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Abstract

Neuronal nitric oxide synthase (nNOS) generates superoxide, particularly at sub-optimal L-
arginine (L-Arg) substrate concentrations. Heat shock protein 90 (Hsp90) was reported to inhibit
superoxide generation from nNOS protein. However, commercially available Hsp90 product from
bovine brain tissues with unspecified Hsp90a and Hsp90p contents and an undefined Hsp90
protein oligomeric state was utilized. These two Hsp90s can have opposite effect on superoxide
production by NOS. Importantly, emerging evidence indicates that nNOS splice variants are
involved in different biological functions by functioning distinctly in redox signaling. In the
present work, purified recombinant human Hsp90a. in its native dimeric state was used in electron
paramagnetic resonance (EPR) spin trapping experiments to study the effects of Hsp90a on
superoxide generation from nNOS splice variants nNOSu and nNOSa. Human Hsp90a was found
to significantly increase superoxide generation from nNOSp and nNOSa proteins under L-Arg-
depleted conditions and Hsp90a influenced superoxide production by nNOSu and nNOSa at
varying degrees. Imidazole suppressed the spin adduct signal, indicating that superoxide was
produced at the heme site of nNNOS in the presence of Hsp90a, whereas L-Arg repletion
diminished superoxide production by the nNOS-Hsp90a.. Moreover, NADPH consumption rate
values exhibited a similar trend/difference as a function of Hsp90a and L-Arg. Together, these
EPR spin trapping and NADPH oxidation kinetics results demonstrated noticeable Hsp90a.-
induced increases in superoxide production by nNOS and a distinguishable effect of Hsp90a on
nNOSu and nNOSa proteins.
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Previous studies showed that heat shock protein (Hsp) 90 binds to heme domain of nitric oxide
synthase (NOS). Electron paramagnetic resonance (EPR) spin trapping results herein indicated
that dimeric human Hsp90a increases superoxide generation from neuronal NOS (nNOS) heme,
and that the enhancement effect differs between nNOSp and nNOSa isoforms.
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Introduction

Nitric oxide synthase (NOS) is a family of flavohemoproteins responsible for biosynthesis of
nitric oxide (NO) in vertebrates [1]. There are three mammalian NOS isoforms with distinct
functions in various tissues: neuronal, endothelial and inducible NOS (nNOS, eNOS and
iNOS, respectively). Structurally, each subunit of the homodimeric NOS protein is
comprised of an N-terminal heme and tetrahydrobiopterin (H4B)-containing oxygenase
domain and a C-terminal reductase domain that comprises the FMN, FAD and NADPH-
binding (sub)domains. The oxygenase and reductase domains are joined by a linker that
binds a calcium-sensing protein, calmodulin (CaM). The NOS enzyme catalyzes oxidation
of L-arginine (L-Arg) to NO, which requires CaM-enabled electron transport across the NOS
domains [2].

L-Arg+1.5NADPH + 1.5 HY +2 Op—15 NADPY + Citrulline + NO + 1.5 HyO

In addition to NO, NOS generates superoxide (O,"") free radical [3, 4]. This phenomenon is
termed NOS uncoupling since O, generation mainly occurs when NOS is not coupled with
its substrate L-Arg or cofactor H4B [5, 6]. It is of current interest to elucidate the mechanism
controlling NOS’s O,°~ production [7] because: a) excessive O," plays a key role in
generating reactive oxygen species (ROS) and reactive nitrogen species (RNS) including
hydrogen peroxide and peroxynitrite, and b) low level O,"~ production emerges as an
important redox signaling molecule [8]. Early reports showed that nNOS produces O,*~
under L-Arg depletion condition [9, 10]. Further studies demonstrated that O,"" is a product
of all three NOS isoforms [3, 11] and that NOS also generates some O,*~ in the presence of
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L-Arg at physiologically relevant concentration [11, 12]. These studies relied on a)
unambiguous measurement of free radicals by EPR spin trapping [13] and b) purified active
NOS proteins [3, 4, 13]. Direct detection of O, is difficult in aqueous solution at room
temperature due to its short lifetime. To address this, an electron paramagnetic resonance
(EPR)-silent spin trapping reagent can be used to react with O,°~, forming a more stable
EPR-active spin adduct that can then be analyzed by EPR spectroscopy. Zweier, Vasquez-
Vivar, Rosen and their co-workers have presented elegant studies of O,"~ production by the
NOS isoforms. These extensive studies have provided important insights into molecular
aspects of NOS regulation, such as the site of O,*~ production in the NOS isoforms and the
role of L-Arg and H4B in NOS coupling [4, 14]. In general, O,*~ production by eNOS is
mainly controlled by H4B levels [5], while O,°~ generation from nNOS is more L-Arg-
dependent [12]. These results provide valuable mechanistical information to explain the /n
vitroand in vivo phenomena where NOS uncoupling contributes to the onset of pathological
events [15, 16].

