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Introduction

NOS catalysis is initiated by the combined transfer of electrons
and a proton from NADPH to the flavin FAD located in the re-
ductase domain of the enzyme. This reductase domain closely
resembles mammalian cytochrome P450 reductase.[1–3] It cata-
lyzes the oxidation of NADPH and reduction of FAD, with sub-
sequent electron transfer to the second flavin FMN
(Scheme 1).[1–2] Calmodulin (CaM) binding at high CaII concen-
trations mediates electron transfer (ET) flow between the
heme (subunit B) and reductase domains (subunit A).[4–5] Cal-ACHTUNGTRENNUNGmodulin binding is thought to induce structural rearrange-
ments required for catalysis and is an absolute requisite for NO
formation from constitutive NOS, endothelial NOS (eNOS), and
neuronal NOS (nNOS).[6–7] These enzymes generate the low
concentrations of NO used in signaling pathways to regulate
blood flow and pressure, neuronal development, and neuro-
transmission.

The structural parameters affecting electron flow in NOS
have mostly been deduced from indirect measurements with
external electron acceptors, such as cytochrome c or ferricya-
nide, that were generally based on stopped-flow techniques.[6–12]

At least two different conformational rearrangements have
been shown to impede electron flow in NOS. This slows cataly-
sis by NOS enzymes, as a single fully activated nNOS dimer re-
leases only about a hundred NO molecules per minute.[1–2] In
the X-ray structure of the nNOS reductase domain, FAD access
to nicotinamide (Nic) is blocked by the stacking of Phe1395
on FAD; this results in a conformation that is inactive for cataly-
sis.[9]

The first slow conformationally gated process, which initiates
catalysis through the transfer of a hydride (that is, two elec-
trons and a proton) from NADPH to the flavin FAD, is con-
trolled by a phenylalanine residue—Phe1395.[13–14] This regula-
tory residue, located between NADPH and FAD, is moved away
from FAD by a concerted rotation of the Nic moiety to yield
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the active conformation of NADPH. A second slow gating pro-
cess involves the FMN module. This conformational change is
thought to involve FMN domain mobility, which is triggered by
CaII/calmodulin binding, and increases the rate of electron
transfer between FMN and heme.[7, 9, 15–16] The reductase
domain thus donates electrons to cytochrome c more efficient-
ly in the presence of calmodulin. It has been suggested that
NADPH binding represses the calmodulin activation of electron
transfer in nNOS.[6]

According to recent models, NADPH binding locks the
enzyme in a “closed state,” in which the FMN module is closely
associated with the FAD–NADPH binding domains.[9, 15] In this
state, electrons can be passed from FAD to FMN but not to
outside electron acceptors such as cytochrome c. The “open
state,” in which effective electron transfer from FMN to the
heme can take place, is facilitated by a major movement of
the FMN module; this was first suggested by the X-ray struc-
ture.[9] CaM accelerates this conformational change. Two regu-
latory elements are involved in this conformational change
from the closed to the open states: the C-terminal tail, which
lies at the interface between the FMN module, and the FAD
subdomain and the autoregulatory region in the FMN subdo-
main in concerted interactions with calmodulin.[7] Key regulato-

ry amino acids in the vicinity of
NADPH and FAD include
Ser1176, Asp1393, and Phe1395
(the “catalytic triad”) in nNOS.[8–14]

Mutations in which the Ser1176
residue is replaced by an Ala res-
idue show decreased rates of re-
duction of electron acceptors
(for example, ferricyanide or
nNOS flavin) by 20-fold. Interest-
ingly, the effect of calmodulin on
nNOS activity was strongly atte-
nuated by this mutation.[12] Simi-
larly, the replacement of
Asp1393 by a Val residue abol-
ished the effect of CaII/calmodu-
lin on the rate of reduction of
nNOS flavin.[11]

Such conformational gating
processes are often several
orders of magnitude slower than
electron transfer rates in pro-
teins.[3] The spectroscopic effects
of CaM binding to nNOS on
electron transfer may therefore
be masked by upstream re-ACHTUNGTRENNUNGarrangements near the flavin
domain. We recently designed a
nanotrigger (NT) for synchron-
ized electron injection into FAD
flavin to initiate NOS catalysis
with light within 110 ps after a
laser pulse[17] (Scheme 1). The
binding characteristics of the

trigger are very similar to those of true NADPH, and the trigger
binds competitively to the NADPH site at concentrations in the
micromolar range.[17]

We used this NT to unravel the processes of intramolecular
electron transfer and structural rearrangements in the full-
length native nNOS. In particular, we studied the effect of cal-ACHTUNGTRENNUNGmodulin on the initial stage of the catalytic cycle (Scheme 1).
By NO spin trapping, we showed that photoactivation of the
NT promoted nNOS catalysis, leading to formation of the final
product—NO—thereby demonstrating the relevance of the NT
as a nonperturbing mechanistic tool for studies of electron
transfer events.

The selective binding of the NT to nNOS was assessed by
fluorescence measurements and molecular modeling. As
would be expected from the design and the reported interac-
tions of NADPH with Arg1400,[9, 18–19] NT was selectively target-
ed to the NADPH sites of nNOS. Molecular modeling revealed
that the regulatory Phe1395 flipped away from FAD upon NT
binding.[13–14] In this complex, the photoactive moiety of NT
was located 5.3�0.5 � from the FAD acceptor. Simulations
demonstrated similarities between the active form of NADPH
and NT, so the NT was probably probing an environment simi-
lar to that probed by the active NADPH in the nNOS enzyme.

Scheme 1. Upper panel : chemical structure of the NT; this compound should control NO formation with high spa-
tial and temporal accuracy.[17, 24] Middle panel: schematic diagram of electron flow in nNOS from the NT to the
final NO product, highlighting the proposed (thick vertical arrow) and known influence of CaII/calmodulin binding
on catalysis (arrows 1 and 2). Replacement of NADPH by the NT, which can be activated by light, leading to elec-
tron transfer to FAD, and up to the formation of NO, was studied here and is highlighted in red. This scheme
does not detail all the steps in nNOS catalysis. Bottom panel: mechanistic hypothesis relating to the initiation
steps of nNOS catalysis in the presence of NT and CaII/calmodulin, as deduced from ultrafast kinetics and molecu-
lar modeling.
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In this active conformation of the enzyme with FAD accessi-
ble to bound NT, electron transfer from NT* to FAD took place
in 110 ps in the absence of calmodulin and in 20 ps in the
presence of calmodulin, as shown by ultrafast pump-probe ex-
periments. Calmodulin binding decreased the observed rate of
charge recombination from the reduced FAD to the oxidized
NT species, thus enhancing the net electron transfer yield in
nNOS by a factor of 6.2. Our first direct measurement of ET
rates revealed that calmodulin promoted electron flow be-
tween NADPH and FAD, as previously suggested.[20] Scheme 1
presents the main steps in nNOS catalysis, highlighting the
known regulation of these steps by calmodulin[7, 12–16, 20–23] and
the proposed effect of this cofactor as judged from the results
of this study. Experiments on the Ser1176Ala and Ser1176Thr
point-mutants of nNOS confirmed that the Ser1176 residue is
probably directly involved in the action of CaM, together with
its H-bonding partners. The close proximity of Ser1176 both to
the NT and to FAD shown by molecular modeling may account
for the role of this residue in regulating the first catalytic step,
possibly by promoting FAD� protonation, thereby decreasing
the rate of charge recombination.

