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ABSTRACT. Bacterial NO synthase (NOS)-like proteins such as that fBawillus subtilis(bsNOS) share

a high degree of structural homology with the oxygenase domain of mammalian NOSs (MNOSSs), but
biochemical studies have yet failed to establish that they are specifically capable of producing NO. To
better understand the actual function and role of bacterial NOSs, the structure and environment of bsNOS
heme were examined with resonance Raman (RR) and ATR-FTIR spectroscopies. We analyzed the
structural effects of -arginine (Arg) and tetrahydrobiopterin {B)) binding on several key complexes
(ferric, ferrous, ferrousCO, and ferrie-NO) and characterized the bonding properties of the proximal
cysteine ligand. While our study fully confirms the similarity between bsNOS and mNOS heme pocket
structures, our results also highlight important differences. (i) Contrary to other NOSs, resting native
ferric bsNOS exhibits an exclusive five-coordinate high-spin iron status. (ii)vEheo andvco mode
frequencies of the bsNOS 'ReO complexes indicate a weaker electrostatic interaction between Arg and
CO. (iii) bsNOS is characterized by a strongerfbond ¢re-s = 342 cnT?), a lowerv, frequency, and

a negative shift in there_co/vco correlation. (iv) The effects of B on bsNOS heme structure are minor
compared to the ones reported on mMNOS. These results suggest distinct distal heme environments between
mNOS and bsNOS, greater electron-donation properties of bsNOS cysteine proximal ligand, and the absence
of a significant influence of BB on bsNOS heme properties. These subtle structural differences may
reflect changes in the chemistry and physiological role of bacterial NOSs.

Mammalian nitric oxide synthases (NOS5aye multido- of these activities corresponds to a specific NOS isoform,
main enzymes responsible for the synthesis of NO, which is yet all isoforms exhibit essentially identical crystallographic
involved in the regulation of vascular tone, nonspecific three-dimensional (3D) structure and chemistkyg). Being
immune response, and neuronal communicatier3j. Each heme thiolate proteins with a cysteine as a proximal ligand,

o . | ib . He Regionl NOSs exhibit a P450-like reaction mechanism, albeit adapted
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! Abbreviations: Arg-arginine; ATR, attenuated total reflection; satiane (i ; i ;
DTT, dithiothreitol; EPR, electron paramagnetic resonancéNPe activation: (i) the hydroxylation af-arginine leading to the

ferrous hemernitric oxide complex; F&CO, ferrous hemecarbon transient formation oN®-hydroxy+.-arginine (NOHA) as an
monoxide complex; P, ferrous hemeoxygen complex; FENO, intermediate §) and (ii) the oxidation of NOHA to produce

ferric heme-nitric oxide complex; FTIR, Fourier transform infrared ; ;
spectroscopy: fwhm, full width at half-maximum:.B, tetrahydro-  Cirulline and NO ). In the past few years, NO synthase

biopterin, (6)-5,6,7,8-tetrahydra-biopterin; Hb, hemoglobin; Mb, aCti\_/ity has peen founq in numerous organisi® (1) and
myoglobin; HS and LS, high-spin and low-spin, respectively; 6¢c and particularly in bacteria X2, 13). In parallel, the newly

5¢, six-coordinate and five-coordinate, respectively;,KRorganic  accessible genomes of numerous bacteria have been BLAST-
phosphate buffer; NO, nitric oxide; NOHAJ-hydroxy+-arginine; d to find I NO th lated t lian NOS
NOS, nitric oxide synthase; NOSoxy, oxygenase domain of NOs; €d 10 Tind nove synthases related to mammalian S

eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide Whose oxygenase domain has been used as a template.
synthase; mNOS, mammalian nitric oxide synthase; nNOS, neuronal Consequently, NOS-like proteins have been cloned in several

nitric oxide synthase; bsNOS, NOS-like protein isolated fErsubtilis ; ; ; _
P45Qus, cytochrome P450 CYP102A1 isolated frddacillus mega- organisms such aSeinococcus radiodurangl4), Staphy

teriunt P45Qam camphor 5-monooxygenase isolated frBseudomo-  lococcus aureuglS), andBacillus subtilis(16). In addition
nas putidaP45Qc, cytochrome P450 in mitochondria of adrenal cortex to the fact that these proteins exhibit a high degree of

with cholesterol metabolism activity; P420, thiolate-free coordination _
of the heme; ROS, reactive oxygen species; RNS, reactive nitrogen sequence homology, X-ray crystallograpti,(16) revealed

species; RR, resonance Raman; saNOS, NOS-like protein isolated fromthat their 3D structures are extremely similar to the oxyge-
S. aureus nase domains of mammalian NOS. Because of this high
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degree of similarity, these new proteins were expected to EXPERIMENTAL PROCEDURES
function like NO synthases. Consistent with this prediction,