NOS is regulated /7 vivo by interacting with other proteins in response to various stimuli.
For example, heat shock protein 90 (Hsp90) is a major modulator of NOS. /n vitro cellular
studies of NNOS regulation by Hsp90 have demonstrated important roles of Hsp90 in nNOS
protein quality control [17] and heme insertion into the NOS enzyme [18]. Besides these
chaperone functions, Hsp90 protein was found to affect NOS’s ability to produce O,°~, with
most of the previous studies focusing on eNOS [19-22]. Compared to the much-studied
eNOS-Hsp90 system, to the best of our knowledge, there is only one report, which focused
on the effect of Hsp90 on the nNOS O,*~ production [23]. Their EPR-spin trapping studies
of nNOS-Hsp90 complex used commercially available Hsp90 proteins isolated from bovine
brain tissue [23]; recombinant Hsp90 protein was not accessible at that time. The cytosolic
Hsp90 protein in tissues mainly exist in its p form, except in the brain tissue [24]: porcine
brain tissue contains ~ 6 times more abundant Hsp90a than the B form. In other words, it is
very likely that the isolated Hsp90 product used in the previous study [23] is a mixture of
Hsp90a and Hsp90p forms. Not until recently has it been realized that these two Hsp90
forms can have opposite effects on O, production by eNOS [25]. Furthermore, the native
form of Hsp90a. protein is dimeric, while Hsp90 readily aggregates during purification [26].
Of note, the oligomeric state of the commercial Hsp90 proteins is not defined in their data
sheets. Therefore, the previous studies using the commercially available Hsp90 product at
that time [23] may not faithfully reproduce its native dimeric state. These Hsp90 oligomeric
and isoform issues are major and may have complicated the previous EPR spin trapping
studies [23], raising possibilities of alternative interpretations.

One of the other important processes in regulating expression and function of nNOS is its
translational splice variants [27-30]. This is particularly important for tissue-specific
regulation of NNOS. For example, nNOSp in skeletal muscle is slightly larger in its size than
nNOSa in brain, due to alternative splicing that adds a 102-base pair insert between exons
16 and 17 [29]; nNOSy contains 34 additional residues in an autoregulatory (AR) insert
within the FMN domain, compared to nNOSa (Figure 1). Both nNOSa and nNOSy are full-
length functional proteins that have similar NO production activity [31], but differ in O™
production under substrate-depleted conditions [32]. The involvement of nNOS splice
variants in different biological functions [33] by functioning distinctly in redox signaling
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[27, 34, 35] has just begun to be explored. For example, deviations in nNOS splice variant
signaling in skeletal muscle have been established in pathologies of several neuromuscular
diseases [27], but the underlying biochemical mechanisms remain largely unclear. Taken
together, it is timely to unambiguously investigate the effect of specific Hsp90 form on O,*~
production by nNOS splice variants, as the first necessary step to comprehend redox
signaling pathways in tissues.

To address this unanswered important question in the field, herein we utilized dimeric
recombinant human Hsp90a purified in our laboratory, to overcome the abovementioned
limitations in commercial Hsp90 product. Parallel experiments with rat NNOSp and nNOSa
proteins were conducted to compare the Hsp90 effect on their O,*~ production and to also
ensure that the observed results are substantiated. The EPR spin trapping experiments were
further complemented with NADPH oxidation rate assays, since NADPH is the electron
source for NOS-mediated reactions. Of interest are the findings that Hsp90a enhances O5*~
production by nNOS proteins in the absence of L-Arg, and that Hsp90a differentially
influences O,°~ generation from the NNOSp and nNOSa proteins. This work should inspire
future mechanistic and biological studies of the role of specific Hsp90 isoforms in regulation
of nNOS splice variants.

Materials and Methods

Materials.

Superoxide dismutase (SOD) was purchased from MP Biomedicals, USA. High purity (>
99%) 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) was obtained from
Enzo Life Sciences. Diethylenetriaminepentaacetic acid (DTPA; > 99%), a metal chelator,
was purchased from Sigma-Aldrich, USA.

