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ABSTRACT: The thermodynamics of cofactor binding to the isolated reductase domain (Red) of nNOS and its
mutants have been studied by isothermal titration calorimetry. The NADPþ and 20,50-ADP binding
stoichiometry to Red were both 1:1, consistent with a one-site kinetic model instead of a two-site model.
The binding constant (KD=71 nM) and the large heat capacity change (ΔCp=-440 cal mol-1K-1) for 20,50-
ADPwere remarkably different from those forNADPþ (1.7 μMand-140 calmol-1K-1, respectively). These
results indicate that the nicotinamide moiety as well as the adenosine moiety has an important role in binding
to nNOS. They also suggest that the thermodynamics of the conformational change inRed caused by cofactor
binding are significantly different from the conformational changes that occur in cytochrome c reductase, in
which the nicotinamide moiety of the cofactor is not essential for binding. Analysis of the deletion mutant of
the autoinhibitory helix (RedΔ40) revealed that the deletion resulted in a decrease in the binding affinity of
20,50-ADPwith more unfavorable enthalpy gain. In the case of RedCaM, which contains a calmodulin (CaM)
binding site, the presence of Ca2þ/CaM caused a 6.7-fold increase in the binding affinity for 20,50-ADP that
wasmostly due to the favorable entropy change. These results are consistent with amodel in whichCa2þ/CaM
induces a conformational change in NOS to a flexible “open” form from a “closed“ form that locked by
cofactor binding, and this change facilitates the electron transfer required for catalysis.

Nitric oxide (NO) plays a crucial role as a signalingmolecule in
key physiological processes, such as neurotransmission, blood
pressure regulation, and the immune response (1, 2). Because of
its diverse physiological effects, the NO synthesis pathway that is
mediated by the nitric oxide synthases (NOSs)1 is highly regu-
lated by complex mechanisms. NOSs catalyze the formation of
NO and L-citrulline from L-arginine in an oxidative process
requiring NADPH and molecular oxygen. In mammals, the
activities of the two constitutively expressed NOS isozymes,
endothelial NOS (eNOS) and neuronal NOS (nNOS), are
regulated by intracellular Ca2þ concentration via the reversible
binding of calmodulin (CaM) (3, 4). Conversely, the activity of
inducible NOS (iNOS) is independent of changes in cellular Ca2þ

concentrations because CaM always binds to iNOS at the basal
level of Ca2þ in the cell, and the regulation of activity occurs
primarily through transcriptional processes.

Each NOS isoform is homodimeric with subunits that consist
of an N-terminal catalytic oxygenase domain and a C-terminal
electron-supplying reductase domain (Red) linked by a Ca2þ/
CaM binding site (Figure 1) (5, 6). The oxygenase domain, in

whichNO synthesis takes place, contains a cysteine-ligated heme,
a tetrahydrobiopterin (H4B), and L-arginine (5-8). The reductase
domain contains FMN, FAD, and NADPH-binding domains
and belongs to a large protein family that includes cytochrome
P450 reductase (CPR), sulfite reductase flavoprotein, and
methionine synthase reductase (9-12). The crystal structure of
rat nNOSRed indicates that there is a conserved organization of
FMN, FAD, and NADPH-binding domains that is shared with
CPR (9, 10). Among these dual-flavin enzymes, NOS has a
number of unique features. InNOSdimer, electrons derived from
NADPH are sequentially transferred from FAD to FMNwithin
the reductase domain of one subunit, and the electrons are then
transferred to the heme in the oxygenase domain of the other
subunit, which is accompanied by a large-scale conformational
change (13, 14). Ca2þ/CaM binding toNOS triggers this electron
transfer forNO formation.Ca2þ/CaMalso acceleratesNADPH-
dependent flavin reductions and transfer of electrons to external
electron acceptors, such as cytochrome c, in the isolated NOS
reductase domain containing the CaM binding site (RedCaM)
(15, 16). In addition to CaM binding, two control elements in the
NOS reductase domain are involved in the regulation of electron
transfer. One element is an autoinhibitory helix insert (AH) of
approximately 40 amino acids in the FMN-binding domain of
nNOS and eNOS that is not found in iNOS and CPR. The other
element is an extension of the C-terminus (CT); all NOS isoforms
are 20-40 residues longer than CPR. Deletion of either the AH
or CT results in activation of electron transfer in CaM-free
RedCaM and NO formation in the holoenzyme even in the
absence of Ca2þ/CaM, which demonstrates that each of these
elements acts as an autoinihibitory domain for NO forma-
tion under conditions of low Ca2þ concentration (17-22).
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Phosphorylation at sites in the autoinihibitory domains has
also been shown to affect Ca2þ sensitivity and electron
transfer for NO formation in eNOS and nNOS (23-25).