" : ; ChemicalsAll chemicals were purchased from Sigma or
the B. subtilisNOS-like protein (bsNOS) has been shown . . ) ;
to exhibit a P450-like reaction mechanism in vitfv(18) Aldrich (Sigma-Aldrich, St. Louis, MO). NO and CO gases

. i " : _were purchased from Messer (Messer France SA, Assje
:E:;ils?)?sl\’lgnder single-turnover conditions, to the biosyn France). NO gas was scrubbed by being flushed through an

anaerobic 0.1 M KOH solution. NO-saturated solutions were

Nonetheless, it has never been clearly established that thesgrepared daily by flushing scrubbed NO gas through a
NOS-like proteins are actually capable of producing NO in previously degassed 40 mM potassium phosphate)) (KP
vivo. Some facts seem to argue against an in vivo NO buffer at pH 7.4.
synthase role. (i) Unlike mammalian NOSs, these bacterial Enzyme PreparatiorbsNOS and mouse |NOSoxy recom-
NOSs all lack a “connected” or integral reductase domain pinant proteins were expressed and purified (in the absence
required for NOS activity. (ii) Tetrahydrobiopterin {B), of H4B and Arg) as described previousl¥7 22). Samples
an essential cofactor for NOS activity in mammalian NOSs, were incubated in 40 mM KBuffer (pH 7.4) in the presence
is presumably absent in the organisms in which NOS-like of different combinations of Arg (10 mM) and/or,B (400
proteins have been discovered). (iii) The net production  «M) and washed by four successive dilutiecentrifugation
of NO by these bacterial NOS-like proteins has not been cycles in the final buffer using CentriCon membrane
established, yet although these proteins are able to produce&oncentrators with a 30 kDa cutoff (Millipore, Bedford, MA).
nitrite and citrulline in many cased4, 17), a low level of  In the case of INOSoxy, Arg and.B binding were verified
NO production was only observed in single-turnover condi- by UV—visible absorption spectroscopy via the spectral
tions (using NOHA instead of Arg as a substrate) with a changes of the Soret absorption band from 417 nm (low spin,

enous mammalian NOS reductase proteibd.((iv) Two resonance Raman analysis ranged between 70 andM50
different bacterial NOSs fronD. radiodurans (20) and ~ FOr samples containing8, DTT was added (final concen-

Streptomyces turgidiscabi¢21) have been linked to another tration of 3 mM) and a final dilutiorrconcentration cycle

biological activity, i.e., nitration of amino acids. Thus, despite mth freshly pre%ared kB buffer was pte rformed just before
the similarity of protein sequences, structures, and chemistry € resonance kaman measurements.

between mammalian and bacterial NOSs, biochemical studies Anaerobic ferric NOS (F&) in quartz EPR tubes sealed
failed to prove that these bacterial proteins are bona fide With airtight rubber septa was prepared directly by 00
NO synthases. 200 cycles of alternate vacuum and argon refilling. Ferrous

; . ] ~ samples (P8 were obtained by reduction of EFeNOS with

Key questions related to bacterial NOS-like proteins the addition of a small volume of dithionite solution{%0
concern their ability to activate £ the nature of their mM) directly into the EPR tube using a gastight syringe
catalytic mechanism, and thus their precise physiological role. (Hamilton, Reno, NV). Ferrous hem€0 (Fé CO) samples
Because of the complexity of the NOS mechanism, subtle were then obtained by flushing CO inside the EPR tube for
changes in heme environment, as well as substrate andl0 min to ensure CO saturation of the solution and complete
cofactor binding sites, could alter NOS chemistry toward new CO binding to F& NOS as verified by UV-visible absorp-
catalytic functions. Therefore, to understand why such tion. At the end of the Raman measurement, solutions were
structural similarities between mammalian NOSs and their transferred into a sealed and degassed optical quartz cuvette
apparent bacterial counterparts lead to functional diversity, and UV—visible absorption spectra were taken to confirm
a finer and more detailed structuractivity relationship the presence of the KO adduct. Ferric hemeNO (Fé"-
approach is needed. Here, we have used resonance RamaNO) samples were prepared by addition of a small volume
spectroscopy to investigate the structure and probe theOf & NO-saturated solution (final concentration of 304)
physicochemical properties of the heme and its binding to the anaerobic ferric NOS solution. The formation and
pocket in theB. subtilis NOS-like protein (bsNOS). This  integrity of the complex were verified by resonance Raman
technique is useful in characterizing heme iron spin, oxida- SPectroscopy and by Uwisible absorption spectra taken
tion, and coordination states as well as in identifying small &t the end of the measurement.
differences in heme structure, ligation, conformation, and Resonance Raman SpectroscaBgmples (5QL) were