Results

NT specifically binds to the NADPH binding sites of nNOS as
shown by fluorescence spectroscopy and molecular model-
ing

The selective addressing of the NT to NADPH sites within the
reductase domain of the endothelial NOS enzyme has previ-
ously been demonstrated in stopped-flow experiments.[17] NT

binding reduced the rates of NADPH oxidation and flavin re-
duction by competing with NADPH binding in the eNOS re-
ductase domain. These competition experiments thus demon-
strated the specific targeting of NT to the NADPH sites.[17] Evi-
dence for NT binding to full length WT nNOS was provided by
large changes in flavin fluorescence (Figure 1). The emission
spectrum of nNOS was characterized by a maximum at 520 nm
(upon excitation at 420 nm), corresponding to flavin fluores-
cence (1 or 6 in Figure 1 A). The binding of NT to nNOS gave
rise to a characteristic emission mode at 465 nm (6 to 7, arrow;
see also the differential spectrum 8), which is similar to that
observed in response to NADP+ binding upon excitation at
420 nm (1 to 2, arrow; see also the differential spectrum 3).
However, the increase in fluorescence intensity induced by the
NT was much greater than that promoted by NADP+ binding
(compare 7 and 9 with 6). Under these conditions, the intrinsic
fluorescence of NT was characterized by a maximum at
520 nm, whereas NADP+ fluorescence was negligible (see 10
and 5, respectively). In contrast with the disruptive effect of
calmodulin on the nNOS·NADP+ complex (2 to 4, arrow), the
emission of the NOS·NT complex at 465 nm was significantly
enhanced by the presence of calmodulin (7 to 11, arrow; see
also the differential spectrum 12) ; this suggests that this com-
plex remains stable upon calmodulin binding. Similar results
were obtained on direct flavin excitation at 450 nm (Fig-
ure 1 B): NT binding to nNOS enhanced the fluorescence emis-
sion at 520 nm by a factor of 1.5 (13 to 14, arrow). A substan-
tial decrease in flavin fluorescence induced by NADP+ binding
in the presence of CaM has been reported and was attributed
to NADP+ affecting the local environment of FMN.[16] Fluores-
cence levels observed with AMP were 45 % lower than those

Figure 1. Effect of CaM on the steady-state fluorescence of NT-bound nNOS and of nNOS with excess NADP+ . The fluorescence emission spectra were record-
ed as described in the Experimental Section at A) lex = 420 nm or at B) lex = 450 nm, numbered 1–16 as detailed in the chart above. 3 A) inset: differential
spectrum (2�1) ; 5) NADP+ alone. 8 A) inset: differential spectrum (7�6). 10) NT alone. 12) A) inset: differential spectrum (11�7). 16) B) inset: differential spec-
trum (15�14). [NOHA] = 80 mm= [BH4] . Figure 1 A compares NADP+ binding to nNOS (left panel) with NT binding to nNOS (right panel) ; NADP+ and NT in-
duced similar qualitative changes. After direct flavin excitation at 450 nm (Figure 1 B), NT binding to nNOS enhanced the fluorescence emission at 520 nm by
a factor of two (13 and 14) whereas emission increased by 32 % in NADP+ ·nNOS (data not shown). As shown in experiments with excitation at 420 nm, calm-
odulin enhanced the fluorescence intensity of the NOS·NT complex (compare 14 and 15 in Figure 1 B and see 16 (inset)).
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observed with NADP+ ; this is in contrast with what we ob-
served with the NT, probably reflecting a looser complex with
AMP than with NADP+ .[16]

Molecular modeling was used to characterize the interac-
tions of the bound NT with nNOS further and to compare it
with NADPH. NT was docked by replacing the natural cofactor
in the NADP(H)-containing structure of the nNOS reductase
domain (1TLL).[9] A high-temperature simulation protocol was
used to disrupt weak interactions in order to reach an equilib-
rium structure rapidly. This required construction of the miss-
ing fragments from the X-ray structure (see Experimental). Fig-
ure 2 A shows the structural differences observed before and
after the heating and equilibration phases, mimicking NT bind-
ing to nNOS. Significantly, Phe1395 rotated away from FAD
after equilibration (arrow). This flip released the Phe1395
stacked on FAD, bringing NT and FAD into close proximity. In
all simulations, NT binding induced the rotation of Phe1395
away from FAD, even when small fluctuations from the stable
complex presented in Figure 2 occurred. The distance between
N5 of FAD and N (from the terminal NH2) of NT was 5.3�0.5 �,
a short enough distance for efficient electron transfer (Fig-
ure 2 A).

As a reference for NT binding, simulations were also per-
formed with the native NADPH cofactor to mimic the confor-
mational change required to initiate catalysis in silico. The first
steps of the transition between inactive and active forms of
NADPH were characterized by a rotation of the Nic moiety of
NADPH (shown in a movie provided in the Supporting Infor-
mation). The Phe1395 flip was not observed after simulation
for 1.5 ns at 400 K; this suggests that this step is driven by a
high energy barrier regulating the ratio between stacked and
unstacked (on FAD) conformations. The NT cannot follow a
motion with amplitude as large as that for the flexible Nic

moiety of NADPH. Indeed, the conjugated chain of the NT was
always found in an extended conformation, rigid enough to
prevent large rotations. Figures 2 B and C compare the NT and
active NADPH at the NADPH site of nNOS. The active form of
the NADPH cofactor was obtained by constraining the NADPH
Nic moiety to be inserted between FAD and Phe1395 at the
starting point before the 400 K simulation protocol. In its
active form, the distance between N5 of FAD and the hydride-
donating carbon of NADPH was reduced to d = 4.0�0.5 � (Fig-
ure 2 C) from d = 13.0�0.5 � in the inactive form.[9]

Bound NT was stabilized by a number of hydrogen bonds
(Figure 2 B). The terminal phosphate group of NT was H-
bonded—with Arg1400, Arg1314, and Arg1284 in particular—
demonstrating similar recognition of the nucleotidic part to
that seen with NADPH, as would be expected from the design
(Figure 2 C).[17, 24] The electrostatic binding energy difference
was similar : DE��500 kcal mol�1 for active NADPH and NT.
The amide carbonyl oxygen of NT was H-bonded to Arg1010,
as an alternative to the H-bond to one of the phosphate
group of NADPH. Additional H-bonding such as that between
the terminal amino group and Asp1393 and Ser1176 stabilized
the complex further. Ser1176 was shown to be important for
electron transfer ;[8–12] it is only 3 � from FAD and is also close
to the potential proton donors His1032, water molecules, and
Cys1349. This residue may therefore be involved in a putative
proton transfer to FAD� , as confirmed below by our transient
data. The H-bonding interactions of NT and active NADPH with
protein were quantified by van der Waals energy differences:
DEvdW =�67.8�2.5 and �56.9�5.1 kcal mol�1, respectively.
Thus, NT was somewhat more strongly stabilized than active
NADPH in the NADPH binding site through hydrogen bonds
and probably probed a similar protein environment within the
NADPH site.

