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Abstract Comparative CO photolysis kinetics studies on wild-
type and autoregulatory (AR) insert-deletion mutant of rat
nNOS holoenzyme were conducted to directly investigate the
role of the unique AR insert in the catalytically significant
FMN-heme intraprotein electron transfer (IET). Although the
amplitude of the IET kinetic traces was decreased two- to
three-fold, the AR deletion did not change the rate constant
for the calmodulin-controlled IET. This suggests that the rate-
limiting conversion of the electron-accepting state to a new elec-
tron-donating (output) state does not involve interactions with
the AR insert, but that AR may stabilize the output state once
it is formed.

© 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

In mammals, NO is synthesized by nitric oxide synthase
(NOS), a homodimeric flavo-hemoprotein that catalyzes the
5-electron oxidation of L-arginine (Arg) to NO and L-citrulline
with NADPH and O, as co-substrates [1]. There are three
mammalian NOS isoforms: endothelial NOS (eNOS), neuro-
nal NOS (nNOS), and inducible NOS (iNOS). Eukaryotic
NOSs are modular heme- and flavin-containing enzymes that
produce NO by very intricately-controlled redox processes
[2]. It is well established that intraprotein interdomain electron
transfer (IET) processes are key steps in NO synthesis through
coupling reactions between the flavins and heme domains
[1,3,4]. Unlike iNOS, eNOS and nNOS synthesize NO in a
Ca**/CaM-dependent manner: CaM-binding triggers the IET
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from FMN hydroquinone (FMNH,) to the catalytic heme iron
in the oxygenase domain of the other subunit of the NOS di-
mer [5,6]. This reaction is essential for NO synthesis, and is un-
der extraordinary control; the control mechanism of this IET
is of particular interest in this study. It is generally accepted
that CaM-binding has little or no effect on the thermodynam-
ics of redox processes in NOS [7-9], indicating that the kinetic
regulation of the IET processes within the enzyme by CaM
binding is accomplished dynamically through controlling re-
dox-linked conformational changes required for effective IET.

An “FMN-domain tethered shuttle” model was originally
proposed by Ghosh and Salerno [10], and strongly supported
by recent IET kinetic studies [11-13], that involves the swing-
ing of the FMN domain from its original electron-accepting
(input) state to a new electron-donating (output) state (Fig.
1). The IET kinetics between the catalytically significant redox
couples of FMN and heme in truncated NOS constructs
[12,13] and nNOS holoenzyme [11] have been directly deter-
mined by CO photolysis. These studies have shown that, even
in the presence of CaM, the nNOS holoenzyme is primarily in
the input state, in which the rate constant for FMN-heme IET
is smaller than that in the oxyFMN construct due to the rate-
limiting additional step of conversion of the input state to the
output state.

Increasing evidence shows that the nNOS/eNOS-unique aut-
oregulatory (AR) insert within the FMN domain exerts its reg-
ulatory function by stabilizing certain NOS states via
interdomain interactions. Identified originally from sequence
alignments and modeling and postulated to restrict alignment
of the FMN binding domain with the oxygenase and/or FAD
binding domains [14], this AR insert, in the absence of CaM,
locks the FMN binding domain to the reductase complex via
a network of hydrogen bonds so as to obstruct enzyme activa-
tion [15]. When CaM binds to the linker between the FMN
and oxygenase domains at high [Ca®*], the AR insert is pro-
posed to be displaced so that the enzyme can be activated
[14]. Importantly, recent studies by Roman and Masters fur-
ther suggest that the AR insert is also involved in stabilizing
the “open” conformation of the FMN domain for NO synthe-
sis (i.e., the NOS output state) [16]. They proposed that, rather
than being only an inhibitory element as was originally sug-
gested [14], upon NADPH oxidation and in the presence of
CaM, the AR insert interacts with CaM to stabilize the output
conformation [16].

0014-5793/$34.00 © 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.febslet.2008.07.005


https://core.ac.uk/display/82552513?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

C. Feng et al. | FEBS Letters 582 (2008) 2768-2772

FAD
—> domain
FMN Fe /
Fe
FMN
<+ .\
NADPH
FM binding site
P —
FMN ) Fe cam

CaM | re (CFMN

—

Fig. 1. Tethered shuttle model: FMN-binding domain shuttles
between the NADPH-FAD-binding domain and the heme-containing
oxygenase domain. The two tethers correspond to the hinge region
between the FMN and FAD domains, and the CaM-binding linker
between the FMN and oxygenase domains. Top: input state; bottom:
putative output state. The output state is envisioned as an IET-
competent complex between the oxygenase and FMN-binding
domains. CaM binding unlocks the ‘input state’, thereby enabling
the FMN domain to shuttle between the two states.