NADPH binding is also important for regulating electron
transfer in nNOS (26, 27). The binding of NADPH to CaM-free
RedCaM inhibits electron transfer to cytochrome c, suggesting
that the CaM-free enzyme with NADPH forms a conformation-
ally “closed” complex. In the closed complex, the FMN sub-
domain is shieldedwithin the enzyme dimer interface, resulting in
the suppression of electron transfer. The binding ofCa2þ/CaM to
nNOS is thought to induce a conformational rearrangement that
facilitates electron transfer by releasing a NADPH-dependent
conformational lock. In the crystal structure with NADPþ, both
of the AH and CT regulatory domains are located between the
FMN-, FAD-, and NADPH-binding domains, and consequent-
ly, FMN is buried, which supports the closed model induced by
NADPH binding. Combined with the crystal structure, muta-
genesis studies support this unique mechanism in which the AH
andCT domains, in addition to NADPHbinding, synergistically
repress NOS activity by locking the FMN binding domain into
an electron-accepting position (FMN-shielded) (28-34). In this
mechanism, CaM binding or phosphorylation of the AH or CT
domains induces a large-scale swinging motion of the entire
FMN domain to transfer the electrons required for the catalytic
activity (FMN-deshielded). However, the precise mechanism for
how NADPH binding induces the conformational change of the
reductase domain is still unclear because there is a lack of suf-
ficient structural information, e.g., the whole structure of the
reductase domain with the CaM binding site and the structure
without NADPH. There are also conflicting reports on the
binding stoichiometry of the cofactor to the reductase domain
of NOS. Knight and Scrutton (35) proposed that multiple
molecules of cofactor bind toNOSbased on stopped-flow kinetic
studies, while other studies support a single-binding site
model (36).

In this paper, to confirm the binding stoichiometry between
NOS and its cofactor and the conformational change of nNOS
reductase domain induced cofactor binding, we have performed
thermodynamic studies using isothermal titration calorimetry
(ITC) to examine the binding of cofactor to the isolated reductase

domain of nNOS. These experiments were conducted without
(Red) andwith theCaMbinding domain (RedCaM) andwith the
AH-deletion mutant (RedΔ40). ITC is a pure solution technique
used to study interactions between a protein and its ligand, and
this technique is a powerful tool for the direct measurement of
thermodynamic parameters. We determined the Gibbs free
energy (ΔG), enthalpy (ΔH), and entropy (ΔS) changes as well
as the association constant (Ka) and the number of binding sites
(n) for 20,50-ADP and NADPþ in the nNOS reductases and
compared these values with those of CPR (37). The thermo-
dynamic parameters reported here reveal the difference in
cofactor-binding character between the nNOS Red and CPR.
Our studies also demonstrate that both the CaM binding site and
the AH domain actually modulate the interaction between the
reductase domain of nNOS and its cofactor.

EXPERIMENTAL PROCEDURES

Materials. 20,50-ADP Sepharose 4B and Sephadex G-25
medium were purchased from GE Healthcare U.K. Ltd.
(Buckinghamshire, England). TOYOPEARL DEAE-650 M
was obtained from TOSOH Co., Ltd. (Tokyo, Japan). 20,50-
ADP and NADPþ were purchased from Sigma-Aldrich Japan
K.K. (Tokyo, Japan). Aprotinin, leupeptin, and pepstatinAwere
purchased from Peptide Institute, Inc. (Osaka, Japan). All other
reagents were of the best analytical grade available and were
obtained from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan), or Nacalai Tesque, Inc. (Kyoto, Japan).
Plasmids. pCRNNR for coexpression of the rat nNOS

reductase domain with the CaM binding site (designated Red-
CaM, residues 695-1429) and the bovine brain CaM were
provided by Dr. S. Daff (University of Edinburgh, U.K.) (21).
Expression plasmids for the rat nNOS reductase domain without
the CaMbinding site (Red, residues 746-1429) and the reductase
domain without the autoinhibitory helix region (RedΔ40, resi-
dues 746-831/870-1429) were constructed in pCWoriþ and
pET-28a(þ), respectively, as described previously (38, 39). The
plasmid pGroESL, which was used for the production of
Escherichia coli chaperones, was a gift fromDuPont de Nemours
and Co. (Wilmington, DE) (40).
Expression and Purification of nNOSRed, RedΔ40, and

RedCaM. Expression of nNOS Red, RedΔ40, and RedCaM
was carried out using the plasmids Red/pCWoriþ, RedΔ40/pET-
28a(þ), and pCRNNR, respectively, with coexpression of E. coli
chaperones (pGroESL) in BL21 (DE3) cells. The culture was
continued in LB containing 50 μg/mL ampicillin (for Red/
pCWoriþ and pCRNNR) or 30 μg/mL kanamycin (for RedΔ40/
pET-28a(þ)) and 35 μg/mL chloramphenicol (for pGroESL) at
37 �C until the absorbance at 600 nm reached approximately 0.8,
and then final concentrations of 3 μM riboflavin and 0.2 mM
IPTG for pCRNNR or 0.5 mM IPTG for Red/pCWoriþ and
RedΔ40/pET-28a(þ) were added to induce the expression of the
proteins. Cells were further cultured at 30 �C for 20 h for Red/
pCWoriþ and RedΔ40/pET-28a(þ) or 24 h for pCRNNR.