Figure 2. Docking of NT into the nNOS reductase domain (1TLL) by molecular modeling. A) Comparison of the structures before (green) and after the simula-
tion protocol (red) detailed in the Experimental section; note the large tilt of Phe1395, shown in blue and emphasized by the arrow, bringing NT closer to
FAD isoalloxazine rings. B) Details of the interactions of NT with nNOS in the NADPH site: note the multiple H-bonds through arginine residues at the nucleo-
tidic edge of NT and interactions through the terminal amino groups in close proximity to the regulatory Ser1176 and Asp1393 residues. C) Very similar H-
bonding interactions are experienced by active NADP(H) in the same site of nNOS, through Arg1400, Ser1313, Arg1314, Arg1284, and Arg1010, with addition-
al stacking of the adenine ring through a Tyr residue.[9]

ChemBioChem 2009, 10, 690 – 701 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 693

NO Formation by nNOS can be Controlled by a Nanotrigger

www.chembiochem.org


Photoexcitation of NT triggered the catalytic cycle of NOS—
EPR detection of NO

NOS catalysis involves two consecutive reactions, beginning
with the substrate l-arginine, and passing through the N-hy-
droxyarginine (NOHA) intermediate to the citrulline and NO
products at the heme site. We investigated whether NT specific
binding would trigger the electron flow associated with NOS
catalysis and yield NO after light excitation, by carrying out
steady-state irradiation experiments at l= 400�30 nm in an
aerated solution of nNOS. After ten minutes of illumination,
Fe·MGD was added, and an aliquot was collected and snap-
frozen in liquid nitrogen. The yield of nitrosylated Fe·MGD
complexes was determined by EPR, by comparison of the
sample with calibrated reference solutions of NO·FeII·MGD
(25 mm). Aliquots were expected to contain a mixture of fer-
rous and ferric nitrosyl complexes. Only the ferrous form is par-
amagnetic and detectable by EPR. Each aliquot was therefore
analyzed twice: as taken, and after reduction with dithionite.
Upon reduction the color of the solution changed from brown-
ish to a greenish hue. EPR spectra confirmed that the unre-
duced aliquot contained �50�7 pmol of paramagnetic NO·
FeII·MGD complexes (data not shown). Reduction with dithion-
ite (50 mm) increased the quantity of NO·FeII·MGD to 300�
50 pmol. The greenish hue of the reduced solution may be at-
tributed to the intense green color of the ferrous NO·FeII·MGD
complex. Figure 3 A shows an EPR spectrum of a frozen aliquot
after reduction with dithionite. The triplet hyperfine structure
near g = 2.035 is characteristic of nitrosylated iron dithiocarba-
mate complexes, such as NO·FeII·MGD.[25] No EPR signal was
obtained under identical conditions if nNOS was omitted (Fig-

ure 3 B) or if the solution was kept in the dark (Figure 3 C). For
reference, we also determined the normal enzymatic activity of
nNOS after addition of NADPH (0.3 mm) in the absence of light
and NT (subsequently reduced with dithionite). In this case,
the normal catalytic cycle of nNOS (5 mm) resulted in the for-
mation of NO·FeII·MGD (100�15 pmol).

Photoinduced electron transfer from NT* to FAD

Fast optical absorption spectroscopy was used to study for-
ward and backward electron transfer from the bound NT to
FAD, together with the role of calmodulin in intramolecular
electron flow in the reductase domain of the constitutive
nNOS. Laser excitation was carried out at 405 nm. Figure S1 in
the Supporting Information shows that, at this wavelength,
about 50 % of the photons promoted NT excitation, with some
inner filter effects of the heme. The excited-state NT* present-
ed a broad absorption band with a maximum at 620 to
670 nm, strongly red-shifted with respect to the ground state,
with absorption peaking at 380 nm; this is consistent with con-
siderable delocalization of the electrons along the polyenic
linker (refs. [17, 24] and Figure 4). When associated with pro-
teins unable to accept electrons from NT*, the decay of pro-
tein-bound NT* was found to be multiexponential. NT* de-
cayed to zero within t3 = 400�60 ps.[17] When NT was bound
to the reductase domain of eNOS, the rate of decay was en-
hanced to t3 = 110�26 ps. Direct excitation of nNOS heme
alone yielded a weak signal that decayed within 10 ps (Fig-
ure S2 in the Supporting Information).

1) Effect of CaII/calmodulin on photoinduced electron transfer
from NT* to FAD in NT-bound WT nNOS : The absorption decay
of NT* bound to nNOS after laser excitation at 405 nm, with
probing at 613 nm, is shown in Figure 4 A. Data were obtained
over three timescales to obtain a reliable asymptotic value.
The decay of nNOS-bound NT* was found to be multiexponen-
tial over the ps to ns time range[17] (Table 1) in the absence of
CaII/calmodulin [CaM (�)] . The first phase was best fitted by
t1 = 1.4�0.3 ps (34 %) and t2 = 8.7�1.5 ps (16 %). The second
phase was observed in the range of hundreds of ps and was
fitted by two components: t3 = 104�15 ps and t4 = 280�
40 ps, leveling off at a small, non-zero asymptotic value. NT
decay in the full-length CaM (�) nNOS protein was thus similar
to that observed in the presence of the eNOS reductase
domain, characterized by t3 = 94�10 ps and t4 = 234�40 ps
(Table 2 and ref. [17]).

The presence of CaII/calmodulin [CaM (+)] bound to nNOS
had a significant effect on the kinetics of NT* decay (Figure 4 A
and Table 1). Firstly, the amplitude A1 of the fastest picosecond
component decreased from 0.34 to 0.20 and the amplitude A2

dropped from 0.16 to a negligible value. Secondly, lifetime t3

was decreased from 104�15 ps [CaM (�)] to 21�3 ps
[CaM (+)] , whereas for the slowest process, t4 increased from
280�40 ps to t4 = 500�80 ps under CaM (�) and CaM (+)
conditions, respectively. The relative weight A4 of the slowest
process increased from 0.20 [CaM (�)] to 0.43 [CaM (+)] . The
asymptotic value was significantly increased by the presence
of CaM (Table 1).

Figure 3. EPR absorption spectrum of the FeII·MGD·NO adducts obtained
after light irradiation of NT bound to nNOS. The Fe·MGD complexes were in-
jected anaerobically through the septum after 10 min of illumination or dark
incubation, and aliquots (300 mL) were drawn from the reaction cuvette. The
aliquots were reduced with dithionite (50 mm). Each sample contained
nNOS (5 mm) and NT (5 mm) in the presence of NOHA and BH4 (1 mm), cal-ACHTUNGTRENNUNGmodulin (30 mm), and CaII (300 mm) in Tris buffer (50 mm) containing NaCl
(150 mm) and glycerol (5 %) at pH 7.5. Irradiation was performed at l =

400�30 nm for 10 min. The figure represents the sum of two scans record-
ed at 77 K and 20 mW microwave power. The spectrometer settings are de-
scribed in the text. A) NO·FeII·MGD complexes (300�30 pmol) obtained after
10 min of illumination. B) Spectrum obtained after illumination in the ab-
sence of nNOS. C) Spectrum obtained in the presence of nNOS without illu-
mination.
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2) Transient absorption spectra : The observed kinetics de-
pended largely on the presence or absence of CaII/calmodulin
bound to nNOS. In the absence of CaM, the transient spectrum
obtained at 15 ps presented a maximum at �642 nm, slightly
blue-shifted to 638 nm at 100, 300, and 800 ps (Figure 4 B).