In the present work, we have directly investigated the role
of the AR insert in the FMN-heme IET by comparative
flash photolysis studies of the wild-type (wt) and AR-deletion
mutant (nNOS-AR) of a rat nNOS holoenzyme. The results
suggest that the rate-limiting conversion of the input state to
the output state does not involve interactions with the AR
insert, but that AR may stabilize the output state once it is
formed.

2. Materials and methods

2.1. Protein expression and purification

Rat nNOS and nNOS-AR were expressed and purified as previously
described [16]. NO synthesis was measured by the hemoglobin capture
method as described [17], with the exception that the assays were per-
formed in a buffer containing 50 mM Tris-HCI, pH 7.4, and 100 mM
NaCl. The NO synthesis rates by wt nNOS and nNOS-AR were
70 min~! and 35 min~", respectively. Rat nNOSoxy construct was ex-
pressed and purified as reported earlier [18].

2.2. Analysis of FMN and FAD content

The flavin content of these proteins was analyzed as previously de-
scribed [16]. Concentrations of FMN and FAD solutions were deter-
mined from their absorbance spectra (FMN, g445 = 12500 M 'em
FAD, ¢450= 11300 M~" cm™'). The wt nNOS had an FAD:FMN:-

heme ratio of 1:1:1, and that of nNOS-AR was 1:0.9:1.

2.3. Spectrophotometric methods

CO difference spectra were performed as described [16]. The molar
protein concentrations for nNOS and nNOS deletion mutants were
determined based on heme content via reduced CO difference spectra,
where ¢ = 100 mM ! cm ™! for Aduus 470, and thus reflect only cysteinyl
thiolate liganded, heme-bound enzyme.

2.4. Laser flash photolysis

CO photolysis experiments were performed at room temperature as
previously described [11-13]; data from ~30 laser flashes were aver-
aged. Briefly, a solution containing 20 pM 5-deazariboflavin (dRF)
and 5 mM fresh semicarbazide in pH 7.6 buffer (40 mM bis-tris pro-
pane, 400 mM NaCl, 2 mM L-Arg, 20 uM 6R-5,6,7,8-tetrahydrobiop-
terin (H4B), 1 mM Ca®* and 10% glycerol) was degassed in a laser
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photolysis cell by a mixture of Ar and CO (with a mole ratio of
~3:1). Aliquots of concentrated rat nNOS protein (150 pM) were sub-
sequently injected through a septum, and the solution was kept in ice
and further purged by passing the Ar/CO mixture over the surface for
40 min to remove minor oxygen before being subjected to illumination.
The nNOS solution was then illuminated for an appropriate period of
time (~90s) to obtain a partially reduced form of [Fe(Il)-
COJ[FMNH], a process that was followed by characteristic maxima
of Fe(I1)-CO and FMNH-" at 446 and 580 nm, respectively.

The reduced protein was subsequently flashed with 450 nm laser
excitation to dissociate CO from Fe(II)-CO, and generate a transient
Fe(II) species that is able to transfer one electron to the FMNH" intra-
molecularly to produce FMNH, and Fe(I11). This latter IET process in
the wt nNOS was followed by the loss of absorbance of FMNH" at
580 nm, and the loss of absorbance of Fe(Il) at 460 nm. Because the
extent of the IET process in the nNOS-AR mutant was smaller, it
could only be followed by the loss of absorbance at 460 nm.

3. Results

3.1. The FMN-heme IET in wt nNOS in the presence of CaM
As expected [11], CO photolysis of the partially reduced
form of [Fe(II)-CO][FMNH] results in a rapid decay (due to
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Fig. 2. Transient trace at 460 nm at (a) 0-0.12s and (b) 0-0.5s
obtained for [Fe(II)-COJ[FMNH'] form of wt nNOS with added CaM
flashed by 450 nm laser excitation. Note there is a “transition’ in panel
b, similar to the 580 nm trace (inset of Fig. Sla in Supplementary
Material). Anaerobic solutions contained 11 uM nNOS, 47 uM CaM,
~20 uM dRF, and 5 mM fresh semicarbazide in the pH 7.6 buffer. The
sample was well degassed by Ar/CO (3:1) before illumination.
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Table 1
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The rate constants of the FMN-heme IET reaction (k:‘bs) and CO rebinding process (kco) for wt nNOS and nNOS-AR proteins®

580 nm trace

460 nm trace 455 nm trace

K (s7h keo 571 K (s7h kco 571 keco 571
wt nNOS + CaMP 44 +5 1.8+0.3 47+ 4 23+04 29103
nNOS-AR + CaM® ND¢ ND 4+9 1.6+0.5 7.6 0.7 (17%)

1.3£0.2 (23%)

“The IET rate constants were the average of at least ten traces with different amplitudes; data from 30 laser flashes were averaged for each trace.