heme-protein interactions (e.g., H-bonding). placed into a gastight quartz spinning cell, at room temper-
. .__ature, to avoid local heating and to prevent photodissociation
We report here a detailed resonance Raman charactenza{;inol degradation. Raman excitation at 406.7 and 413.1 nm
t|0n_ of bsNOS in the ferrlc, ferrous, ferrous hent@O, and was provided by a krypton ion laser (Spectra-Physics 2000,
ferric heme-NO states in the presence or absence of Arg gpecira-physics, Mountain View, CA); excitation at 363.8
and/or HB. We have specifically examined the effects of 5nq 441 6 nm was obtained with an argon ion laser (Coherent
Arg and HB binding on heme structure, and on heme iron |nnova 90, Coherent, Santa Clara, CA) and with a-gel
bsNOS F& —S stretching mode and determined its vibra- Raman spectra were recorded using a modified single-stage
tional frequency. Comparison of our results with resonance spectrometer (Jobin-Yvon T64000, Jobin-Yvon, Longjumeau,
Raman characterizations of mammalian NOSs and anotherFrance) equipped with a liquidtooled back-thinned CCD
bacterial NOS (saNOS) reveals subtle structural differencesdetector. Stray scattered light was rejected using a holo-
which may reflect differences in the bacterial and mammalian graphic notch filter (Kaiser Optical Systems, Ann Arbor, MI).
NOS chemistry. Spectra were recorded as the co-addition of-280 indi-
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vidual spectra with CCD exposure times of 30 s each.
Three to six successive sets of such spectra were then
averaged. Laser power at the sample wasmW. Neutral
density filters were used for the 8O complexes to
decrease laser power { mW) and prevent photodissociation
and photooxidation. To accurately determine small frequency
differences, the monochromator was calibrated using the
excitation wavelength and a saturated sulfate solution; the
RR spectra of the samples to be carefully compared were
recorded the same day with the same optical geometry, and
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the spectral precision and accuracy were estimated #lbe 400 450 500 550 8600 650 700 750
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was performed using GRAMS 32 (Galactic Industries, Salem, Raman Shift (cm™)

N H) . B Vy- 1488 V- 1624

v, - 1370

ATR-FTIR SpectroscopRoom-temperature FTIR spectra '

were recorded using a Bruker IFS 66 Fourier transform
infrared spectrometer (Bruker Optik GmbH, Ettlingen,
Germany) coupled to a single reflection micro ATR prism
from Pike Technologies (Madison, WI). Ten microliters of
the 500uM bsNOS FECO sample, prepared as described
above, was deposited using a gastight syringe on the ZnSe
crystal surface of the ATR unit. The crystal was sealed within
a gastight in-house built chamber, which permitted the
control of the atmosphere above the sample. Twenty to thirty
series of 250 co-added interferograms were averaged for each
FTIR measurement. In some cases, a water vapor spectrum Raman Shift (cm™)
was used for_background correction. Baselme correction wasg, . \oc 1 Effect of Arg and HB binding on bsNOS P, Fé!,
achieved using GRAMS 32 (Galactic Industries). Each and FECO resonance Raman spectra. Panels A and B display the
spectrum presented in this work corresponds to the averagindow- and high-frequency regions, respectively, of resonance Raman
of three to five individual experiments. spect:jafof t:syospjinbthﬁgg(a and ké)t. Fé ch t<';motl_ tol),t_and I;‘&Ot_
H i i H e an states. reps was optaine Itration or native

Data Analysis.Identification of spectral components n (sNOS %y addition of a small amount of so)(/jium dithionite. The
complex unr_eso_lved Rama_n andfor FTIR ban_ds was aCh'evedgsNOS F&CO complex was obtained by reduction of native bsNOS
by the combination of Fourier self-deconvolution and second- ynder anaerobic conditions followed by 10 min of CO flushing.
order derivative analysis of the averaged spectra: valid peaksExcitation wavelengths were 406.7 nm for'FBsNOS, 413.1 nm
were identified when both methods resulted in the same for Fe' bsNOS, and 441.6 nm for €O bsNOS. bsNOS was

