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Abstract

The FMN-heme intraprotein electron transfer (IET) kinetics in a human iNOS oxygenase/FMN
(oxyFMN) construct co-expressed with NCaM, a calmodulin (CaM) construct that includes only
its N-terminal globular domain, were determined by laser flash photolysis. The IET rate constant
is significantly decreased by nearly 4-fold (compared to the iINOS oxyFMN co-expressed with full
length CaM). This supports an important role of full length CaM in proper interdomain FMN/
heme alignment in iINOS. The IET process was not observed with added excess EDTA, suggesting
that Ca2* depletion results in the FMN domain moving away from the heme domain. The results
indicate that a Ca2*-dependent reorganization of the NCaM construct could cause a major
modification of the NCaM/iNQOS association resulting in a loss of IET.
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1. Introduction

Nitric oxide (NO) is a ubiquitous signaling molecule for vasodilation and neurotransmission
at low concentrations and a defensive cytotoxin at higher concentrations [1,2]. NO's
bioavailability is tightly regulated at the synthesis level by NOS. There are three mammalian
NOS isoforms: endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS
(iNOS). Mammalian NOS is a homodimeric flavo-hemoprotein that catalyzes the oxidation
of L-arginine (Arg) to NO and L-citrulline with NADPH and O, as co-substrates [3]. Each
subunit contains a C-terminal electron-supplying reductase domain with binding sites for
NADPH (the electron source), FAD and FMN, and an N-terminal catalytic heme-containing
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oxygenase domain. The oxygenase and reductase domains are connected by a calmodulin
(CaM)-binding region. The iNOS isoform binds CaM irreversibly while nNOS and eNOS
bind CaM reversibly in response to intracellular Ca* concentration [3,4]. The major
difference between eNOS/nNOS and iNOS is the presence of internal control elements [4],
including an unique autoregulatory insert within the FMN domain of eNOS/nNOS [5] and
the C-terminal tail [6].

The interdomain (intraprotein) electron transfer (IET) processes are key steps in NO
synthesis by coupling reactions between the domains [3,4,7]. Uncoupled or partially coupled
NOS results in synthesis of reactive oxygen species such as superoxide and peroxynitrite
[8]. In particular, the CaM-controlled intersubunit FMN-heme IET is essential in coupling
electron transfer in the reductase domain with NO synthesis in the heme domain by delivery
of electrons required for O, activation at the catalytic heme site [9]. It is generally accepted
that CaM-binding has little or no effect on the thermodynamics of redox processes in NOS
[10-13], indicating that the kinetic regulation of the IET processes within the enzyme by
CaM binding is accomplished dynamically through controlling conformational changes
required for effective IET. It is of current interest to study the CaM-modulated FMN-heme
IET in the NOS isoforms [7,14,15].

An “FMN-domain tethered shuttle” model (Fig. 1) was recently proposed [16,17], and
supported by IET kinetic studies [17-26] and low temperature MCD data [27]. This model
involves the swinging of the FMN domain from its original electron-accepting (input) state
to a new electron-donating (output) state. This molecular rearrangement facilitates efficient
IET between the FMN and the catalytic heme in the oxygenase domain. Calcium-dependent
CaM binding to eNOS/nNOS unlocks the input state, thereby enabling the FMN domain to
shuttle between the FAD and heme domains [17,20]. The structure of the functional output
state has not yet been determined. To favor observation of the output state, bi-domain NOS
oxyFMN constructs, in which only the oxygenase and FMN domains, along with the CaM
binding region, are expressed, were recently designed and constructed [22,28,29].
Biochemical, kinetic and spectroscopic results have shown that these homologous dimeric
oxyFMN constructs are validated models of the NOS output state for NO production
[17,21,27,28].

Emerging evidence indicates that CaM is also important for proper alignment of the FMN
and heme domains in iNOS [18,30]. It is challenging to study the CaM/iNOS interactions
because CaM binds to iNOS very tightly, and the iNOS protein needs to be co-expressed
with CaM due to its propensity to aggregate when residues of the highly hydrophobic CaM-
binding domain are exposed to an aqueous environment [31]. The present study indicates
that IET in a human iNOS oxyFMN protein co-expressed with NCaM (iNOS oxyFMN-
NCaM) is Ca%*-sensitive, suggesting that Ca2* depletion results in the FMN domain moving
away from the heme domain. Note that NCaM includes only the N-terminal Ca2*-binding
domains without the central linker region (CaM residues 1-75); circular dichroism
spectroscopy showed that the truncated NCaM construct folds properly and is soluble in the
absence of iINOS [32]. The IET Kkinetic results in this work support an important role of CaM
in proper alignment of the FMN and heme domains in iNOS.