Protein expression and purification.

Rat nNOSa and nNOSy plasmids were supplied by Dr. Linda Roman, a collaborator and co-
author in previous studies [31, 36]. Recombinant rat NNOSa and nNOS proteins were
overexpressed and purified as reported [31], with a few modifications [37]. The nNOS
protein was purified in the presence of L-Arg and H4B, and L-Arg was then removed from
the isolated protein by 3-cycle buffer-exchanging into the L-Arg-free buffer. The human
Hsp90a plasmid on a vector of pET15b containing a N-terminal His-tag is a generous gift
from Dr. Daniel Gewirth. Recombinant human Hsp90a protein was prepared as recently
reported in an electron transfer Kinetic study [37], and native PAGE analysis was used to
probe the oligomeric states of the Hsp90 elution from a Mono Q column [37]. The dimeric
Hsp90 fractions were then pooled and concentrated for the EPR spin trapping experiments.
CaM was prepared by the method of Zhang and Vogel [38].

Spin trapping O>"~ by X-band EPR.

The generation of O,°~ from purified nNOS was monitored using EPR spin trapping
technique as reported in the literature [39] with slight modification. The concentrated nNOS,
CaM and Hsp90a proteins were incubated in the presence of 0.5 mM CaCl, at room
temperature for 15 minutes. The protein mixture was then added into a reaction system
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containing 0.5 mM CaCl, and 20 mM BMPO (a nitrone spin trap) in a phosphate buffer (50
mM, pH 7.4, 100 uM DTPA and 100 uM EDTA). The final concentration of nNOS and
Hsp90 were 20 nM and 3 uM, respectively, if added. 3 uM Hsp90 was used here to ensure
binding of Hsp90 to nNOS since the Hsp90-NOS binding affinity is modest, with reported
value of 200-500 nM [40]. A saturated amount of CaM (1 uM) was added into all the
samples in which nNOS was present. The concentration of L-Arg, H4B, and imidazole in the
reaction system were 100 uM, 10 uM, and 5 mM, respectively, if added. Upon addition of
NADPH (150 puM final concentration) to trigger the reaction, the sample (400 pL total
volume) was immediately transferred into a custom-made gas permeable Teflon tubing
(Zeus Industries, Raritan, NJ), which was folded four times and inserted into a quartz EPR
tube open at each end. The EPR tube was inserted within the cavity of a Bruker EleXsys
E500 X-band EPR spectrometer (Bruker Biospin, Billerica, MA) and the spectra of BMPO-
*OOH, spin-trapped O,"~, were acquired after spectrometer tuning at room temperature.

The EPR spectrum was acquired with a scan time of 20 s, and 3 scans were obtained and
averaged to produce significant signal-to-noise ratio using the following instrument settings:
microwave frequency, 9.8 GHz; modulation frequency, 100 kHz; center magnetic field, 3509
G; microwave power, 21 mW; modulation amplitude, 1.0 G; scan range, 110 G; time
constant, 10 ms; receiver gain, 60 dB. The X-band EPR spectrometer was upgraded with a
digital console upgrade and new 10” magnet for higher resolution, greater sensitivity and
improved usability and stability. The EPR spectra were collected at 10, 15 and 20 minutes
after initiating the reaction, and the data were stored using the Bruker Software Xepr
(Billerica, MA) or converted to an ASCII file for further processing.

NADPH consumption assay.

Rate of NADPH oxidation by nNOS was determined in a pH 7.4 buffer containing 50 mM
Tris, 100 mM NacCl, and 200 uM CaCl,. NADPH solution was freshly prepared daily prior
to the measurements, and the final concentration in the assay solution is 100 pM.
Concentrated nNOS, CaM and Hsp90a were first incubated in the presence of 0.2 mM
CacCl, at room temperature for 15 min, if added. The reaction was then triggered by adding
the concentrated protein sample into the assay solution, with final concentrations of 20 nM
nNOS and 1 pM CaM. The final concentrations of L-Arg and Hsp90a protein, if added, were
100 pM and 3 puM, respectively. The rate of NADPH consumption was determined using
extinction coefficients of 6.2 mM~1 cm™1 at 340 nm [31].

Spectrophotometric Methods.

CO difference spectra were performed as described [41]. The molar protein concentrations
for nNOS variants were determined based on heme content via reduced CO difference
spectra, where e=100 mM~tcm™ for AA445_470, and thus reflect only active enzyme.