Under CaM (+) conditions, the spectrum obtained at 15 ps was
similar that obtained in the absence of CaM. However, a broad
maximum at �615 nm was recorded at 800 ps (Figure 4 C). We
attribute this broadening of the spectrum to a transient spe-
cies specifically requiring the presence of CaM.

Figure 5 A shows absorption at t = 800 ps in the presence of
CaM and details the calculated spectra of the oxidized NT and
reduced FAD species used in the fit.[17, 24] A reasonable fit of the
broad positive band centered at about 615 nm and accounting
for both the oxidized NT species and FADH8�FAD absorption
was compatible with the transformation of FAD to FADH8 and
of NT to the oxidized NT species composed of 60�10 % of
NT+ and 40�10 % of NT2 + at 18 8C. Some discrepanciesACHTUNGTRENNUNGbetween measured and calculated absorption at �510 nmACHTUNGTRENNUNGremain. The broad absorption band between �530 and
640 nm suggested that transient formation of the “blue semi-
quinone” FADH8 was occurring, with De613(FADH8�FAD) = 3.2 �
103

m
�1 cm�1.[21, 26] Note the major contributions of NT+ and

NT2 + : e613 = 2.7 � 104 and 2.1 � 104
m
�1 cm�1, respectively. At

482 nm, the relative absorption of FADH8�FAD prevailed and
De 482(FADH8�FAD) =�8.5 � 103

m
�1 cm�1, with e ACHTUNGTRENNUNG(NT+) = 0 and

e ACHTUNGTRENNUNG(NT2+) = 5.3 � 103
m
�1 cm�1, approximately reproduced by the

fit.
Figure 5 B shows the smaller amplitude of the transient spec-

trum obtained with CaM (�) samples at t = 800 ps. This absorp-
tion spectrum is consistent with the transformation of FAD to
reduced and unprotonated FAD� and the superimposition of
60�10 % of NT+ and 40�10 % of NT2 + . The fit corresponded
to the contributions of the oxidized NT+ and NT2+ species
identical to those under CaM (+) conditions (Figure 5 A) butACHTUNGTRENNUNGassumed that the anionic (unprotonated) reduced flavin FAD�

was the redox partner, with the difference spectrum shown in
Figure 5 B. Absorbance at 450–480 nm and in the 550–630 nm
range is sensitive to the protonation state of the reduced
flavin, with De613ACHTUNGTRENNUNG(FAD��FAD) = 0 and De482 ACHTUNGTRENNUNG(FAD��FAD) =

�4.6 � 103
m
�1 cm�1. These differences between CaM (+) and

CaM (�) accounted for the absorption maximum at �635 nm
and the smaller minimum in the 455–482 nm range in Fig-
ure 5 B relative to Figure 5 A. Uncertainty at 455-482 nm was
greater under CaM (�) conditions than under CaM (+) condi-
tions, due to the smaller residual signal (DOD�7 � 10�4).

The observed spectral changes in the range of hundreds of
ps appear to be fully consistent with the expected sequence:
i) photoexcitation of NT to generate NT* [Eq. (1)] , ii) electron

Figure 4. Effect of CaII/calmodulin binding to nNOS on the decay of NT*
bound to the protein. A) Faster (crude) decay (monitored at 613 nm) of
nNOS-bound NT* was observed in the absence of CaII/calmodulin (1 mm/
250 mm (~) than in its presence (&). [nNOS] = [NT] = 35 mm, [NOHA] = 2 mm,
[BH4] = 1 mm in Tris buffer (pH 7.5, 50 mm ) containing NaCl (150 mm) and
glycerol (5 %, v/v). The lines represent the best fit to the data (Table 1). Note
the much larger asymptotic values in the presence of CaM [CaM (+)] than in
its absence [CaM (�)] . B), C) Comparison of the transient spectra of NT
bound to nNOS with/without CaM (from a single experiment and accumula-
tion of ten scans). B) NT bound to nNOS without calmodulin [CaM (�)] at
18 8C. C) NT bound to nNOS in the presence of CaM. t = 15, 100, 300, and
800 ps as shown by the solid, dashed, dashed-dotted and bold full lines, re-
spectively. The experimental conditions in (B) and (C) are similar to those
used in (A).

Table 1. Kinetic parameters of nNOS-bound NT decay in the presence or in the absence of CaII/calmodulin.

Enzyme CaM l [nm][a]/ SVD analysis t1
[b] [ps] A1 t2* [ps] A2 t3* [ps] A3 t4* [ps] A4 A5

WT nNOS � 613 1.4 0.34 8.7 0.16 104 0.25 280 0.20 0.05
� SVD1 1.2 0.33 10.0 0.15 92 0.25 333 0.19 0.08

WT nNOS + 613 2.5 0.20 21 0.13 496 0.43 0.24
+ SVD1 1.7 0.10 20 0.21 526 0.48 0.21

S1176T + 613 2.1 0.20 34 0.20 567 0.55 0.05
S1176A + 613 3.2 0.12 38 0.17 507 0.22 0.49ACHTUNGTRENNUNG[Enzyme] = [NT] = 30–50 mm in the presence of CaM (5 equiv) as specified. [BH4] = [NOHA] = 1 mm. [a] Single-wavelength fit of the crude data at l= 613 nm
or by SVD analysis; the presented fit corresponds to the main SVD component. [b] The errors are: t1�0.3 ps, *t2�2 ps, t3�25 ps [CaM (�)] and �5 ps
[CaM (+)] , t4�50 ps.

ChemBioChem 2009, 10, 690 – 701 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 695

NO Formation by nNOS can be Controlled by a Nanotrigger

www.chembiochem.org


transfer from NT* to FAD [Eq. (2)] , and iii) protonation of FAD�

to FADH8 [Eq. (3)] , in competition with iv) charge recombina-
tion [Eq. (4)] . Scheme 2 shows the detailed sequence for the
productive NO pathway in CaM (+) samples.