Proteins were purified by a modified method that has been
previously described (38). To avoid the contamination of the
cofactor before ITC measurements were performed, a high salt
buffer was used instead of cofactor solution to elute the enzyme
from a 20,50-ADP Sepharose 4B column. Briefly, the cell lysate
was loaded onto a 1.5 � 5.5 cm column of 20,50-ADP Sepharose
4B equilibratedwith buffer A (50mMTris-HCl, pH7.5, at 25 �C,
50 mM NaCl, 10% glycerol, 1 mM DTT, 2 μg/mL aprotinin,

FIGURE 1: Domain structures of nNOSand itsmutants. (A)Domain
organization of full-length nNOS. The schematic representation
shows the domain organization of nNOS. (B) The domain structures
of nNOS Red and its mutants. All of the reductases except for CPR
were used in this study. The 40 amino acids of the autoinhibitory
domain within the FMN subdomain are deleted in the Δ40 mutant.
Red and RedCaM refer to the isolated reductase domain with and
without the CaM binding domain, respectively.
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2 μg/mL leupeptin, 2 μg/mL pepstatin A). The column was
washedwith 100mLof bufferA, and then nNOSRed orRedΔ40
was eluted with 50 mL of buffer A containing 1.5 M NaCl. The
protein was precipitated by adding ammonium sulfate to 60%
saturation. The ammonium sulfate precipitate was collected by
centrifugation and dissolved in 10 mL of buffer A; this solution
was loaded onto a 3 � 5 cm column of Sephadex G-25 medium
equilibrated with buffer B (50 mM Tris-HCl, pH 7.5, at 25 �C,
10% glycerol, 1 mM DTT). The protein fractions were pooled
and sequentially loaded onto a 2 � 5 cm column of TOYO-
PEARL DEAE-650 M equilibrated with buffer B. After being
washed with 100 mL of buffer B, nNOS Red or RedΔ40 was
eluted with buffer B containing 150 mM NaCl. The purified
protein was passed through a 3� 5 cm column of SephadexG-25
medium equilibrated with ITC buffer (100 mMBes-NaOH, pH
7.0, at the ITC measurement temperature, with or without 10%
glycerol). The protein fractions were collected and filtered
through a 0.2 μm filter, DISMIC-25CS (Toyo Roshi, Ltd.,
Tokyo, Japan), for ITC measurements. The filtered enzyme
was quickly frozen with liquid nitrogen and stored at -80 �C.

For purification of nNOS RedCaM, buffer C (50 mM Tris-
HCl, pH 7.5, at 25 �C, 50 mMNaCl, 10% glycerol, 1 mMDTT,
5 mM CaCl2, 1 mM EDTA, 2 μg/mL aprotinin, 2 μg/mL
leupeptin, 2 μg/mL pepstatin A, 1 mM freshly prepared PMSF)
containing 10 μMFAD and 10 μMFMN and buffer D (50 mM
Tris-HCl, pH 7.5, at 25 �C, 10% glycerol, 1 mM DTT, 0.5 mM
CaCl2) were used instead of buffers A and B, respectively. In
TOYOPEARL DEAE-650 M chromatography, after two wash-
ing steps with 100 mL of buffer D and 20 mL of buffer D
containing 75 mM NaCl, nNOS RedCaM with Ca2þ/CaM was
eluted with buffer D containing 150 mM NaCl. The purified
RedCaM with Ca2þ/CaM was concentrated to 30 μM using an
Ultra Filter Unit USY-5 (Toyo Roshi, Ltd., Tokyo, Japan). The
purified protein was passed through a 3 � 5 cm column of
Sephadex G-25 medium equilibrated with the ITC buffer con-
taining 0.5 mM CaCl2.

To prepare nNOS RedCaM without CaM, the RedCaM
protein eluted from the TOYOPEARL DEAE-650 M column
was then loaded onto a 1.5 � 5.5 cm column of 20,50-ADP
Sepharose 4B equilibrated with buffer E (50 mM Tris-HCl, pH
7.5, at 25 �C, 10% glycerol, 1 mM DTT, 5 mM EGTA). The
column was washed with 50 mL of buffer E, and then nNOS
RedCaM without Ca2þ/CaM was eluted with 50 mL of buffer E
containing 1.5MNaCl. After 60% ammonium sulfate precipita-
tion, the enzyme solution was passed through a 3� 5 cm column
of Sephadex G-25 medium equilibrated with the ITC buffer.

RedCaM with or without CaM, Red, and RedΔ40 were
purified to more than 90% purity as determined by SDS-PAGE
(Supporting Information Figure S1).
Determination of Enzyme Concentration. The enzyme

concentrations were determined by measuring the flavin content
spectrophotometrically. The absorption spectra (250-700 nm) of
the enzymes were measured at 25 �C using a UV-visible UV-
1800 spectrophotometer (Shimadzu, Japan). A volume of 0.5 μL
of 1 mM potassium ferricyanide, a one-electron acceptor, was
added to 100 μLof the protein solution. After a 1min incubation,
the spectra were measured, and this procedure was repeated a
total of 10 times. Nearly all of the enzymes prepared in this study
showed little change in the absorbance at 457 nm after addition
of potassium ferricyanide, indicating that the enzymes were
mostly oxidized during purification (Supporting Information
Figure S2). Enzyme concentrations were calculated from the

absorbance at 457 nm of the fully oxidized nNOS reductase
domain using amolar extinction coefficient of 22.9mM-1

3 cm
-1.