Results and Discussion

We first prepared recombinant nNOS and Hsp90 proteins for the EPR spin trapping and
NADPH consumption studies. The purified nNOS variants are full-length protein, evidenced
by the SDS-PAGE image in Figure S1 in Supporting Information. The NO production rates
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of the purified NNOSp and nNOSa are 63 + 4 and 72 + 7 min~1, respectively, which are
consistent with the reported values [31]. This confirms that the nNOS proteins used in this
work are active. The absorption spectra of the purified NNOSp and nNOSa proteins are
similar [31]. The heme center is primarily in the high spin state after treatment with H4B and
L-Arg during purification, as indicated by the Soret maximum near 396 nm (Figure S2). The
CO difference spectrum (inset of Figure S2) has the characteristic peak of Fe(l11)-CO at 446
nm, showing that the nNOS heme iron center is in the native heme-thiolate complex. To
study O,°~ production by nNOS under L-Arg-depleted conditions, L-Arg was removed from
the purified nNOS protein by 3-cycle of buffer exchange into L-Arg-free buffer. Removal of
L-Arg was clearly evidenced by the shift of Soret peak (Figure S3).

The native form of Hsp90a protein is dimeric, while Hsp90 easily aggregates during
purification [26]. We have optimized the preparation protocol to reduce the aggregation and
isolate the dimeric Hsp90a protein fractions, and native PAGE images indicated that the
isolated dimeric Hsp90 was > 85 % purity [37]. Our purified dimeric Hsp90a. protein set the
stage for us to explicitly investigate effect of specific Hsp90 isoform on O,°~ generation
from nNOS.

For EPR spectroscopy studies, the BMPO nitrone was selected for spin trapping O,*~
because it forms a much more stable radical adduct with O,°~ than the commonly used spin
trap 5,5-Dimethyl-1-pyrroline N-oxide, DMPO (BMPO-"OOH t;/; = 23 minutes; DMPO-
*OOH ty;, = 45 seconds) and unlike with DMPO, the BMPO-"OOH adduct does not decay
readily into a hydroxyl adduct [42]. The BMPO blank sample did not give any EPR signal,
while the spin-adduct BMPO-"OOH was clearly observed when BMPO was added to a
reaction system of xanthine oxidase-hypoxanthine (XOD/HYP); see Figure S4. The positive
control spin trapping of O,*~ by BMPO in the XOD/HYP O,°*"-generating system in our lab
was successful.

We then measured O,°~ generation from nNOS using EPR spectroscopy and BMPO. Unlike
eNOS, deficiency of L-Arg, but not H4B, primarily causes uncoupling in nNOS [12, 43].
Therefore, we focused on studying nNOS O,°~ production as a function of L-Arg
concentration in this work. To determine if Hsp90-associated nNOS protein production of
O,°~ differs from the nNOS protein alone under L-Arg-depleted conditions, EPR spin
trapping was used to detect and compare the O,"~ generation from nNOS and nNOS-Hsp90
systems. Saturated CaM (1 uM) existed in all the tested reaction systems along with 20 nM
nNOS because O,"~ generation from nNOS holoprotein takes place at the heme site [39],
and CaM is required for the electron transport across the NOS domains to reduce the heme
center. As expected, in the absence of L-Arg, nNOSp protein alone produced a considerable
amount of O, (Figure 2). The EPR signal was predominantly quenched by SOD (Figure
S5), showing that at least 98 % of the adduct is from O,°~. The adduct signal of NNOSp was
also notably inhibited upon adding 100 uM L-Arg (Figure S5). This concentration is
physiologically relevant and is also well above the Km value of L-Arg (2 uM) [44]. These
observations are consistent with the previous reports on L-Arg-dependent O,"~ production by
nNOSa [12, 23], showing that these two nNOS splice variants behave similarly in O,°*~
production in the absence and presence of L-Arg.
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Surprisingly, the relative EPR peak height of the BMPO-"OOH adduct trapped for Hsp90-
associated nNOSy in the absence of L-Arg and under the same EPR spin trapping conditions
was significantly higher than that of nNOSp alone (Figure 2, left panels). In our study,
measuring or displaying relative peak heights is an accepted method for comparing free
radical production between samples under identical experimental conditions and acquired
under the same EPR spectrometer settings. Such comparison of relative peak height is
common in numerous EPR spectroscopy experiment models. The peak height is obtained
peak-to-trough. The relative height of the 15t peak at the low magnetic field is 0.63 + 0.05
and 0.87 + 0.03 for nNOSp alone and nNOSp-Hsp90a., respectively. The values are
statistically different according to the unpaired #test with a two-tailed P value of 0.0283.
This contrasts with the previous reported inhibition of O,"~ generation from nNOS at similar
Hsp90:nNOS ratio, in which O,°~ generation was suppressed over 80% using commercial
Hsp90 [23]. We wish to stress that the EPR spin trapping experiments were repeated with
different protein preparations on a separate date, with similar increasing trend observed.