NTþ hn! NT* ð1Þ

NT* ! NTþ hn0 ðþDÞ ð10Þ

(unproductive deactivation pathways)

NT* þ FAD! NTþ þ FAD� ðkETÞ ð2Þ

FAD� þ Hþ Ð FADH� ðkHÞ ð3Þ

NTþ þ FAD� ! NTþ FAD ðkbÞ ð4Þ

NT* þ FADH� þ Hþ ! NTþ þ FADH2 ð5Þ

NTþ* þ FADH� þ Hþ ! NT2þ þ FADH2 ð50Þ

NTþ þ FAD� ! NTþ FADH� þ Hþ ðk0 bÞ ð6Þ

FADH2 þ FMNÐ FADH� þ FMNH� Ð FADþ FMNH2 ð7Þ

FMNH2 þ FeIII ðhemeÞ-NOHAþ O2

! FMNH� þ FeIII þ NOþ citrulline þ H2O
ð8Þ

The sequence (1)–(2), taking place over ps, yielded photoin-
duced electron injection from NT* to FAD (t3), with unproduc-
tive relaxations globally accounted for by Equation (1’). The
decay over hundreds of ps (t4) corresponded to: kobs = kb + kH,
where kb and kH represent the rate of backward electron trans-
fer [Eq. (4)] and the rate of FAD� protonation (assumed to be
faster than its deprotonation), respectively. Calmodulin in-
creased the rate of FAD� protonation (Figure 5). This resulted
in a slower rate of backward electron transfer with partial
switching from Equation (4) to Equation (3) under CaM (+)
conditions, while charge recombination occurred exclusively as
shown in Equation (4) under CaM (�) conditions. The relative
weights of Equations (4) and (3) were estimated by calculating
the relative ratio ((A4 + A5)/A5):ACHTUNGTRENNUNG([FAD�] + [FADH8])/ ACHTUNGTRENNUNG[FADH8]�
(A4 + A5)/A5 = kobs/kH and kobs = kb + kH.

Figure 5. Fit of the transient spectra recorded at t = 800 ps in A) CaM (+) WT
nNOS and in B) CaM (�) nNOS WT in the presence of NT. In both cases the
oxidized NT species were NT+ (60 %)+NT2 + (40 %), corrected for the bleach-
ing of NT, and the fit (a) assumes that the reduced FAD was protonated
(FADH8) in A) [CaM (+)] but unprotonated in B) [CaM (�)] . The calculated dif-
ference spectrum of FADH8�FAD� (&) and NT2 + (c) are shown in (A) (NT+

is omitted for clarity), whereas the calculated difference spectrum FAD��
FAD is shown in (B). The experimental points (+ for A) and * for B)) repre-
sent the means of two and four experiments in A) and B), respectively; see
legend of Figure 4 A for experimental conditions. C) Effect of S1176 muta-
genesis on the transient spectrum of NT bound to CaM (+)-nNOS at t =

800 ps. * (WT), ! (S1176T), * (S1176A), � nNOS without NT.

Scheme 2. Proposed decay pathway of the excited NT bound to the
CaM (+)-nNOS protein based on ultrafast kinetics: Excitation at 405 nm pro-
motes the formation of a first excited Franck–Condon state of NT (NTA*),
which decays to a second (possibly solvent-relaxed) excited state (NTB*), ac-
counting for the fast shift of the transient maximum within a few ps. Fluo-
rescence emission from these states was assessed by following the decay of
the stimulated emission at �500 nm. About 80 % of NTB* species transferred
an electron to FAD, yielding NT+ and FAD� within 21 ps.[2] This (ground
state) charge-separated state may then recombine to the ground state
[Eq. (4)] or convert to another state in which FAD� is protonated [Eq. (3)] . Re-
combination may proceed between FADH8 and NT+ at a later stage [Eq. (6)] .
The net escape (charge separation) amounts to �20 %, and is ultimately
used for NO formation [Eqs. (5), (7), and (8)] . The doubly oxidized nanotrig-
ger (NT2 +) may be obtained through consecutive ET, either by a thermal
process when released into the solution (reflecting the rate of NT dissocia-
tion from the protein) or by a photoinduced processes [Eqs. (5) or (5’)] .
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Given the kobs values for nNOS WT [CaM (+)] (Table 2) and
(A4 + A5)/A5�3, one can extract the values of kH and kb as kH =

(7 + 3) � 109 and kb = (1.3 + 0.4) � 109 s�1. Thus, in the presence

of CaII/calmodulin, protonation (kH) competes with charge re-
combination (kb). In eNOSred or nNOS in the absence of CaM,
no protonation occurred (kobs = kb = 3 � 109 s�1).

The optical data did not identify the source of the proton in-
volved in this mechanism. The NT injects electrons but cannot
provide the proton from NT+ ; only NT2+ would be able to
donate a proton from its iminium NH2

+ terminal. NT2+ could
be obtained in solution through NT+ release (koff) and subse-
quent disproportionation.[24] In addition, NT* (or possibly NT+*)
could donate a second electron to FADH8 to produce FADH2

[Eqs. (5) or (5’)] once these species accumulated as shown in
Equation (3). Experimental evidence for these processes would
require the longer timescales achievable with a ns setup.

The source of the proton, assumed to be provided by the
protein, was investigated by two complementary approaches.
In the first one, molecular modeling was used to screen poten-
tial candidates that might transfer a proton to FAD� in the
NADPH·nNOS complex (Figure 2). The Ser1176 residue was
identified by molecular modeling as a potential participant in
FAD� protonation. It is located close both to the NH2 terminal
of NT and to the FAD isoalloxazine ring (Scheme 1). It belongs
to the catalytic triad and is H-bonded to Cys1349 and Asp1393
and is also located close to a water molecule present in the X-
ray structure.[8–12] We therefore studied the kinetics of FADH8
formation in the Ser1176A and Ser1176T mutants of nNOS in a
second experimental approach.

3) Role of Ser1176 in NT*-induced electron transfer to FAD : An
increase in the FMN fluorescence of Ser1176A and Ser1176T
provided evidence for similar binding of NT both to the two
mutants and to WT nNOS (Figure 1 and data not shown). Fig-
ure 5 C compares the transient spectra recorded 800 ps after
the pump when NT is bound to WT-nNOS and to the S1176T
and S1176A mutants. S1176A displayed a marked difference,
with the transient peaking at �640 nm, whereas the spectrum
of S1176T was similar to that observed with WT nNOS. Note
the similar maximum obtained with S1176A at 640 nm and the
spectrum recorded with WT nNOS CaM (�), peaking at 635–
638 nm.

These spectral differences paralleled the marked changes in
kinetics shown in Table 1 and Figure S3 in the Supporting In-
formation. The S1176T point mutation considerably increased
decay amplitude to hundreds of ps and decreased the asymp-
totic value, whereas the S1176A mutation had the opposite
effect on decay: A4 was 0.43 (WT), 0.55 (S1176T), and 0.22
(S1176A). Accordingly, as the asymptotic value A5 varied from
0.24 (WT) to 0.05 (S1176T) and 0.49 (S1176A), the ns decay was
strongest for the threonine mutant and weakest for the ala-
nine mutant. This suggests that at least some of the decay
over the range of hundreds of ps to ns depends on the H-
bonding properties of Ser1176.