2. Materials and Methods
2.1. Expression and Purification of Human iNOS oxyFMN-NCaM

The human iNOS oxyFMN construct carries a deletion of the first 70 amino acids and an N-
terminal polyhistidine tag; it consists of residues 71-723 of the human iNOS enzyme
subcloned into pCWori*. The expression vector for iNOS oxyFMN was co-expressed with
NCaM in E. coli BL21 (DE3) [13,26]. Purification of the iNOS oxyFMN-NCaM protein
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was performed as previously described [13]. The protein was characterized by UV-vis
spectrum and gel electrophoresis (Figs. S1 and S2 in Supplementary Material).

2.2. Laser Flash Photolysis

CO photolysis experiments were performed at room temperature, and the sample was kept in
ice between flashes to stabilize the protein, as previously described [17,20,21]; data from ~
20 laser flashes were averaged. Briefly, a solution containing 20 uM 5-deazariboflavin
(dRF) and 5 mM fresh semicarbazide in pH 7.6 buffer (40 mM Bis-Tris propane, 400 mM
NaCl, 2 mM L-Arg, 20 uM H,4B, 1 mM Ca2* and 10 % glycerol) was degassed in a laser
photolysis cuvette by a mixture of Ar and CO (with a ratio of ~ 3:1). Aliquots of
concentrated iINOS oxyFMN protein (200 uM) were subsequently injected through a septum
to achieve the desired protein concentration, and the solution was kept in ice and further
purged by passing the Ar/CO mixture over the solution surface for 40 min to remove minor
oxygen contamination before being subjected to illumination. The iNOS solution in cuvette
was then illuminated for a certain period of time to obtain a partially reduced form of
[Fe(IN-CO][FMNH], a process that can be followed spectrophotometrically by
characteristic maxima of Fe(I1)-CO and FMNH at 446 nm and 580 nm, respectively. The
partially reduced protein was subsequently flashed with 450 nm laser excitation to dissociate
CO from Fe(I1)-CO, and to generate a transient Fe(ll) species that is able to transfer one
electron to the FMNH to produce FMNH, and Fe(l1l). This latter IET process was followed
spectrally by the time-resolved loss of absorbance of FMNH at 580 nm.

3. Results and Discussion

3.1. The FMN-heme IET in iNOS oxyFMN construct co-expressed with NCaM

Upon CO photolysis, the absorption of the partially reduced iNOS oxyFMN-NCaM at 580
nm decays below the pre-flash baseline (due to the FMN-heme IET, eq 1, resulting in
FMNH depletion), with a rate constant of 93 + 9 s1 (Fig. 2a), followed by a slow recovery
toward baseline (due to CO re-binding to Fe(ll)) with a rate constant of 2.2 + 0.5 s’ (Fig.
2b). Note the spectral “transition” (i.e. a reversal in direction of absorption changes over
time) in the 580 nm trace (Fig. 2b). Importantly, the rate constant of the rapid decay is
independent of the signal amplitude, i.e. protein concentration (data not shown), indicating
an intra-protein process.

[Fe(I)][FMNH*]+H* = [Fe(IIl)][ FMNH,] eq 1

Note that the IET rate constant in the iINOS oxyFMN-NCaM construct is significantly
decreased by approximately 4-fold (compared to human iINOS oxyFMN construct co-
expressed with full length CaM [13]). This supports an important role of full length CaM in
proper alignment of the FMN and heme domains in iNOS. Regarding the NOS regions
involved in the eNOS/nNOS activation by CaM-binding, protein interaction with the
canonical CaM-binding site alone is also insufficient to promote the NO production process
[30,33].