To further ensure that our observation is reliable, O,"~ productions by another nNOS splice
variant, nNOSa, with and without added Hsp90a, was determined. The nNOSa protein in
the absence of L-Arg also produced notable amount of O,°~, but at a higher level than that of
nNOSp (Figure 2, top panels). The relative height of the 15t peak at the low magnetic field is
0.84 + 0.02 and 0.63 £ 0.05 for nNOSa and nNOSy, respectively. Unpaired ftest gives a
two-tailed P value of 0.0313, indicating statistical significance difference between the
relative peak heights. This observation is in good agreement with the reported difference
between NNOSa and nNOSy [32]. In that work, they used DMPO to trap O,*~ [32] and
SOD control experiments did show the adduct signal was predominantly attributed to
DMPO-"0O0H (/.e., O,""). Therefore, our present work using BMPO, a much more stable
spin trap, verifies the production of O,"~ by nNOS in the previous study using DMPO [32].
In combination, results with two spin trapping systems and proper SOD control further
solidify the significant difference in O,*~ production between nNOSa and nNOSy isoforms.
Importantly, Hsp90a. also enhanced O,°~ production by nNOSa., which is similar to that of
nNOSu (Figure 2). Therefore, the noticeable Hsp90-induced increase in O,"~ productions by
nNOS (Figure 2) is substantiated. Note that the increase in the O5"~ production by the
NNOSa-Hsp90a is at a less degree, compared to that of nNOSp-Hsp90a (Figure 2).

O,°~ readily reacts with other chemicals, e.g., O,"~ and NO react at a diffusion-controlled
rate to form peroxynitrite [45]. The reaction rates between O,"~ and NO with their respective
spin traps are slower than that between NO and O,°~ themselves. In the EPR spin trapping
experiments millimolar concentrations of spin trap (e.g., 20 mM BMPO) is typically used to
outcompete with O,°"/NO reaction in order to capture O,"". Therefore, we can still measure
0O,°~ from partially uncoupled NOS that produces both NO and O,°~. Clearly, the presence
of high concentration levels of spin trap perturbs the native states of NOS protein. Therefore,
researchers rarely make quantitative claims, which is a common practice in the field. It is
more objective to report the phenomenon of NOS uncoupling. We elected to use EPR
spectroscopy to define a reaction process and provide direct detection of changes in Oy"~
production since alternative approaches also present limitations and do not provide the
sensitivity and definitive characterization of O,"~ observed with EPR techniques. In fact, this
kind of compromise is not rare in free radical research. Therefore, the reported difference in
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this work is rather qualitative, and we did not attempt to quantitively compare the EPR peak
height values for all samples.

To exclude the possibility of Hsp90a alone generating O,"~ in the reaction system, BMPO
was added into the sample containing only the human Hsp90a protein. The EPR spectrum
(Figure S6) shows no indication of BMPO-"OOH adduct formation. Therefore, the observed
increase in the BMPO-"O0H adduct (Figure 2) is not from the Hsp90 protein itself.
Furthermore, imidazole, a blocker of heme cofactor, was used to probe the site of O~
production by nNOS-Hsp90a.. The Kivalue of imidazole is 263 uM for nNOS [46], and 5
mM imidazole was thus added into the reaction system. The imidazole addition dramatically
suppressed O,"~ production by the nNOS-Hsp90a system (Figure 3). Hence, it is the nNOS
heme site that is responsible for the O,"~ generation in the NNOS-Hsp90 system. Imidazole
was also reported to inhibit O,*~ formation from the heme center of NNOSa [12].