Discussion

1) NT selectively targeted nNOS and its photoactivation led
to formation of the catalytic product NO

NOS catalysis is driven by the consumption of NADPH and in-
volves the transfer of a hydride from NADPH to FAD. This pro-
cess is tightly regulated by a conformational change, requiring
the rotation of the Nic moiety of NADPH (see movie obtained
by molecular modeling in the Supporting Information) and the
tilting of Phe1395 to allow access to FAD at a correct distance
and in the correct conformation for electron transfer. In this
work, we used a NT bound to the NADPH site of the constitu-
tive full-length nNOS enzyme to initiate the first step of cataly-
sis with light (Scheme 1). The selective targeting of NT to
nNOS was demonstrated by molecular modeling (see below)
and fluorescence spectroscopy. The emission binding modes at
465 nm were similar for NT and for NADP+-bound to nNOS.
However, the NADPH·nNOS complex was not easily disrupted
by calmodulin binding, unlike the complex with the natural co-
factor, suggesting that the NADPH–nNOS complex was more
stable than the NADPH·nNOS complex. Consistent with these
findings, our previous stopped-flow data showed that NT had
a greater affinity than NADPH for the eNOS reductase domain.

Simulations showed that the active form of NADPH for hy-
dride transfer and NT share many binding similarities. NT was
docked in the NADPH site by multiple H-bonds to the nucleo-
tide part of the molecule. As would be expected from its
design, NT interacted with Arg1400, Arg1314, Ser1313, and
Arg1284, as observed for both active and inactive NADPH
structures.[9, 18] Additional H-bonding interactions anchored the
NH2 terminal of NT to the protein; the van der Waals binding
energy of the NT chromophore was found to be similar to that
of the Nic moiety of active NADPH. Moreover, the distance be-
tween the active redox groups and FAD were similar in active
NADPH and NT, but strikingly different from that in the inactive
form of NADPH. This difference is reminiscent of the “straight”
NADPH conformation found in some X-ray structures, as op-
posed to the “folded” inactive conformation in other NADPH-
binding proteins structures as in the case of nNOS.[27] For the
FAD to be accessible to active NADPH, the Phe1395 residue
must rotate away from FAD. This release of the Phe1395 con-
formational lock is readily achieved upon NT binding. The sem-
irigid conjugated linker between the two amine (donor)

Table 2. Calculated rates of electron transfer (kET) from NT* to FAD and of
observed charge recombination (kobs) based on kN = 2.0 � 109 s�1.[17]

Sample kET [s�1] kobs [s�1][a] R = kET/kobs

nNOS WT [CaM (+)] ACHTUNGTRENNUNG(4.6�0.8) � 1010 ACHTUNGTRENNUNG(2.0�0.4) � 109 23
nNOS WT [CaM (�)] ACHTUNGTRENNUNG(1.1�0.4) � 1010 ACHTUNGTRENNUNG(3�1) � 109 3.7
eNOSred [CaM (�)] ACHTUNGTRENNUNG(7�2) � 109 [17] ACHTUNGTRENNUNG(4�1) � 109 1.8
nNOS S1176T [CaM (+)] ACHTUNGTRENNUNG(2.7�0.5) � 1010 ACHTUNGTRENNUNG(1.8�0.5) � 109 15

[a] kobs is the observed rate of decay in the range of hundreds of ps. In
CaM (+) proteins, kobs = kb + kH, where kH is the rate of FAD� protonation
(promoted by CaM binding) and kb is the rate of recombination of NT+

+ FAD� [Eq. (4)] in CaM (�). kobs = kb, the rate of NT+ + FAD� backward
electron transfer.

ChemBioChem 2009, 10, 690 – 701 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 697

NO Formation by nNOS can be Controlled by a Nanotrigger

www.chembiochem.org


groups, together with the amide linker connecting the chro-
mophore and nucleotide part of the NT, played a major role in
generating the straight conformation of NT required for the
rapid triggering of photoinduced electron injection. Molecular
modeling and fluorescence spectroscopy strongly suggested
that the NT likely probed an environment similar to that
probed by active NADPH in the nNOS enzyme.

The NT also drove the catalysis up to NO formation, just like
NADPH. The NT induced the formation of the ferrous nitrosy-
lated complex in nNOS, as shown by absorption difference
spectroscopy, provided that CaM was present, but no ferrous
nitrosylated complex was detected in CaM (�)-nNOS sam-
ples.[17] NO spin-trapping showed that NT irradiation induced a
relative increase in NO yield over that obtained with NADPH,
estimated to be three to four times basal NO levels after cor-
rection for the 50 % light absorption by the NT. This enhance-
ment was obtained with a NT/nNOS stoichiometry of 1:1,
whereas the production of basal NO levels required excess
NADPH (mm concentrations). The initial catalytic cycles there-
fore run at least as efficiently as under basal conditions and
more likely are enhanced by NT photoactivation, which may
be particularly relevant for future cellular applications
(Scheme 1).

2) Calmodulin promotes electron flow during the initiation
of nNOS catalysis

NT photoactivation made it possible to exert precise temporal
control over the initiation of nNOS catalysis, as demonstrated
by ultrafast transient absorption measurements. NT excitation
with the laser pump promoted the formation of an excited
state (NT*). At the excitation wavelength, 50 % of the photons
at 405 nm were absorbed by the heme of the protein, but
yielded a negligible transient signal (DOD�5 � 10�4) after
�10 ps (Figure S2 in the Supporting Information).

The decay of NT* within nNOS generated a first short-lived
species (t1 = 1–3 ps), possibly due to vibrational cooling. The
second lifetime of NT was significantly shorter for nNOS-
CaM (�) and the eNOS reductase domain [t2 = 8.7�1.5 ps and
7�2 ps respectively, versus t2 = 20�4 ps in Phe1160Ala
(equivalent to Phe1395Ala in nNOS).[17] This lifetime corre-
sponded to an excited state complex (NT·Phe)* for a minor
population (�10 %).[17] It was not observed in the presence of
CaII/calmodulin binding, which suggested that Phe1395 was
completely tilted away under these conditions (Table 1), consis-
tently with the molecular modeling data (Figure 2). Thus, NT
bypassed the conformational regulation of Phe1395, blocking
access to FAD.

The third lifetimes were similar in NT bound to the CaM-de-
pleted nNOS and in the eNOS reductase domain (t3 = 96�
10 ps and t3 = 110�26 ps, respectively).[17] The corresponding
NT lifetime in the absence of ET was t3 = 400�60 ps. The rates
of electron transfer were thus similar, within experimental
error, in the two cases: kET = (1.0�0.3) � 1010 s�1, based on kN =

2 � 109 s�1, kN being the rate of natural decay. In the presence
of CaII/calmodulin binding, NT* decay was shorter (t3 = 21�
3 ps). The rate of electron transfer was found to be kET = (4.6�

0.8) � 1010 s�1 in nNOS (estimates produced by use of the
Marcus equation suggested that the NT*–FAD distance
became closer by 0.53 � in CaM (+) nNOS relative to CAM (�)
assuming l= 0.7 eV, b= 1.1 ��1;[28] Table 1). Calmodulin binding
thus increased the rate of NT*-induced electron transfer by a
factor of four [Eq. (2) and Scheme 2]. A stoichiometric ratio of
1:1 NT/NADPH site in nNOS is required for this ET process to
take place.[29]