That the deletion of the CaM C-terminal domains and central linker leads to a significant
decrease in the FMN-heme IET rate constant is consistent with the diminished NO
production when the iNOS enzyme was co-expressed with NCaM [26]. On the other hand,
the amplitude of the IET kinetic traces for an autoregulatory (AR)-deletion mutant of nNOS
was decreased two- to three-fold, whereas the AR deletion did not change the rate constant
for the CaM-controlled IET. This indicates that the CaM/NOS interaction is a dominant
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factor in controlling the alignment of the FMN and heme domains, while the AR insert is
involved in enhancing or stabilizing the productive docking.

It is also important to note that NCaM (i.e. the N-terminal globular domain of CaM) still
permits the IET to take place at a significant rate. This truncated CaM also supports NO
production by holo-iNOS at about 70% of the normal rate, suggesting that NCaM contains
important binding and activating elements for iNOS [31]. Taken together these results
indicate that the N-terminal half of CaM is required for the IET and NO production in iNOS.

3.2. The FMN-heme IET in the iINOS oxyFMN-NCaM in the presence of EDTA

In order to ascertain the influence of Ca2* on the IET process in the iNOS oxyFMN-NCaM
construct, the effect of EDTA addition was determined. Fig. 3 shows the transient trace at
580 nm obtained by flashing the partially reduced iNOS oxyFMN-NCaM in the presence of
560 uM EDTA with 450 nm laser excitation. Note the absence of the rapid decay, indicating
no observed FMN-heme IET. Upon adding excess calcium (final concentration = 1.2 mM),
the IET phase was recovered (data not shown). The loss of NO production by holo-iNOS co-
expressed with NCaM in the presence of excess EDTA has also been shown to be reversible,
when assayed by the oxyhemoglobin capture assay [31]. These results suggest that Ca*
depletion caused by the presence of EDTA results in the FMN domain moving away from
the heme domain.

It was recently shown that the iNOS holoenzyme co-expressed with NCaM displayed no
apparent activity in the presence of EDTA [31]. These results and the present IET results
indicate that a Ca2*-dependent reorganization of the bound truncated NCaM construct could
cause a major modification of the NCaM/iNOS association resulting in a loss of IET. It will
be interesting to study the role of other CaM domains in the alignment of iNOS FMN and
heme domains, a key component of NOS catalysis, by using iNOS proteins co-expressed
with modified CaM constructs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

NO nitric oxide

NOS nitric oxide synthase

iNOS inducible NOS

nNOS neuronal NOS

CaM calmodulin

NCaM truncated N-terminal globular domain of calmodulin consisting of
residues 1-75

oxyFMN bi-domain NOS construct in which only the heme-containing
oxygenase and FMN domains along with the CaM binding region
are present

iNOS oxyFMN- iINOS oxyFMN construct co-expressed with NCaM

NCaM

IET intraprotein electron transfer

dRF 5-deazariboflavin

H4B 6R-5,6,7,8-ttrahydrobiopterin
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(receiving electrons from FAD) and an electron donor (to the catalytic heme center), and is
proposed to undergo large conformational movements and engage in two distinct
interdomain interactions in the process. The output state is envisioned as an IET-competent

complex between the heme and FMN-binding domains. CaM binding to eNOS/nNOS

unlocks the input state, thereby enabling the FMN domain to shuttle between the FAD and
heme domains. CaM is also required for proper alignment of the FMN and heme domains in
iNOS, as indicated by this study.
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Transient trace at 580 nm at (a) 0 — 0.1 s and (b) 0 — 2 s obtained for the [Fe(l1)-CO]
[FMNH] form of human iNOS oxyFMN-NCaM flashed by 450 nm laser excitation. The IET
rate obtained from the decay (panel a) is independent of the signal amplitude (not shown),
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confirming an intramolecular process. The trace at a longer time scale (panel b) is due to
CO-rebinding process. Anaerobic solutions contained 20 pM iNOS, ~ 20 uM dRF and 5
mM fresh semicarbazide in pH 7.6 buffer (40 mM bis-Tris propane, 400 mM NaCl, 2 mM
L-Arg, 1 mM Ca?*, and 10% glycerol). The sample was well degassed by Ar/CO (3:1)
before illumination.
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Fig. 3.

Transient trace at 580 nm at 0 — 2 s obtained for [Fe(11)-CO][FMNH] form of the iNOS
oxyFMN-NCaM with added EDTA (560 uM) flashed by 450 nm laser excitation. Note that
the trace does not have a marked transition phase, in contrast to the EDTA-free sample (Fig.
2b).
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