Generation of O,"~ production by nNOSp or nNOSa alone and nNOS-Hsp90a system both
decreased significantly upon addition of 100 uM L-Arg (Figure 4). Similar suppressing
effects of L-Arg on the O,"~ production have been reported for nNOS alone samples by other
laboratories [3, 12, 32]. These results indicate that the nNOS proteins used, herein, behaved
similarly and responded to L-Arg binding to the heme site. Notably, O,"~ production by
NNOS-Hsp90a in the presence of 100 uM L-Arg was still higher than that of nNOS alone
under the same conditions (Figure S7), similar to what was observed for the L-Arg-depleted
situation (Figure 2). Hsp90a enhances O,°*~ generation from nNOS in both L-Arg depleted
and repleted conditions. Addition of 10 uM Hy4B further inhibited nNOS-generated O,"~ to
nearly complete levels (Figure 4). These effects agree with the reported coupling of L-Arg
and H4B to NO production by nNOS [12].

To investigate whether Hsp90 influences total electron flow through the NOS enzyme, the
effect of Hsp90 on NADPH consumption was examined (Figure 5). The initial rates of
NADPH oxidation by nNOS are listed in Table 1. The values for nNOSu and nNOSa. in the
absence of L-Arg are 78.4 + 0.6 and 100.1 + 0.6 min~1, respectively. The slower NADPH
consumption by nNOS in the absence of L-Arg is consistent with the observed smaller

0O, ~-adduct signal (Figure 2), compared to those of NNOSa.. The NADPH oxidation rates
were decreased upon L-Arg addition, which is also consistent with both the EPR spin
trapping results (Figure 4) and the reported effect in the literature [47]. Moreover, the
NADPH oxidation rate of nNOSp was slower than that of nNOSa,, regardless of L-Arg
concentration. Importantly, the NADPH oxidation rate of Hsp90a-associated nNOS is
significantly higher than that of NNOS alone (Table 1). For example, the initial rates of
nNOSp and NNOSp-Hsp90a are 78.4 + 0.6 and 86.8 + 1.1 min~, respectively. Unpaired ¢
test confirms statistical significance with a two-tailed P value of 0.0109. Moreover, the total
amount of NADPH consumed over 20 minutes of reaction, the same duration for the EPR
spin trapping experiments, possessed similar trend/difference upon Hsp90 binding (Figure
5). In combination, Hsp90a. augments O,°~ generation from nNOS by increasing the rate of
NADPH consumption. Taken together, the NADPH consumption and EPR spin trapping
results for nNOSp and nNOSa proteins provide strong evidence that human Hsp90a protein
indeed enhances O,"~ generation from the nNOS splice variants.
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Our results showed that the site of O,"~ production in NNOS-Hsp90 is the nNOS heme. The
heme iron needs to be reduced to ferrous state by the NADPH-derived electron in order to
bind the dioxygen molecule, forming a ferrous-O, species that is isoelectronic with ferric-
superoxy (Scheme 1). At sub-optimal L-Arg concentration, the ferric-superoxy species
rapidly decays to release O,"~. Bound L-Arg near the heme iron center stabilizes the [Fe'!l-
0,°7] and disadvantages its decay to release O, [48] (Scheme 1), a major pathway in NOS
uncoupling. This explains the observed decrease in O,"~ production and NADPH
consumption in the presence of L-Arg.

Our observed increase in Oy~ generation from nNOS by Hsp90a contrasts with the
inhibition effect in the literature [23]. The difference between these two studies most likely
arises from: (a) utilizing different nNOS preparations, and/or (b) the Hsp90 proteins used in
our current study were unlike: the bovine Hsp90 protein was obtained from a commercial
source [23]. Commercial Hsp90 protein contains unspecified Hsp90 forms and undefined
oligomeric states (see above), while our work here used purified human Hsp90a. protein in
its native dimeric state. Thus, we have overcome limitations to unambiguously examine the
effect of specific Hsp90 isoforms on O,"~ production by nNOS. Another possibility for the
contrast is the sequence or molecular differences between human and bovine Hsp90, which
can be an issue with protein-protein NNOS-Hsp90 interactions. In fact, the protein sequences
of bovine and human Hsp90 are 99.7% identical, excluding this possibility. We also wish to
stress that the Hsp90a-induced increase in O,*~ formation was observed for both nNOSa
and nNOSyp proteins, and the experiments were conducted with different protein
preparations on separate dates. Regardless of the origin of this difference, our EPR spin
trapping results support our findings that Hsp90a. enhances O,"~ production by nNOS.
Future studies should be performed with corroborating evidence from complementary
techniques.