®Excess CaM added: 11 pM wt nNOS with 47 pM CaM.

“Experiments were repeated at 12 uM nNOS-AR with 47 pM CaM, and 10 pM nNOS with 47 uM CaM, respectively. Signal at 580 nm was too weak

to obtain a reliable fitting.
IND: not determined.

the FMN-heme IET, Eq. (1)) at 580 and 460 nm below the
pre-flash baseline (Fig. 2a), followed by a slow recovery to
the baseline at longer time scale (due to CO re-binding to
Fe(ID)).

[Fe(I1)][FMNH'] + [H*] = [Fe(I1I)][FMNH,] (1)

Since the IET reaction is an equilibrium process, we are in fact
measuring it in both directions; the CO photolysis technique
follows the IET process in the reverse direction of the enzy-
matic turnover. We assigned the decay at 580 and 460 nm to
net reduction of FMNH" and net oxidation of heme, respec-
tively. This assignment is supported by the fact that the
absorption change due to FMNsq/hq transition is maximal
at 580 nm, with an intermediate amplitude at 460 nm [19].
The details are provided in the Supplementary Material.

The observed IET rate constant (Table 1) is in good agreement
with the value (38 * 4 s~ ) for another preparation of wt nNOS
obtained in a different laboratory [11]. The spectral “transition”
(i.e., a reversal in direction of absorption changes over time) in
the 460 nm trace (Fig. 2b) was absent without added CaM (data
not shown), indicating no IET in the absence of CaM.

3.2. The FMN-heme IET in the nNOS-AR mutant in the
presence and absence of CaM

Upon CO photolysis, the absorption of the partially reduced
CaM-bound nNOS-AR at 460 nm rapidly decays below the
baseline due to oxidation of Fe(Il) with a rate constant of
44 + 9 57! (Fig. 3), followed by a slow recovery toward baseline
with a rate constant of 1.6 + 0.5 s'. Importantly, the rate con-
stant of the rapid decay at 460 nm for nNOS-AR is indepen-
dent of the signal amplitude (data not shown), indicating an
intra-protein process. On the other hand, a transition in the
580 nm traces for the nNOS-AR mutant could be barely ob-
served (Inset of Fig. 3); the signals at 580 nm were very weak,
and accurate values for the IET rate constant or the amplitude
of the signal were not obtainable from the traces. Thus, the
amplitudes of the rapid decay at 460 nm were compared for
the wt and nNOS-AR proteins, in order to quantitate the differ-
ences in the amplitude of IET occurring in the two proteins.

Upon averaging four traces at 460 nm for each protein, it was
found that the amplitudes of the IET traces were
0.00088 £ 0.00004 and 0.00029 + 0.00008 for the wt and
nNOS-AR proteins, respectively (see Figs. 2a and 3); although
these changes are small, they are outside of the error limits.
Thus there is a two- to three-fold decrease in the IET amplitude
for the nNOS-AR mutant compared to the wt protein. The
amplitude of the IET phase was evaluated upon the solid line
fitting to the trace; the details are provided in the Supplemen-
tary Material.
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Fig. 3. Transient trace at 460 nm at 0-0.2s obtained for [Fe(Il)-
COJ[FMNH'] form of the nNOS-AR with added CaM flashed by
450 nm laser excitation. Inset is the 580 nm trace at 0-2 s; note that the
trace was very weak, and does not have a marked transition, in
contrast to the wt protein (Fig. S1 in Supplementary Material).

Fig. 4 shows the transient trace at 460 nm obtained by flash-
ing the partially reduced nNOS-AR in the absence of CaM
with the 450 nm laser excitations. Note the absence of the ra-
pid decay, indicating no FMN-heme IET.