) ; analyzed in the absence of Arg angBHa, c, and e) or with both
frequency values. In they, vz, iy, ¥12, aNdvee-co regions, Arg and HB (b, d, and f). Dotted lines correspond to frequencies

overlapping peaks were resolved by fitting, using Origin 6.0t representative porphyrin and'f20 vibrational modes. Asterisks
(OriginLab Corp., Northampton, MA), the spectral region signal the appearance of a shoulder in gheregion. The number
to Lorentzian functions for which frequencies were deter- signs denote peaks associated with photodissociation.
mined by the above Fourier self-deconvolution/second-
derivative analysis using GRAMS 32 (Galactic Industries). Supporting Information), both in the absence and in the
The NOS Raman bands were assigned following previous presence of Arg and /8, exhibits a Soret absorption band
assignments on NO28—28) and heme protein20—32). at 397 nm indicative of a five-coordinate (5c) high-spin (HS)
The determination of there co frequencies by resonance ferric species; there were no observable traces of a ferric
Raman spectroscopy is made difficult by the existence of six-coordinate (6¢) low-spin (LS) population. This status of
several FECO species and contributions of other porphyrin the bsNOS heme iron is confirmed by the room-temperature
modes in the 480550 cn1! region. The 19062000 cn1? resonance Raman spectra of native bsNOS in the absence
spectral region is uncongested and does not contain contribuof H,B and Arg, excited at 406.7 nm. The high-frequency
tions from the heme porphyrin, protein amide, org or region (1306-1700 cn1?, Figure 1Ba and Table 1) exhibits
N—H stretching modes3@). Thus, the determination ato core-size sensitive heme porphyrin modes, which reflect the
mode frequencies in this spectral region is much easier andoxidation, spin, and coordination states of the he2@):(
gives straightforward information about the number and v, (1370 cn1?), v3 (1488 cnTY), v, (1562 cnTY), andwyiny
nature of heme pocket conformations. The inverse correlation(1624 cntl). These frequencies clearly indicate a sole
between the'co andvee-co mode frequencies3d) allowed population of bsNOS in the Pe5¢c HS state. In the low-
us to exploit the FTIR results to determine the number of frequency region (Figure 1Aa), the;, vs, vis (in-plane
correspondingvre-co modes in the RR spectra in the porphyrin deformation), and» (pyrrole swivel) mode
congested region near ca. 500 énand to identify their frequencies were observed at 675, 343, 754, and 498,cm
frequencies. respectively. The bsNOS RR spectrum is similar to that
RESULTS observed for cytochromes P45@0{-32), nNOS @3, 25),
and saNOSZ3p) in their ferric high-spin states, but whereas

Characterization of F& bsNOSThe UV-visible absorp- a single high-spin population is observed for saNOS and

tion spectrum of ferric bsNOS (see Figure S1 of the mNOSs only in the presence of substrate, bsNOS exhibits a

Intensity (a.u.)

1200 1300 1400 1500 1600
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Table 1: bsNOS F¢, Fé', Fé'CO, and FENO Resonance Raman Characterization and Effects of Binding of Arginine 8% H

V3 Va V2 Vvinyl/Vm V7 V8 Vie V33 V12
ferric (—/-) 1488 1370 1562 1624/ 675 343 754 - 498
ferric (—/+) 1489 1370 1564 1625/ 675 — 754 458 497/507
ferric (+/-) 1490 1372 1565 1625/ 675 342 755 - 498/510
ferric (+/+) 1486 1369 1561 1623/ 674 — 754 458 497/509
ferrous (/-) 1468 1349 1572 1617/1602 675 347 748
ferrous /1) 1466 1347 1570 1616/1600 672 344 745
ferrous (+/+) 1468 1349 1572 1617/1601 676 348 747
V3 Va4 V2 Vvinyl/Vlo V7 Vg V16 VFe-CcO OFre-co VYco
Fe'CO (—-/-) 1488 1366 1569 1626/ 674 344 748 485/499 564 1914/1943
FE'COP (—/+) 146F 1368 nd 1618/1600 675 344 748 —/502 568 1919
Fe'cor (+/-) 1467 1368 nd 1618/1600 675 344 749 487/501 567 1917/1933/1944
Fe'CO (+/+) 1483 1367 nd 1622+ 675 346 747 —/501 567 1915
V3 Va V2 Vvinyl/Vlo V7 Vg Vie VFe-NO
Fe'"NO (—/-) 1502 1373 1581 1624/1636 673 342 750 539
Fe'"NO (—/+) 1500 1372 1582 1623/1635 673 342 750 540
Fe'"NO (+/-) 1500 1373 1582 1623/1633 672 345 749 539
Fe'"NO (+/+) 1500 1372 1580 1623/1634 672 341 748 541

aFrequencies of characteristic heme vibrational modes (in‘cnvalues from the top section were obtained in this report from resonance
Raman spectra acquired with laser excitation at 406.7, 441.6, and 413.1 nm (see Experimental Procedures). Abbreviatjpmgthout H,B
and Arg; (~/+), with only Arg; (+/-), with only H,B; (+/+), with both HB and Arg.” Partially dissociated: Ferrous heme mode$Not determined.