Figure 4 shows the slower decays observed for the longest
lifetimes and higher asymptotic values in the presence of CaM.
These absorption changes occurred after electron transfer, and
this step was therefore attributed to a reaction between
ground-state species. The highly exergonic electron transfer
between the oxidized NT+ and the reduced flavin [Eq. (4)] con-
tributed to this decay. Indeed, for efficient electron flow in
nNOS, charge recombination must be slowed down. The pres-
ence of CaM resulted in a slowing of the rate of charge recom-
bination (in the hundreds of ps). The increase in the asymptot-
ic value accounted for the greater yield of ns charge separa-
tion with CaM (Figure 4 A). The fit of the associated transient
spectra at 800 ps suggested that CaM enhanced FAD� proto-
nation (Figure 5). Thus, two main decay pathways accounted
for the observed t4 lifetimes in WT nNOS (Scheme 2): the faster
process [Eq. (4)] is the backward electron transfer between
FAD� and NT+ , the main recombination pathway in CaM (�)
samples, with only 5–8 % charge separation on the ns time-
scale (Table 1). The competing processes in CaM (+) samples
involved FAD� protonation [Eq. (3)] , increasing the charge sep-
aration between FADH8 and NT+ to a value of 20 to �30 %
(Scheme 2). A protonation rate of kH = (7�3) � 108 s�1 was esti-
mated from the ns data for WT nNOS CaM (+), whereas a rate
of only kH = (1.6�0.5) � 108 s�1 was obtained for the S1176T
mutant. Indeed, molecular modeling identified Ser1176, which
is located close both to the NT terminal amine (3.1 �) and to
FAD (3.0 �), as a residue assisting in FAD protonation, together
with its H-bonding partners (8). Ser1176, through its hydrogen
bonds, may lower the pKa of the neighboring water mole-
cule(s) (Scheme 1). Consistently with this hypothesis, S1176A
could not form these H-bonds and no FAD� protonation was
observed in the transient spectra. In contrast, S1176T was still
able to form a single hydrogen bond and some FAD� protona-
tion was still detected (Figure 5 C). Our data are consistent
with the reported 20-fold decrease in nNOS flavin reduction
rate seen on the mutation of Ser1176 to Ala. Moreover, the
effect of calmodulin on nNOS activity was greatly reduced by
this mutation.[12]

We estimated that FAD� protonation decreased the rate of
charge recombination, at least from kb = (3�1) � 109 s�1 to kb’<

(7�3) � 108 s�1 in WT nNOS CaM (+). Alternatively, an increase
in the distance between NT+ and FAD� induced by a structural
change may have occurred in the range of hundred of ps in
CaM (+) samples, accounting for the decrease in recombina-
tion rate. However, this seems unlikely as it cannot account for
the protonation of FAD� deduced from the CaM (+) transient
spectra.

Electron flow was estimated by determining the ratio (R) of
the forward electron transfer rate (kET) to the observed decay
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(by charge recombination as in Equation (4) in CaM (�) or by
formation of FADH8 via Equations (3) and (4) in CaM (+)). CaM
binding increased this ratio by a factor of 6.2, from R = 3.7 to
23 (Table 2).

The 1–2 ns decay in WT nNOS was strongly affected by the
presence of CaM (Figure 4). This may reflect the formation of
FMNH8 by interflavin electron transfer, enhanced by CaM. Inter-
estingly, the S1176A mutant hardly decayed between 800 ps
and 1.6 ns, unlike the S1176T mutant. We attribute the lack of
decay of the S1176A mutant to the instability of FAD� , as pre-
viously reported.[12] FAD� decay should take place within
�300 ps to account for the lower level of back electron trans-
fer in this mutant (Figure S3 in the Supporting Information and
Table 2). Moreover, the S1176A mutant has a significantly
higher FMN redox potential (>40 mV) than S1176T and WT
nNOS (�120 mV).[12] This may account for the lack of back elec-
tron transfer in S1176A. Alternatively, Panda et al. have sug-
gested that there may be a conformational change in the FAD
environment gating interflavin electron transfer, consistently
with the slow 1–2 ns process reported here.[12] Indeed, the C-
terminal tail lies at the interface between the FAD and FMN
binding domains and interacts with the auto-regulatory region
(AR) when NADPH is bound. Calmodulin binding altered the
position of the tail, releasing the interaction with AR through
the subsequent movement of FMN in an intermediate state.[12]

We performed independent fluorescence experiments to dis-
tinguish between these two hypotheses. Flavins display strong
fluorescence in the oxidized state, and this fluorescence is
quenched upon reduction. The fluorescence lifetime of free
FMN in buffer is �4 ns.[30] If the interflavin FAD to FMN ET took
place within 1–2 ns, then FMN fluorescence should be
quenched and steady-state fluorescence by FMN suppressed.
Instead, calmodulin binding increased FMN fluorescence inten-
sity by 25 % in NT-bound nNOS, whereas this fluorescence de-
creased in nNOS with NADP+ (Figure 1). It is therefore highly
unlikely that FMNH8 is formed within 1 to 2 ns. Our data sug-
gest that a conformational change in the immediate vicinity of
FADH8 may be a prerequisite for interflavin ET. This structural
change was found to be crucially dependent on the presence
of calmodulin and the integrity of H-bonds between FAD and
the catalytic residues S1176 and Asp1393. S1176T can still form
a hydrogen bond with Asp1393, whereas this bond is not
formed in the alanine mutant.[12] Our absorption decays at
613 nm do not rule out the possibility of a second electron
transfer through NT* (or NT+*) as in Equation (5) within 1 to
2 ns, producing FADH2 in addition to the conformational
change involving FADH8 suggested above.

Overall, our data show that calmodulin enhanced electron
flow by increasing forward electron transfer to FAD and pro-
moting proton transfer to FAD� . This slowed down back elec-
tron transfer and increased the net electron flux towards FMN.
Calmodulin therefore increased catalytic efficiency. Our data
suggest that FAD is reduced in a fast pathway including aACHTUNGTRENNUNGsequential one-electron, one-proton transfer and one-electron
transfer. A similar pathway has recently been proposed to take
place in ferrodoxin reductase from Pseudomonas aeruginosa, in
which the C4 atom of Nic and the N5 atom of FAD are 15 �

apart, and in horseradish peroxidase; moreover, a NADH ana-
logue reacted through an ET pathway rather than direct hy-
dride transfer.[31–33]

The timescale of interflavin electron transfer was reported to
extend over more than a few ns.[22] This is very slow in view of
the short interflavin distance and the favorable DG value of
�100 mV.[16] The slow nature of this transfer reaction is con-
firmed by our own observations of FMN fluorescence. It sug-
gests that interflavin transfer requires a conformational change
either in the C-terminal tail or in FMN itself, as suggested by
Panda et al.[12]