The protein concentrations were also determined by the Bradford
method. The FMN and FAD contents relative to the protein
content for each enzyme were found to be between 0.9 and 0.8.
Catalytic Activity of Purified Enzyme. The activity of

nNOSRed and its mutants was characterized by the reduction of
the exogenous electron acceptor cytochrome c as described
previously (21). The final concentrations in the reaction mixture
consisted of 10 mM HEPES-NaOH, pH 7.0, at 25 �C, 5 μM
FAD, 5 μM FMN, 0.5 mM CaCl2, 100 μM cytochrome c (from
horse heart), and an appropriate concentration of the NOS
enzyme. The mixture was preincubated at 25 �C for 5 min, and
the reaction was initiated by the addition of NADPH at a final
concentration of 200 μM. The cytochrome c reduction activity
was calculated from the absorbance at 550 nm over time using a
molar extinction coefficient of 21 mM-1

3 cm
-1. The reactions

were performed in triplicate.
Isothermal Titration Calorimetry (ITC)Measurements.

ITC experiments were conducted for thermodynamic analyses of
the interactions between the oxidized Red of nNOS and its
mutants with 20,50-ADP and NADPþ using a MCS-ITC
(MicroCal Inc., Northampton, MA). Purified enzymes and
NADPHanalogues for themicrocalorimetrymeasurements were
dissolved in ITC buffer (100 mM Bes-NaOH, pH 7.0, at the
experimental temperature, with or without 10% glycerol). Con-
centrations of 20,50-ADP and NADPþ were calculated using
the molar extinction coefficients of 15.4 mM-1

3 cm
-1 and 18.0

mM-1
3 cm

-1, respectively, at 260 nm. All samples were degassed
for 10 min before the titrations. 20,50-ADP or NADPþ was
titrated into nNOS Red or its mutants, and each titration
consisted of a small quantity of an initial injection followed by
20-30 main injections. Acquisition data were analyzed using
MicroCal Origin Version 2.9 (MicroCal Software, Inc.). After
subtracting the heat of ligand dilution, which was determined by
injecting ligand into the same ITC buffer, the binding of ligand to
nNOS Red and its mutants was quantified by fitting the evolved
heat per injection to a single-site binding model using a nonlinear
least-squaresmethod. Except for the initial injection, fitting of the
binding isotherm was carried out through multiple iterations
until a minimum X2 value was obtained. The reported values are
an average of at least three ITC runs. The binding stoichiometry
(n), the association constant (Ka), and the enthalpy change (ΔH)
were obtained from the fitted curve. The values of the Gibbs free
energy change (ΔG) and the entropy change (ΔS) were calculated
from the equation:

ΔG ¼ -RT ln Ka ¼ ΔH-TΔS

whereR is the gas constant and T is the absolute temperature. In
line with common usage in the enzyme kinetics literature, the
dissociation constantKd is also used in the text (Kd= 1/Ka). The
temperature dependence studies were performed over the range
from 15 to 30 �C. The heat capacity change, ΔCp, was calculated
from the linear fitting of the ΔH values measured at various
experimental temperatures.

After the ITCmeasurements, each of the samples was collected
and applied to a Bio-Spin 6 column (Bio-Rad Laboratories, Inc.,
Hercules, CA) equilibrated in 10 mM HEPES buffer, pH 7.0, at
25 �C, with 10% glycerol to remove NADPH analogues. The
residual activity was then analyzed to determine the stability of
the protein.



Article Biochemistry, Vol. 50, No. 10, 2011 1717

RESULTS AND DISCUSSION

Catalytic Activities of Purified Enzymes. The activities of
the purified enzymes were determined for the reduction of cyto-
chrome c (Table 1). The reduction rate (kcat) of Red (152 μmol
min-1 μmol-1) for this reactionwas similar to that ofRedCaM in
the absence of Ca2þ/CaM (288 μmol min-1 μmol-1). The addi-
tion of Ca2þ/CaM to RedCaM increased the activity approxi-
mately 10-fold (2860 μmol min-1 μmol-1) as described pre-
viously (19, 22). RedΔ40, a deletion mutant lacking the AH
insert, showed significant activity (702 μmolmin-1 μmol-1), even
in the absence of the CaM binding site, indicating that the AH
domain has an inhibitory role for electron transfer in the
reductase domain under low Ca2þ concentration. Conversely,
the Km value for NADPH was not significantly affected by the
CaM binding site in the presence or absence of CaM (Km = ∼2
μM). These Km values are comparable to those that have been
previously determined in another study (19). The Km value for
RedΔ40 was 0.9 μM, indicating that RedΔ40 has a higher affinity
for NADPH. TheKa values for NADPH calculated from theKm

values (Ka = 1/Km) are summarized in Table 1. To further
elucidate the binding mechanism of cofactors to Red and its
mutants, we used calorimetry to determine binding affinities and
thermodynamic parameters for these enzymes. The catalytic
activity of each reductase remained the same before and after
each ITC measurement, confirming that the enzyme was stable
during the measurements.
Binding Stoichiometry and Thermodynamic Parameters

