the heme
in NOS enzymes. First, does CaM relieve suppression of reduction rate in CaM-bound nNO, 38). But the
nNOSr by a mechanism that is dependent on or independenimechanism in this case must involve some precise CT
of the CT? Our data strongly support CT involvement function, because truncating part or all of the CT did not
because (i) the full CT deletion has effects nearly equivalent increase heme reduction rate or NO synthesis in any case,
to CaM binding on many of the measured parameters (Tablesand instead caused these parameters to decrease (Table 6).
1 and 7), and (ii) CaM binding to CT-truncated nNOSr had Perhaps the increased heme reduction in the S1412D and
very little additional impact. Thus, we conclude that CaM R400E nNOS mutants is due to the introduction of a
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repulsive charge in the CT whereas simple removal of CT 17.Garcin, E. D., Bruns, C. M,, Lloyd, S. J., Hosfield, D. J., Tiso,
interactions by truncation is insufficient.

Interestingly, the additional deletion of the four residues
upstream from the CT-helix (tr1397 nNOS) caused the

heme reduction rate and NO synthesis activity to decrease 18.

by about 50% and also allowed some heme reduction and
NO synthesis to occur in the CaM-free enzyme. Our work
reveals that these effects are independent of thee@€lix,

and so may inherently differ from the other effects attributed
to the CT in this study. The mechanism in this case may
involve a direct effect of the four residues on the FNR
module and deserves further investigation.
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