¢Values obtained by FTIR.

single ferric high-spin five-coordinate heme state in the
rigorous absence of any Arg orBl. In the presence of Arg
and/or HB, the bsNOS P& v, v4, and v, frequencies do
not sizably change and remain characteristic of a ferric 5¢
HS state (Table 1, and Figure S2 of the Supporting
Information), indicating no modification of the H3.S
equilibrium. However, Arg and HB binding does induce
small but significant spectral differences of2 cnm* and

the appearance of a prominent shoulder at-5R10 cn?!

in the y1, mode region (Figure 1Bb and Table 1). These
variations suggest some slight distortion of the heme mac-
rocycle upon Arg and kB binding.

Resonance Raman Characterization of iINOSoxy and
bsNOS F#—S Bond. The Fe-S vibrational mode of
iINOSoxy and bsNOS in their FeHS state can be examined
with RR spectroscopy by exploiting a S Fé'" charge-
transfer band, using 363.8 nm excitatid3i,,(36—38). To
discriminate the FeS and porphyring modes, which exhibit
similar frequencies, we have exploited the differences in the
relative enhancements of their RR bands at different excita-
tion wavelengths and in different spin states (LS and HS)
(31, 36, 37, 39). We recorded three sets of low-frequency
RR spectra: (i) P& HS NOS with a Raman excitation

performed a band fitting analysis of the 30®40 cnr?
spectral region of these three RR spectra (Figure 2B). The
heme porphyrin modes seen at 342, 375, and 403 with
406.7 nm excitation (Figure 2B, spectrum a) also lose
intensity when the RR spectrum is recorded using 363.8 nm
excitation (Figure 2B, spectrum b). Also, at this excitation
wavelength a new band at 337 chis now resonance-
enhanced but that completely disappears for LY Fe
iINOSoxy (Figure 2B, spectrum c). This suggests that the
337 cn1t band is associated with a-S HS Fé' charge-
transfer transition, preferentially enhanced for excitation at
363.8 nm excitation (Figure 2B, spectrum b) but absent for
the LS F¢' state. We therefore assign the 337 @ém
frequency to the INOSoxy F€S vibrational stretching mode.
Similarly, Figure 2C shows the changes in relative intensity
of ferric bsNOS porphyrin modes upon changes in excitation
wavelength. Figure 2D displays the band-fitting analysis of
the 300-440 cn1! spectral region of these spectra. Porphyrin
vibrations are observed at 343 and 375 ér(Figure 2D,
spectrum a), and the F& mode was determined at 342¢dm
(Figure 2D, spectrum b). The two F& frequencies deter-
mined here are similar to those reported for the other heme
thiolate proteins such as NOS€), cytochromes P45(B(,

wavelength at 406.7 nm (near the Soret absorption band38, 40), and chloroperoxidase (CPC37).

maximum) to preferentially enhance the and other
porphyrin modes, (i) P& HS NOS with an excitation of
363.8 nm to maximally enhance the-F8 mode RR band,
(iii) 363.8 nm excitation of F& LS NOS to abolish HS
Fe'—S resonance enhancement. The INOSoxy AS state
was obtained by addition of saturating concentrations,& H
and Arg, while the P& LS state was obtained in the absence
of both 4B and Arg. For bsNOS, the BeHS state is
observed in the absence of Arg andB{ while Fe" LS
bsNOS is obtained upon addition of excess imidazole.
Figure 2A shows these three RR spectra for iNOSoxy.

Characterization of F& and F&/CO bsNOS Resonance
Raman Spectralhe maximum absorption of the bsNOS'Fe
complex was found at 412 nm (see Figure S1 of the
Supporting Information) that is identical to that which is
observed for mammalian NOSs. The room-temperature RR
spectra of ferrous bsNOS were thus obtained using excitation
at 413.1 nm (Figure 1c,d and Table 1). Thg vs, andv,
mode frequencies observed at 1348, 1468, and 1572,cm
respectively, are characteristic of heme thiolate proteins in
the 5¢ HS ferrous state8Q), as observed for saNOS9),
P45Q.am(30), and nNOS 23). The addition of Arg and kB

As expected, the porphyrin mode bands at 498, 676, andresulted in the appearance of a shoulder in themode

754 cn! change in the relative intensity as the excitation
wavelength is changed from 406.7 to 363.8 nm. We

region (around 507 cnt) and a small decrease of thg vs,
and vy frequencies (by—2 cm?) identical to what we
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Ficure 2: Resonance Raman characterization df R¢OSoxy and F# bsNOS thiolate proximal ligand. (A) Low-frequency resonance
Raman spectra of INOSoxy with various degrees of porphyrin and proximal ligdtd $evibrational band contributions: (a) INOSoxy
Fé'' HS, in the presence of Arg andyB, with an excitation wavelength of 406.7 nm, with porphyrin modes preferentially enhanced, (b)
iINOSoxy Fé!' HS with an excitation wavelength of 363.8 nm, with diminution of the porphyrin mode bands and enhancement efShe Fe
mode band, and (c) iNOSoxy ¥d_S, in the absence of Arg and;B, with an excitation wavelength of 363.8 nm, with disappearance of
the Fe-S mode band. (B) Fit of the 363150 cn1?! spectral region of INOSoxy RR spectra-(@) to a multi-Lorentzian function. (C) Same

as panel A for bsNOS. bsNOS HS (a and b) was obtained in the absence of ArgBnotsNOS F& LS (c) was obtained in the presence

of imidazole. (D) Same as panel B for bsNOS spectra.