for Cofactor Binding to Red. Binding isotherms for the
interaction of Red and NADPþ or 20,50-ADP were obtained in
100 mM Bes-NaOH, pH 7.0, at 25 �C. A typical calorimetric
titration withNADPþ and 20,50-ADP is shown in panels A and B
of Figure 2, respectively. The exothermic reaction was observed,
and after subtracting dilution heat, the obtained heat data were
described well by a one-set-of-sites model. In all of the experi-
ments, the calculated binding stoichiometry (n) was 1 (Table 2),
indicating that a single NADPþ or 20,50-ADP molecule binds to
each nNOS reductase molecule. Previously, a two-site binding
model, in which two cofactor molecules bind to the catalytic and
regulatory sites, has been proposed for CPR (41), BM3 (42), and
NOS (35) based on pre-steady-state kinetic studies by Scrutton
and co-workers. However, a two-site binding model remains
controversial because only one bound NADPþ molecule is
shown in the crystal structures of the reductase domain of
NOS (8, 9) and CPR (10) (Figure 3). In addition, Daff has
proposed an alternative one-binding-sitemodel for the binding of

cofactor to these enzymes by reanalyzing the kinetic data (36).
The data obtained here indicate that 20,50-ADP andNADPþ also
bind to nNOS with 1:1 stoichiometry. Thus, this thermodynamic
analysis verified the single-binding-site model instead of a multi-
ple-site model for NOS. In addition, a calorimetry study of
cofactor binding toCPRwas recently reported that also supports
the one-binding-site model (37).

The thermodynamic parameters and the association constant
of NADPþ and 20,50-ADP binding to Red at 25 �C are summar-
ized in Table 2 alongwith the data for CPR obtained by the other
group under the same buffer conditions (37). The Gibbs
free energy change (ΔG) of NADPþ binding to Red (-7.8
kcal 3mol-1), which is directly related to the association constant
(Ka), was larger than that of 20,50-ADP binding to Red (-9.8
kcal 3mol-1). As a consequence, the Ka value of NADPþ binding
to Red (58.2 � 104 M-1) was much smaller than that of 20,50-
ADP binding (1410 � 104 M-1). The contributions of enthalpy
(ΔH) and entropy (TΔS) changes to ΔG significantly differ for
each cofactor. In contrast to 20,50-ADP binding to Red, an
unfavorable large gain ofΔH contributed to the marked increase
in the value of ΔG for binding of NADPþ to Red despite a much

Table 1: Reduction of Cytochrome c by the Isolated nNOS Reductase

Domains

cytochrome c

reductiona

(μmol min-1 μmol-1)

Km for

NADPH

(μM)

Ka for

NADPHb

(�104 M-1)

Red 152( 28 2.1( 0.2 48

RedΔ40 702( 98 0.9( 0.2 110

RedCaM with CaMc 2860( 320 2.3( 0.2 43

RedCaM without CaM 288 ( 63 1.7( 0.1 59

akcat values were determined as described in the Experimental Proce-
dures at 25 �C and expressed as moles of reduced cytochrome c per mole of
enzyme per minute. The mean and standard deviation for three to five
independently purified enzymes are represented. bKa values were calculated
from Km (Ka = 1/Km).

ckcat value was determined in the presence of Ca2þ

(0.5 mM).

FIGURE 2: Interaction ofRedwithNADPþ (A) and 20,50-ADP (B) at
25 �C in 100mMBes-NaOH, pH7.0. Typical calorimetric titrations
(upper panel) and the resulting integrated binding isotherms (lower
panel) are shown. In these measurements, 9 μL aliquots of 0.263 mM
NADPþ (A) or 0.250 mM 20,50-ADP (B) were injected via syringe
into 16.2 μMRed in the calorimetric cell, and the data were collected
for a total of 20 injections at 4 min intervals. The first injection
included only 2 μL of ligand, and the corresponding data point was
deleted fromthe analysis.After subtracting the heat of liganddilution
from the reaction heat by performing the control experiment, the
solid line connecting the integrated data points (lower panel) was
obtained from a one-set-of-sitesmodel fitting using a nonlinear least-
squares method.
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less unfavorable entropy change (Table 2). These results indicate
that the nicotinamide moiety of NADPþ significantly decreases
the binding affinity to Red. Inhibition studies of NOS have
demonstrated the primary importance of the adenosine moiety
for coenzyme binding because 20,50-ADP is as effective as an
inhibitor of electron transfer as NADPþ (43, 44). In addition, the
electrochemical analysis of Red and the isolated FAD domain
(residues 695-946) of nNOS revealed that NADPþ binding
stabilized the hydroquinone form of the FAD while ADP did
not, suggesting that specific interactions occur between the nicotina-
mide moiety and the enzyme (44). In contrast, the Ka value of
20,50-ADP binding to Red is comparable to those of 20,50-ADP
binding (1900� 104M-1) andNADPþ binding (1820� 104M-1)

toCPR.The similarKa values forNADPþ and 20,50-ADPbinding
to CPR are consistent with the essential role of the adenosine
moiety for cofactor binding in the protein. In the crystal structure
of the NADPþ complex of rat CPR, the adenosine moiety bound
to the enzyme through ionic interactions, hydrogen bonds, and
hydrophobic stacking interactions while the nicotinamide moiety
was thought to be solvent-exposed because of its flexibility
(Figure 3C (10)). The crystal structure of Red shows that the
nicotinamide moiety of NADPþ is also solvent-exposed but
ionically interacts with the residues of CT that are absent in
CPR as shown in Figure 3B (9). While the AH domain is located
rather far from the NADPþ binding site, it is thought to control
the conformational equilibrium of the reductase as mentioned
later. Therefore, It is possible that these unique structural
elements affect the binding of cofactor to Red. Taken together,
these results indicate that the thermodynamics for NADPþ and
20,50-ADP binding are different between NOS Red and CPR,
although the overall structures of these proteins are very similar.
Temperature Dependence of the Thermodynamic Para-

meters for Red. To investigate the temperature dependence of
the thermodynamic parameters in the binding of NADPþ or
20,50-ADP to Red, the calorimetric titrations were carried out at
15, 20, 25, and 30 �C. As shown in Figure 4, the ΔG values for
Red-cofactor complex formationwere insensitive to temperature