It is important to elaborate on the similarities and differences between nNOSa. and nNOSp
without and with Hsp90a. protein. nNOSy is primarily found in differentiated skeletal
muscle and heart [49], while most other tissues express nNOSa., another splice variant of
nNOS. Almost all previous research on the structure-function aspect of nNOS in the
literature was done using NNOSa. The expression of NNOSy variant only in certain tissue
types as well as the presence of additional 34 amino acids in the AR region (Figure 1)
warrants further detailed studies of this variant in comparison to the much-studied variant,
NNOSa. Herein we found that Hsp90 increased O,°~ production in both nNOSa and nNOSp
(Figure 2). On the other hand, nNOSa produced more O,*~ than nNOSy in the absence of
Hsp90, while the Hsp90-induced increasing effect on O,*~ production was smaller in
NNOSa than that of nNOSp (Figure 2). This is an interesting difference because O,"" is a
significant signaling molecule in muscle (where NNOSp dominates) - much more so than in
neurons (where nNOSa dominates). In other words, it makes sense that nNOSp and nNOSa
control O,°~ production differently. Under stress conditions, Hsp90 level in the muscle and
brain tissues can change rapidly [50, 51]. It would be interesting to further investigate the
NNOS-Hsp90 system and O,°~ level in related cellular and tissue models.

The biological implication of our new finding merits further investigation. Most of the /in
vivo and in vitro studies of NOS-Hsp90 system were on eNOS protein, which generally
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displayed an inhibition of eNOS-derived O,"~ by Hsp90. Although an early study of purified
nNOS protein showed that Hsp90 inhibits O,"~ production by nNOS [23], more recent
literature reported increased ROS from nNOS-Hsp90 complex, contributing to oxidative
stress [52]. It is necessary to carry out additional /n vitro cellular and /n vivo animal studies
to further elucidate the physiological and pathophysiological roles of Hsp90 in nNOS
regulation. Based on our findings herein, several factors need to be considered for the study
design and data interpretation: a) isoforms (a or ) of Hsp90 protein, b) oligomeric state of
Hsp90 protein, and c¢) specific nNOS forms present in the studied tissues.

Why is there difference in O,*~ production between the NNOSa and nNOSp proteins (Figure
2)? nNOSp contains 34 additional residues in an AR region compared to nNOSa.,, which is
the only structural difference between these two nNOSs (Figure 1). Our results thus suggest
that the AR insert itself influences O,°~ production and may have important implications in
the functional aspects of nNOS. The AR insert within the FMN domain may modulate the
conformational equilibrium of the FMN domain, an important determinant of electron flux
in NOS [31, 36]. O,"~ production not only requires the ferric heme reduction and subsequent
dioxygen binding to ferrous (Scheme 1), but also may involve other factors such as
conformational states. The concept of pro-O,°~ conformation of NOS has been speculated in
the literature for a long time [4, 23, 25]. The challenge is how to prove or disprove such a
model. There is no convenient way to directly monitor the NOS conformations and link a
specific conformation to the O,"~ production. In fact, we still know little about NOS
conformations in solution to fully understand structural mechanism of O,"~ production by
NOS. Nonetheless, our study here should inspire further detailed investigation of factors
(e.g., heme reduction, O,"~ release, conformational equilibrium, and conformational states)
governing O,"~ generation from nNOS.

One may also ask how Hsp90a increases O,*~ production by nNOS at the molecular level.
Hsp90 itself does not produce O, (Figure S6). Hsp90 is a chaperon, and it is thus
intriguing to assume that Hsp90 binding to nNOS might induce global structural changes in
nNOS, rather than more local structural changes, to cause the enhancement of O,*~
generation. One possibility is that Hsp90 dissociates the dimeric nNOS protein, making
monomeric form. It is not likely, though, because of high affinity dimeric interaction in NOS
that is due to > 3000 A2 of dimer interface augmented by the Zn tetra-thiolate bonds
between the monomers. Indeed, our recently reported kinetics data of the intersubunit
electron transfer between the FMN and heme centers [37] indicate that the Hsp90-associated
nNOS protein is still in its dimeric state, because the electron transfer would have been
diminished in a monomeric nNOS. We thus speculate that Hsp90 more likely influences
O,"~ generation from nNOS through the NOS-inherent pathways (see above).