observed for native bsNOS (Figure 1 and Table 1; see FigureFe' bsNOS complexes under the same excitation conditions
S3 of the Supporting Information). (441.6 nm) and verified that these species contribute
Maximum absorption of the bsNOS 'ReO complex is negligibly (less than 10%) to the 8O RR signal (data
observed at 445 nm (see Figure S1 of the Supporting not shown).
Information). Resonance Raman spectra of this adduct were As described in the next section, we investigated the effects
obtained using an excitation wavelength of 441.6 nm. In the of Arg and H,B on bsNOS Fe C—O0 frequencies by using
absence of Arg and 4B, the RR spectrum reflects a 6¢c LS an approach combining RR and FTIR spectroscopies to
Fd'CO complex withvs at 1488 cm?, v4 at 1366 cm?, winy examine both there-co andvco stretching modes, respec-
at 1620 cm?, v, at 1569 cm?, andvy; andvs; modes at tively.
1561 and 1581 crt, respectively, with no observable bands  Analysis ofvge—co andvco of the bsNOS F&CO Complex.
that could indicate the presence of a ferrous 5¢ HS hemeATR-FTIR spectra of bsNOS in the presence of different
(Figure 1Be,f and Table 1). This spectrum is similar to those combinations of HB and Arg are displayed in Figure 3A.
obtained for cytochromes P45030(-32), CPO @1), and In the absence of Arg and,B (Figure 3Aa and Table 1),
nNOS @3). We observed two new bands at ca. 490 and ca. two vco mode bands are observed, a prominent one at 1943
560 cnt? (Figure 1Ae). On the basis of extensive analyses cm and a minor one at 1914 crh Addition of H,B leads
of resonance Raman spectra of NOSE® complexesq5— to the appearance of a third band around 1933'(ffigure
27, 42), these RR bands can be attributed to the co 3Ab and Table 1) and to an increase in the relative intensity
stretching anddre-c—o bending modes, respectively. The of the 1914-1917 cn! band. Similar FTIR data have been
addition of Arg and/or EB binding had little or no effect  reported for the INOS F&O complex withvco mode
on the porphyrin mode frequencies. It only resulted in a frequencies at 1934, 1946, and 1957 ¢nm the absence of
slight increase in the level of CO photodissociation as Arg (43). This has been interpreted as the existence of two
signaled by the appearance of RR bands characteristic ofsubsets of conformations: (i) a closed conformation that
ferrous species (Figure 1Af,Bf and Table 1, and Figure S4 corresponds to a lower CO vibrational frequency and (ii) an
of the Supporting Information) such as 746 ¢nfwv;s mode) open conformation that displays a higher CO frequency.
and 1467 cm® (v3), and an increased intensity at 1428 and Addition of Arg induces the disappearance of the open
1391 cn1? [characteristic ferrous heme depolarized modes conformation, resulting in the observation of only one band
(30)]. This increased extent of photodissociation upon corresponding to the closed conformation (at 1915 or 1910
substrate binding is a common phenomenon that has alsoccm™ with or without HyB, Figure 3Ac,d). This effect has
been observed for cytochromes P4588) @nd NOSs Z6). already been observed for INOS, with a “closedio
We measured the resonance Raman spectra of thefe frequency of ca. 1905 cr (43).
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Ficure 3: Determination of bsNOS¢o and vee_co Stretching frequencies. The bsNOS'E® complex was obtained under anaerobic
conditions by titration with sodium dithionite and CO flushing. (A) Determination ofithefrequency by ATR-FTIR. Twenty to thirty

series of 250 infrared spectra were accumulated and averaged. Backgound and baseline were corrected on each averaged spectrum. Curve
represent the average of three to five series of experiments. Curves were fitted to multi-Lorentzian functions. (B) Determination of the
vee—co frequency by resonance Raman spectroscopy. The- @30 cnt? region of bsNOS PECO resonance Raman spectra (see Figure S4

of the Supporting Information) was fitted to a multi-Lorentzian function. Experiments were achieved in the absence of AiB éad H

with only H4B (b), with only Arg (c), or with both Arg and §B (d). Dotted lines correspond to the frequenciesQfco (485 cmt for

the open and 499 cra for the closed conformations) amge-c-o (564 cnml) modes and to porphyrin (ca. 510 cH modes.
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Absorbance