Table 2: Thermodynamic Parameters for the Interaction of Red and CPR with NADPþ or 20,50-ADP Phosphate Ligands at 25 �C

ligand n Ka (�104 M-1) ΔH (kcal 3mol-1) ΔGc (kcal 3mol-1) TΔSc (kcal 3mol-1)

Reda NADPþ 1.0 58.2( 3.3 -11( 0.5 -7.8( 0.0 -3.0( 0.5

20,50-ADP 1.1 1410( 540 -17( 1.2 -9.8 ( 0.2 -7.0( 1.1

CPRb NADPþ 1.1 1820( 50 -17 ( 0.1 -9.9 -7.1

20,50-ADP 1.0 1900( 60 -18( 2.0 -9.9 -8.1

aThe thermodynamic parameters (n, Ka, ΔH) were determined by ITC measurement in buffer (100 mM Bes-NaOH, pH 7.0, at 25 �C). All measurements
were performed in triplicate. bThe thermodynamic parameters (n,Ka,ΔH) of CPR determined under the same conditions were reported previously byGrunau
et al. (37). cΔG and TΔS values were calculated as described in the Experimental Procedures.

FIGURE 3: (A) The crystal structure of rat nNOS Red (PDB 1TLL)
with a structural superposition of rat CPR (PDB 1AMO). (B, C)
Comparison of the NADPH binding site of rat nNOS Red (B) with
that of rat CPR (C). The different domains are colored in the crystal
structures of rat NOS Red (PDB 1TLL) and rat CPR (PDB 1AMO)
as follows: green, FMN-binding domain; orange, FAD-binding
domain; blue, NADPH-binding domain; red, C-terminal extension
(CT) and autoinihibitory helix (AH). Cofactors are shown as stick
models with different colors: black, NADPH; gray, FMN and FAD.

FIGURE 4: Comparison of thermodynamic parameters for the inter-
action between Red and NADPþ (A) and 20,50-ADP (B) in 100 mM
Bes-NaOH,pH7.0, at the experimental temperature.TheGibbs free
energy change for binding (ΔG) is represented in white, the enthalpy
change for binding (ΔH) is represented in light gray, and the entropy
change for binding (TΔS) is represented in dark gray. ITC measure-
ments were performed in triplicate at each temperature, and the
standard deviation is shown as a black line.
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due to the well-known compensatory effects of enthalpy and
entropy, which are temperature dependent (45). The heat capa-
city change (ΔCp) of the binding reaction was determined from
the slope of the plot of ΔH versus temperature (Figure 5) and is
summarized in Table 3. The ΔCp for NADPþ binding to Red
(-140 cal 3mol-1

3K
-1) was strikingly different from that for

20,50-ADPbinding toRed (-440 cal 3mol-1
3K

-1), whileΔCp for
NADPþ binding to CPR was nearly the same as that for 20,50-
ADP (approximately -220 cal 3mol-1

3K
-1). The different ΔCp

values between Red and CPR again suggest that there are
structural differences or different water networks for cofactor
binding between these two proteins.

In protein-ligand interactions, negative heat capacity changes
have been found to correlate to burial of the hydrophobic surface
area (46-49). Water molecule networks in the protein-ligand
interface were also suggested to contribute to a negative ΔCp in
addition to the burial of nonpolar surface area (50). Recently,
Grunau and co-workers demonstrated an interplay between the
thermodynamics of ligand binding to CPR and the induced
conformational motion in the domain (51) . In a combination
study using calorimetry and small-angle X-ray scattering, bind-
ing of 20,50-ADP to wild-type CPR was found to trigger a large-
scale structural rearrangement that resulted in a more compact
domain organization and a large decrease in the molecular diam-
eter of the complex. Interestingly, a deletion mutant of CPR
that was accompanied by a decrease in the number of thermo-
dynamic microstates available to the ligand-CPR complex

showed the most negative ΔCp value (-580 cal 3mol-1
3K

-1).
These results suggest that the conformational constraints of the
entire macromolecule would affect the negative ΔCp value.
Therefore, it is possible that the large, negative ΔCp value for
20,50-ADP binding to Red is due to burial of significant nonpolar
surface area and/or disruption of a hydrogen bond network in the
vicinity of the binding site. Binding of 20,50-ADP to NOS Red
may also induce restriction of the freedom of the entire macro-
molecule in comparison to the ligand-CPR complex. On the
other hand, the less negative ΔCp values for NADPþ binding to
Red indicate that the surface conditions and/or the water
molecule network of Red are not significantly changed by
cofactor binding. In any case, these results again imply that the
nicotinamide moiety of the cofactor significantly affects the
energy fluctuations in the Red-cofactor complex.
Effects of AH and CaM Binding Site on the Binding of