Conclusions

Significance and perspectives for synchronized enzymatic
catalysis

Pulsed light excitation of the NT initiated the enzyme catalytic
cycle and provided us with a convenient means of synchroniz-
ing an ensemble of proteins in solution with a femtosecond
laser pulse. Synchronization is achieved on a significantly
longer timescale than the pulse width, as determined by the
rate of electron transfer into the flavin domain. For NT bound
to CaM (+) nNOS, electron transfer took place in �20 ps. This
timescale is likely to be affected by parameters affecting ET
rates. For example, the removal of calmodulin increased the
timescale for synchronization of the action of the constitutive
NO synthase nNOS, to �100 ps. This synchronization provides
an alternative to single-molecule techniques for the targeting
and control of biochemical redox processes. It is based princi-
pally on correct targeting of the narrow NADPH site, while a
semirigid conformation is maintained. This blocks the enzyme
in an active conformation (by moving Phe1395 away from
FAD), making it possible to study fast electron-transfer process-
es. The NT thus constitutes a powerful mechanistic tool,
making it possible to identify steps under kinetic control with
a trigger, on picosecond timescales. This tool may be particu-
larly useful for time-resolved X-ray studies and for the design
of specific activators or inhibitors of enzymatic activities. Our
EPR data showed that the activation by light of protein-bound
NT resulted in the release of NO radicals from NOHA. This
property may be exploited to control and localize the release
of free NO in cells with high spatial and temporal resolution by
two-photon excitation (Scheme 1).[17, 24, 29] We are currently
working along these lines and investigating the possible exten-
sion of the NT concept to other flavonoid proteins.

Experimental Section

Materials : l-Arginine, (6R)-5,6,7,8-tetrahydrobiopterin (BH4), calmo-
dulin, Tris buffer, N-hydroxyarginine (NOHA), potassium ferricya-
nide, and glycerol were purchased from Sigma. High-purity argon
(99.9995 %) was obtained from Air Products. Full-length nNOS was
overexpressed in E. coli and purified as previously described.[34]

Site-directed mutagenesis at position S1176 was performed as pre-
viously described.[12]
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Time-resolved spectroscopy : Pulsed light excitation at a rate of
500 Hz was achieved with a home-built TiSa oscillator and a 1 kHz
regenerative amplifier (Spitfire, Spectra Physics). The 810 nm light
pulses each had a power of 0.5 mJ and lasted 50 fs.[17] The beam
was separated into pump and probe. Pump pulses centered at
405 nm were generated with a 0.5 mm BBO crystal used in SHG
configuration. White light probe pulses in the 430 to 700 nm range
were generated by focusing part of the fundamental on a CaF2

window and separated into test and reference beams. The sample
was positioned away from the focal point and the intensity of the
pump beam was reduced with neutral density filters, thus avoiding
white light continuum generation in the sample. The beams each
had a diameter of 150 mm and pump energy of about to 2 mJ at
the sample position. These beams, after passing through the
sample, were dispersed and detected shot-by-shot on a CCD
camera configured as a dual-array detector. The sample was re-
newed between subsequent pulse pairs by rotation perpendicular
to the beams. The signal-to-noise ratio was improved by accumula-
tion of ten wavelength scans in two time windows: 1–50 ps and
50–800 ps or 1–10 ps and 10–200 ps. To obtain delay times longer
than 800 ps between pump and probe beams (Figures 4 and S2 in
the Supporting Information), the probe was delayed by 12.2 cm
with mirrors. The signal was optimized at 613 nm by use of MbCO
as a reference. Carbon monoxide bound to reduced myoglobin
was monitored under the same conditions and used as a reference
for an undecaying signal over the time scales of 200 to 800 ps and
up to 1.6 ns. Data were analyzed by singular value decomposition
(SVD) of the time–wavelength matrix and by single wavelength fits
to the raw data.

Molecular dynamics simulations : Molecular dynamics modeling
was carried out with the CHARMM 33 software.[35] The calculations
used the PDB file 1TLL,[9] with the missing residues 740–742, 831–
835, 850–871, 952–958, and 1414–1429 (chain A) and 742–751,
830–839, 847–876, 953–958, and 1414–1429 (chain B) computer-
generated and subjected to energy minimization before insertion
into the final structure. The model consists of two identical chains
of 665 residues each and contains two FAD and FMN moieties.
Known water molecules from the X-ray structure (223) and a “box”
of 5372 water molecules were added to the polypeptide chains.
Hydrogen atoms were generated by use of the CHARMM HBUILD
command. NT was introduced into the structure of the nNOSACHTUNGTRENNUNGreductase by replacement of the natural NADPH cofactor. The
common adenosine docking moiety was used to initiate chromo-
phore construction with the “IC BUILD” CHARMM command. The
energy of the structure was minimized with 200 SD and 2500
ABNR algorithm steps. A relative dielectric constant of one was ap-
plied to the entire structure. Motion equations were numerically in-
tegrated by use of the Verlet algorithm with 1 fs time steps. The
following simulation protocol was used: heating from 0 to 600 K
over 60 ps, equilibration phase at a constant temperature of 600 K
over 100 ps, cooling from 600 K to 0 K over 60 ps, followed by a
2500-step ABNR energy minimization of the NT·nNOSred complex.
Simulation with the NADPH cofactor was based on the following
protocol: heating from 0 to 400 K over 80 ps, equilibration at 400 K
for 1.5 ns, cooling from 400 K to 0 K over 160 ps, and energy mini-
mization. The entire structure was saved at picosecond intervals
for further analysis.

Steady-state fluorescence : Fluorescence emission spectra were re-
corded on an Eclipse (Varian) spectrofluorimeter, fitted with a ther-
mostated cell holder, with use of aerated solutions placed in
micro-cuvettes (60 mL). The emission spectra were recorded with

excitation and emission slits set at Dlex = 10 nm and Dlem = 5 nm,
respectively.

NT-induced NO formation detected by EPR spectroscopy : A solu-
tion of nNOS (5 mm) was equilibrated with NOHA (1 mm), BH4

(1 mm), calmodulin (20 mm), and CaII (100 mm) in Tris buffer
(50 mm) at pH 7.5, NaCl (150 mm), and NT (5 mm) for 30 min on ice
before the experiment. This aerated solution (750 mL) was trans-
ferred to a quartz cuvette and airtight with a rubber septum. This
septum prevented the NO generated from escaping into the sur-
rounding atmosphere. The cuvette was irradiated with a Xe lamp
(150 W) passed through an optic fiber and filtered through a
broad-band interference filter centered at 400 nm and a water
filter to remove IR light. After 10 min of illumination, Fe·MGD com-
plexes (0.4 mm, 100 mL) in Tris-buffer (pH 7.4, 100 mm) were inject-
ed into the cuvette.[25] An aliquot (300 mL) was extracted into a sy-
ringe through the septum and snap-frozen in liquid nitrogen. The
yield of paramagnetic NO·FeII·MGD complexes in the aliquot was
determined at 77 K with an EPR spectrometer (ESP300, Bruker,
Rheinstetten, Germany) in an ER4103TM cavity with a quartz finger
Dewar operating near 9.54 GHz. The apparatus setting was as fol-
lows: field modulation 5 G at 100 kHz, microwave power 20 mW,
gain 2 � 105, time constant, and ADC conversion time 82 ms. At
these settings, the detection limit for NO·FeII·MGD was � 20 pmol.
Trapping efficiency was estimated at 10 %.
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