Using these FTIR results, we performed a Lorentzian band- shift (+3—4 cn?) of the dre—c-o frequency that has been
fitting analysis of the 466530 cm! spectral region of  previously described for mammalian NOS6) and cyto-
bsNOS F&CO resonance Raman spectra (Figure 3B). In the chromes P45046) and that most likely reflects a bending
absence of Arg and /B, we can identify three different of Fe—C—0O geometry upon binding of the substrate and/or
components (Figure 3Ba and Table 1) using second- cofactor é6).

deriviative and Fourier self-deconvolution techniques (see  Effect of Arginine and B on bsNOS PFENO Coordina-
Experimental Procedures): two prominent components aretjon, Like those of mNOSs, the B&O bsNOS U\-visible
found at 485 and 499 crh, corresponding to the aforemen-  apsorption spectrum exhibits a maximum at 436 nm (Figure
tioned open and closed conformations, respectively, of the 51 of the Supporting Information). The resonance Raman
bsNOS FECO complex and a third minor component at ca. spectra of the FBNO species were obtained using excitation
510 cni’. This latter shoulder has already been observed 4t 441.6 nm. In the absence ofiand Arg, frequencies of
for NNOS and saNOS and has been proposed to corresponghorphyrin vibration modes are characteristic of 6¢ LY Fe
to a porphyrin mode that is enhanced via Fermi resonancengo species (Figure 4 and Table 1) and are similar to those
coupling @6, 35). Addition of H,B slightly increases the  ygported for nNOS and iINOS complexed( 28, 42). By
proportion of the closed conformation without significantly analogy with mammalian NOS24, 28, 42), the band at
modifying vre-co frequencies that are seen at 487 and 501 539 cnrtis assigned to there no Stretching mode. We did
cm* (Figure 3Bb); these observations and conclusions alsongt observe any increase in the level of photooxidation or
mirror thqse from the FTIR data (Figure 3Ab). The additiqn photodissociation upon binding of Arg orB, nor did we
of Arg (Figure I_SBc,d) suppresses the open conformation gpserve any sizable variation in porphyrin mode frequencies
whithout changing thevreco frequency of the closed  (Figure 4 and Table 1). The addition of/Biresulted in an
conformation (501 or 502 cm with or without HiB, jncrease in the relative intensities of the RR bands between
respectively). 680 and 750 crmt (Figure 4c,d) in a manner similar to what
Both resonance Raman and FTIR results are coherent andyss peen observed for iNORI2) and which has been
consistent. While the binding of /B seems only to be able interpreted as an increase in heme distortionB Hiso
to slightly increase the relative amount of the closed and jhquces the appearance of a small shoulder iniheno
open conformations, Arg binding completely suppressed the yagion (around 546 crm), while we observe a small shift
open conformation. In all cases, Arg ogBidoes not sizably  of the ye_yo band ¢-1—2 cnmY) upon Arg binding (Table
affect the vreco frequencies of both closed and open 1) Because of the overlap of thes no anddee n-o bands
conformations. Our results concerning the bsNOSGR2  (47), it is difficult to relate these small changes specifically
complex are identical to those reported previously for nNOS ¢ changes invee no mode frequency or to enhancement of
(26, 27) but differ from Wh_at has beer_1 described for INOS Sre_n_o band intensity. In any case, the effects of Arg and
and eNOSZ27, 42, 44). For iNOS, the highre-co frequency  H,B binding remain minor and do not provide any evidence

of the closed conformation (512 c) indicates significantly  of significantly modifying the FENO coordination in
stronger electrostatic interactions at the CO ligand, presum-psNOS.

ably with the bound Arg, as compared to bsNQ&.(co

around 500-502 cn1l, this report). Therefore, it appears that, pISCUSSION

depending on the NOS isoform, the bound Arg substrate can

exert different electrostatic effects on the CO ligand. Genes encoding NOS-like proteins at the level of the
In parallel, we were able to observe changes in the oxygenase domain have recently been identified in several

frequencies of thér.-c—o bending mode. In the absence of bacterial genomed ). Sequence alignment9) and X-ray

H4B and Arg, thedre c-o frequency is found at 564 crh crystal structure datdlp, 16) both indicate strong structural

(Figure 3B and Table 1). Addition of Arg orB induces a similarities between bacterial and mammalian NO synthases.
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N v,-673 mation in favor of the closed conformation, which is similar
& " to what has been reported for mammalian NO&3 27).

Our spectroscopic data confirm the high degree of similar-
ity between bsNOS and mammalian NOS heme general
structure. However, this report also stresses specific structural
features that could explain differences in bsNOS catalytic
properties as compared to its mammalian counterpart.