20,50-ADP. Interaction of RedΔ40, which contains a deletion of
theAH insert, orRedCaM,which includes a CaM-binding site in
Red with 20,50-ADP, was examined, and the data were compared
with those of Red determined under the same conditions.
RedΔ40 and RedCaM with or without CaM were less stable
than Red. Therefore, ITC measurements were performed in ITC
buffer containing 10% glycerol at 20 �C instead of 25 �C to
maintain stability of the protein without loss of enzymatic
activity during each measurement. Typical binding isotherms at
20 �C for the interaction of 20,50-ADP with RedΔ40, RedCaM
without Ca2þ/CaM, and RedCaMwith Ca2þ/CaM are shown in
Figure 6. The data obtained after subtracting the heat of dilution
were described by a one-set-of-sites model. As summarized in
Table 4, the binding stoichiometry of 20,50-ADP was about 1 for
all of the reductase proteins, indicating that a single 20,50-ADP
molecule binds to each nNOS reductase molecule.

The binding affinity of 20,50-ADP for RedΔ40 was lower than
that for Red, although the kinetically obtained Ka value of
NADPH for RedΔ40 was larger than that for Red (Table 1).

FIGURE 5: Temperature dependence of the observed ΔH values for
NADPþ and 20,50-ADP forRed in 100mMBes-NaOH, pH7.0. The
observed ΔH values were plotted versus temperature, and the ΔCp

value shown in Table 3 was obtained from its slope. Triangles, Red
with 20,50-ADP; circles, Red with NADPþ. The fitted linear correla-
tion coefficients (R2) for Red with NADPþ and with 20,50-ADPwere
0.92 and 0.96, respectively.

Table 3: Heat Capacity Changes (ΔCp) for the Binding Interaction of Red

and CPR with NADPH Analogues

protein ligand ΔCp (cal 3mol-1
3K

-1)

Reda NADPþ -140

Reda 20,50-ADP -440

CPRb NADPþ -230

CPRb 20,50-ADP -210

aΔCp values for Redwere determined in 100mMBes-NaOH, pH 7.0, as
described in the Experimental Procedures. bΔCp values for human CPR
binding to NADPþ and 20,50-ADP were recently reported by Grunau
et al. (37).

FIGURE 6: Interaction of RedΔ40 (A) and RedCaM (B) with 20,50-
ADP at 20 �C. (A) Each 4 μL aliquot of 0.428 mM 20,50-ADP was
injected into 15.0 μM RedΔ40. (B) Each 4 μL aliquot of 0.428 mM
20,50-ADP was injected into 13.9 μM RedCaM without CaM (2) in
100 mM Bes-NaOH, pH 7.0, with 10% glycerol, and each 4 μL
aliquot of 0.639 mM 20,50-ADP was injected into 19.9 μMRedCaM
with CaM (b) in 100 mM Bes-NaOH, pH 7.0, with 10% glycerol
and 0.5mMCaCl2. The datawere collected for a total of 25 injections
at 4min intervals. The first injection includedonly 1μLof ligand, and
the corresponding data point was deleted from the analysis.
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The TΔS values of 20,50-ADP binding for Red and RedΔ40 were
-7.5 and -6.9 kcal 3mol-1, respectively, indicating that the
deletion of the AH resulted in a less unfavorable entropy change.
However, the binding of 20,50-ADP to RedΔ40 showed a large
unfavorable ΔH gain (∼1.4 kcal 3mol-1 difference between Red
and RedΔ40) that contributed to the decrease in the Ka value. In
the crystal structure of Red, the AHdomain was sequestered into
a hydrophobic pocket between the NADPH- and FMN-binding
domains, repressing electron transfer as shown in Figure 3 (9).
The deletion of the AH relieves this repression and affects the
Ca2þ/CaM-dependent activation of electron transfer in NOS
(20-24). Quite recently, Guan et al. (34) reported that Lys842 in
the AH domain is critical for the known function of AH; in the
K842A mutant, NADPH no longer increased the level of FMN
shielding, suggesting that AH helps to transduce the effect of
NADPH binding on the conformational equilibrium of Red.
Therefore, AH might indirectly affect NADPH binding itself.
The gain in TΔS for binding 20,50-ADP to RedΔ40 is consistent
with these kinetic results. In addition to the AH, the C-terminal
tail affects the stability of the “closed” conformation by directly
interacting with the NADPH binding domain. We attempted to
determine thermodynamic parameters for the deletion mutant of
the CT but could not due to instability of the protein during ITC
measurements even under low temperature conditions.

The presence of the CaM binding site also decreased the
binding affinity of 20,50-ADP (Table 4). In comparison to Red,
RedCaM showed an increase inΔH values independent of Ca2þ/
CaM addition to the system. The unfavorable gains for RedCaM
were 1.6 and 2.0 kcal 3mol-1 in the absence and presence of Ca2þ/
CaM, respectively.Recently,Xia and co-workers (52) determined
the crystal structure of the Ca2þ/CaM-bound complex of the
isolated CaM and the FMN domain of human iNOS (CaCaM-
FMN); the CaM binding site was found to form an R helix
extending from the N-terminus of the FMN domain. Although
the overall structure of the reductase domain containing theCaM
binding site has not been elucidated, this study demonstrated an
overlay of the structure of iNOSCaCaM-FMNand the structure
of the nNOS reductase domain by superimposing their FMN

domains. In the structure, the CaM binding site was located far
from the NADPþ binding site, suggesting that the effect of the
CaM binding site on cofactor binding was due to the indirect
interaction between the two sites.