4. Discussion

The observed FMN-heme IET rate constant for the nNOS-
AR mutant, as obtained from the 460 nm traces, is similar to
that of the wt protein (Table 1). This result suggests that the
rate-limiting step for this IET process does not involve interac-
tions with the AR insert. The fact that the IET rate constant in
the holoenzyme is approximately an order of magnitude smaller
than that in the oxyFMN construct indicates that, in the holoen-
zyme, the rate-limiting step in the IET is the conversion of the
shielded electron-accepting (input) state to a new electron-
donating (output) state, and that the role of CaM is to allow this
conversion to occur (Fig. 1) [11]. CaM unlocks the input state,
thereby enabling the FMN domain to shuttle between the two
enzyme states, and thus make contacts with the heme domain
(Fig. 1).

Importantly, the fact that the AR-deletion does not change
the rate constant for CaM-controlled FMN-heme IET (Table
1) suggests that in the nNOS holoenzyme CaM activation
effectively removes the constraints imposed by the nNOS
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Fig. 4. Transient trace at 460 nm at 0-0.2 s for [Fe(II)-CO][FMNH]
form of the nNOS-AR without added CaM flashed by 450 nm laser
excitation. Note that the trace does not possess the rapid decay, in
contrast to that of CaM-bound nNOS-AR at the same time scale (Fig.
3). Inset is the 460 nm trace at 0-5 s, which is due to the CO re-binding
process (with a rate constant of 1.6 +0.5s").

unique AR insert on the release of the FMN binding domain,
at least under single turnover conditions. Furthermore, in the
iNOS holoenzyme the rate constant for the IET between heme
and FMN is indistinguishable from CaM-activated nNOS
holoenzyme (Feng et al., unpublished data). Finally, in the
nNOS holoenzyme, IET in the absence of CaM is too slow
to measure [11]. Taken together, these results suggest that
CaM activation effectively removes the inhibitory effects of
the unique AR insert in nNOS.

Quantifications of the amplitudes of the 460 nm traces show
that there is an appreciable decrease in the extent of IET in the
nNOS-AR mutant. Note that the mutant has essentially a full
complement of FMN (i.e., FAD:FMN:heme is 1:0.9:1), and
the yield of FMNH" is comparable to the wild-type; therefore
the decrease in the IET amplitude is not due to a loss of FMN
in the mutant. A plausible mechanism for this decrease is
destabilization of the FMN/heme complex in the absence of
the AR insert. Stated another way, the AR insert may promote
interactions between the FMN and heme domains; this has the
effect of increasing the population of the output state, without
influencing the IET rate constant. The amplitude of the IET
signal is dependent on the fraction of the FMN-binding do-
main that can access the output state conformation because,
in the presence of CaM, the FMN-binding domain is free to
shuttle between the NADPH-FAD-binding domain and the
oxygenase domain (Fig. 1). Note that the FMN-heme IET is
an intramolecular process, and thus its rate constant is inde-
pendent of the fraction of protein in the output state. How-
ever, the amplitude of the IET will reflect the extent to
which the output state can be achieved. We recognize that
the amplitude level of the IET traces can only provide indirect
evidence for the relative amounts of the output state in the wt
and in the nNOS-AR mutant. Additional spectroscopic analy-
sis will be required to confirm this.

It is also important to note that the IET in the nNOS-AR
mutant was activated upon adding CaM (Figs. 3 and 4); this
is identical to what was observed in the wt NOS [11]. It has
also been shown that CaM is required for maximal NO synthe-
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sis activity in the mutant, and deletion of AR has a minimal
(~25%) effect on the catalytic activity [16]. These results sug-
gest that the CaM dependence of formation of the NOS output
state also involves other intrinsic control elements.

Taken together, we propose that CaM binding is a dominant
factor in controlling output state formation, while the AR insert
may be also important in enhancing or stabilizing the productive
docking of the FMN domain to the heme domain. The rate-lim-
iting conversion of the input state to output state (prior to for-
mation of the IET-competent FMN/heme complex, Fig. 1)
does not involve interactions with the AR insert, as evidenced
by the same IET rate constant in the AR mutants. This insert
may, however, stabilize the FMN/heme complex after it is
formed, as suggested by the appreciable decrease in the ampli-
tude of the IET traces. These results need to be extended by fu-
ture dynamic and structural studies in which the conformational
space explored by the AR insert will be elucidated, and to pro-
vide insights into how this is changed by CaM binding without
sterically blocking the interactions between the FMN and heme
domains.
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Appendix A. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2008.07.
005.
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