Conclusions

Our combined EPR spin trapping and NADPH oxidation results indicate that Hsp90a
enhances O,°~ production by nNOS proteins, particularly under L-Arg depleted conditions.
Comparing the spin adduct and kinetic results for nNOSa and nNOS proteins showed that
the Hsp90a enhancement effect differs between these two nNOS proteins, which may have
interesting biological implications. The existence of two distinct isoforms of the same nNOS
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enzyme in different tissues has to have some biological significance, albeit unknown at this
time. The information provided herein presents a new aspect of the effect of Hsp90 as a
chaperone for nNOS isoform in various tissues, since both NNOSa and nNOSp forms
produce higher amounts of O,°~ in its presence but they produce this ROS at different levels.
These new findings should inspire further detailed mechanistical investigation of how O,*~
production by nNOS is regulated. This work also provides useful general guidelines for the
design of studying nNOS uncoupling in cellular and tissue models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DTPA Diethylenetriaminepentaacetic acid SOD superoxide dismutase

0, superoxide

ROS reactive oxygen species

RNS reactive nitrogen species
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Research Highlights

. Neuronal nitric oxide synthase, nNOS; heat shock protein 90, Hsp90;
superoxide, O,"".

. 05" "-generation from nNOS was assessed in the presence of purified dimeric
human Hsp90a..

. O, ~-production by nNOSa and nNOSyp isoforms was compared.

. The site of O,""-production was determined using imidazole, a heme-directed
blocker.

. The work provides guidelines for studying the mechanism of nNOS

regulation by Hsp90.
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Figure 1.

Schematic view of dimeric heme-containing oxygenase domain and FMN-, FAD- and
NADPH-binding (sub)domains in nNOS holoprotein. The two nNOS splice variants,
NNOSa and nNOSy, are both full-length proteins, which only differ in the number of amino
acids in the autoregulatory insert within the FMN domain: nNOSy contains extra 34
residues, compared to nNOSa.. CaM binds to the linker connecting the FMN and heme
domains, while Hsp90 associates with the heme domain.
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Figure 2.
Human Hsp90a protein increases superoxide (O,°") production by nNOSy (left panel) and

nNNOSa (right panel) under L-Arg depleted conditions. nNOSa protein produces larger
amount of O,"~ than NNOSy (top panels), while the nNOSa-Hsp90 system generates
relatively comparable BMPO-"OOH as the nNOSp-Hsp90 (bottom panels). Specifically,
Hsp90a protein enhances O,°~ production by the nNOSp and nNOSa protein at varying
proportions. The EPR spin trapping measurements were performed in phosphate buffer (50
mM, pH 7.4, 0.1 mM EDTA, 0.1 mM DTPA) containing 20 nM nNOS, 3 uM of Hsp90a, 1
UM CaM, 20 mM BMPO and 0.5 mM CacCls. The reaction was initiated by adding NADPH.
The depicted EPR signals were collected at 15 minutes from the beginning of the reaction.
The concentrations of NNOSa and nNOSp were the same (20 nM) in these experiments.
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Figure 3.

The heme blocker imidazole inhibits the O,"~ production in Hsp90a associated nNOSy (left
panel) or NNOSa (right panel) protein under L-Arg depleted conditions. 5 mM imidazole
was added into the reaction system. The experimental conditions were the same as described
in Figure 2. EPR spectra were recorded continuously, and the spectra presented here were
collected 15 minutes after adding NADPH into the reaction system.
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Figure 4.
In the NNOS-Hsp90 system, the BMPO-"OOH adduct signal was significantly inhibited by

100 uM L-Arg. Additionally, the EPR signal was nearly completely abolished following
addition of 10 uM H4B for both nNOSa. and nNOSy. The conditions were the same as
described in Figure 2. The EPR spectra were collected 15 minutes after adding NADPH into
the reaction system.
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Figure 5.

Effect of human Hsp90a on NADPH consumption by nNOS variants. NADPH oxidation
was followed by decrease of absorbance at 340 nm. The initial rates of NADPH oxidation
listed in Table 1 were obtained by fitting the linear decay within the first one minute.
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Scheme 1.
General mechanism of O,°~ generation from nNOS.
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Table 1.

NADPH oxidation rates of NNOS proteins under various conditions a

NADPH oxidation (min=1)
nNOSu 78.4+0.6
nNOSy + L-Arg 454 +51
NNOS + Hspd0a 86.8+1.1
nNOSa 100.1 £ 0.6
nNOSa + L-Arg 30.9+0.6
NNOSa + Hsp90a 119.8+10.2

alnitial rates of oxidation of NADPH by nNOS were determined in a pH 7.4 buffer containing 50 mM Tris, 100 mM NacCl, 200 uM CaCl2, and 100
uM NADPH. The final concentrations of NNOS and CaM were 20 nM and 1 uM, respectively. The concentrations of L-Arg and Hsp90 protein in

the assay mixture, if added, were 100 pM and 3 puM, respectively.
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