Ca2þ/CaMaddition toRedCaM resulted in a 6.7-fold increase
in cofactor-binding affinity (from 87.8 to 588 � 104 M-1). As
shown in Table 4, the TΔS values of 20,50-ADP binding for
RedCaM in the absence and presence of Ca2þ/CaM were -7.6
and -6.1 kcal 3mol-1, respectively, while the ΔH values were
similar. These results indicate that Ca2þ/CaM binding to Red-
CaM resulted in more a favorable entropy change for cofactor
binding. Similar results were obtained for the binding of NADPþ

to RedCaM as shown in Table 5. The increase of NADPþ

binding affinity by Ca2þ/CaM was associated with increase of
TΔS value. 20,50-ADP appeared to bind more tightly than
NADPþ even in the presence of Ca2þ/CaM, suggesting again
the importance of the adenosinemoiety for the binding. Recently,
it was reported that the binding entropy change observed in the
total system is linearly correlated to the change in the conforma-
tional entropy of the protein (53, 54). Consistent with this
previous study, the binding entropic gain of RedCaM indicates
that Ca2þ/CaM induced the conformational fluctuation of the
protein for cofactor binding, although the structure with Ca2þ/
CaM binding has not been available to date. In consequence,
Ca2þ/CaM-boundRedCaMcould be highly flexible and ready to
assume an appropriate conformation (deshielded conformation
or open form) for electron transfer in the protein. These data are
also consistent with previous kinetic studies showing that Ca2þ/
CaM binding causes a shift in the conformational equilibrium to
more deshielded state and increases electron transfer in the
reductase domain and the accessibility of the electron acceptor,
such as cytochrome c, and the oxygenase domain in the full-
length NOS protein (29-31).

In summary, we have demonstrated the differences in the
thermodynamics of cofactor binding between the reductase
domain of nNOS (Red) and CPR. NADPþ binding affinity to
Red is remarkably lower due to the contribution of an unfavor-
able, large gain inΔH relative to that found inCPR.UnlikeCPR,

Table 4: Thermodynamic Parameters for the Interaction of Red and Its Mutants with 20,50-ADP at 20 �Ca

proteins n Ka (�104 M-1) ΔH (kcal 3mol-1) ΔG (kcal 3mol-1) TΔS (kcal 3mol-1)

Red 1.0 1650( 80 -17.2( 0.4 -9.7 ( 0.0 -7.5( 0.4

RedΔ40 1.3 422( 170 -15.8( 0.4 -8.9( 0.3 -6.9( 0.7

RedCaM without CaM 1.3 87.8( 9.5 -15.6( 0.5 -8.0( 0.1 -7.6( 0.5

RedCaM with CaMb 1.2 588( 86 -15.2( 0.1 -9.1 ( 0.1 -6.1( 0.2

anNOS Red or its mutants and 20,50-ADP were dissolved in 100 mM Bes-NaOH buffer, pH 7.0, containing 10% glycerol. All ITC measurements were
performed in triplicate at 20�C, and the experimentally determined parameters are shown as the mean and standard deviation. bIn the case of RedCaM with
CaM, the ITC buffer also contained 0.5 mM CaCl2.

Table 5: Comparison of Thermodynamic Parameters for the Interaction of RedCaM with NADPþ in the Absence or Presence of CaMa

RedCaM n Ka (�104 M-1) ΔH (kcal 3mol-1) ΔG (kcal 3mol-1) TΔS (kcal 3mol-1)

without CaM

15 �C 1.2 8.4( 4.8 -11.7( 3.5 -6.5( 0.3 -5.2 ( 3.7

20 �Cb 1.5 7.3 -10.6 -6.5 -4.1

with CaM

15 �C 1.3 60.2( 7.2 -9.9( 0.8 -7.6( 0.1 -2.2( 0.8

20 �C 1.3 57.7( 11.3 -10.5( 0.5 -7.7( 0.1 -2.8( 0.5

aThe experiments were performed under the same conditions as described in Table 4 except the temperature. bDue to the protein instability of RedCaM
without CaM during measurements, it was difficult to get data in triplicate at 20 �C.
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Red distinguishes between 20,50-ADP and NADPþ, indicating
that the nicontinamide moiety of the cofactor is important for
interaction with the protein. Binding of cofactors to the deletion
mutant of AH (RedΔ40) and to RedCaM in the presence of
Ca2þ/CaM induces conformational flexibility of the protein.
These thermodynamic data provide a structural basis to under-
stand conformational rearrangements induced by cofactor bind-
ing for electron transfer in the reductase domain of NOS.

SUPPORTING INFORMATION AVAILABLE

Two figures showing SDS-PAGE and optical absorption
spectra of the purified enzymes used for this study. This material
is available free of charge via the Internet at http://pubs.acs.org.
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