Variations in the Natie NOS Spin Statd he nature of
the resting, native NOS Mespin state and the parameters
that control the LS— HS transition are of particular
300 400 500 600 700 800 importance in understanding the first catalytic step of NOS.
. 4 By analogy with P45, (48—50), the spin state of native
Raman Shift (m") NOSs is believed to be linked to the binding of a water
molecule as the sixth ligand of the heme iron. Substrate
binding would sterically remove this molecule and promote
6¢c LS— 5c HS conversion. Because of the high degree of
similarity of heme pocket 3D structures as seen by X-ray
crystallography %, 15, 16, 51, 52), all known bacterial and
mammalian NOS isoforms were expected to exhibit the same
native spin states in the absence of substrate. In fact, in the
absence of substrate and cofactor, INOS appears to be
exclusively in a LS stateb@, 54); nNOSs, eNOS, and saNOS
exhibit a population mixture (80 and 20%) of HS and LS
states 85, 55, 56), and in contrast, bsNOS is exclusively 5¢
. . HS. The nature of this unusual 'Fespin state for native
Raman Shift (cm™) bsNOS could be related to problems in the accessibility of
Ficure 4: Effect of Arg and HB binding on the bsNOS HENO a water molecule to the distal binding site of the heme. This
resonance Raman spectrum. The'R© bsNOS complex was s seemingly in contradiction with the fact that bacterial NOS
obtained under anaerobic conditions by addition of small volumes sequences lack several N-terminal segmetfis-17), which
of a NO-saturated solution. The excitation wavelength was 441.6 '
nm. (A) Low-frequency region of bsNOS HEBIO complex suggests a more open heme pocket struct}fs,el@. In fact,
resonance Raman spectra for different combinations 4 &hd we observed, like other group$7), that native bsNOS was
arginine: in the absence of arginine angBHa), with only arginine able to bind a sixth ligand such as imidazole and DTT (data
(b), with only HiB (c), or in the presence of both Arg andB(d). not shown). Therefore, the multiplicity of native NOS spin
(B) Same as panel A for the high-frequency region. states does not appear to be correlated with changes in
accessibility of water at the distal side. By analogy with what
has been proposed for P45 (49), variations in NOS spin
state could be linked to changes in the polarity and/or water
content of the heme pocket.
Diversity of the NOS Heme Pocket #onment.For all
OSs, the FECO complex exhibits two distinct conforma-
tions, closed and open, the latter being suppressed upon Arg
binding. Nonetheless, theo andve.-co mode frequencies
vary among NOS isoforms (Table S2 of the Supporting
Information). Fe-CO vibrational modes are sensitive to a

Intensity (a.u.)

Intensity (a.u.)

e A
1100 1200 1300 1400 1500 1600 1700

Nonetheless, it is not clear yet if bacterial NOSs are capable
of producing NO in vivo. Therefore, a precise structdre
activity relationship study is required to understand the
biological role of bacterial NOS. In this paper, we have
presented a physical characterization of such a protein fromN
B. subtilisusing a combination of resonance Raman and
ATR-FTIR spectroscopies to determine subtle differences
in heme structures, in the F& bond of the heme proximal
thiolate ligand, and in the interactions between heme and

the protein environment that could reflect particular physi- 506 extent to electrostatic effects and heme pocket polarity
cochemical properties of bacterial NOS hemes. (57). The effect of substrate binding on'®20 structure has
bsNOS and Mammalian NOSs Share Similar Structural been correlated to polar factors and has been observed for
Properties. The resonance Raman work presented here most of the P450s46, 58) with some exceptions such as
confirms that, at the level of the heme and its immediate P45Qy; (31). A positive electrostatic interaction with the
environment, bsNOS and mammalian NOSs structures areoxygen atom of CO will favor a resonance structure with
very similar. This resemblance is highlighted by several more Fé'=C=0°" character increasing the £€ bond
points. (i) The frequencies of core size sensitive porphyrin order and decreasing the-© bond order%7), via electronic
modes for the P&, Fé!, FE'CO, and FENO complexes are  back-donation from the Fend orbital to the emptyr* CO
similar for bsNOS and mNOSs. This suggests a similar hemeorbital. This results in a decrease in theo stretching
conformation and analogous heserotein interactions for  frequency and an increase in the_co stretching frequency
bsNOS and mammalian NOSs. (ii) The'F&€O, Fd'—NO, (34, 57). This very effect has been observed for INGS, (
and Fé'—S vibrational frequencies are similar for bsNOS, 42). When Arg binds, the positively charged guanidinium
saNOS 85), nNOS @6, 28), eNOS 86), and iINOS 27, 42). group will exert an electrostatic interaction with the oxygen
This indicates that the modes of coordination of the distal of CO that leads to a strengthening of the-f&bond, with
and proximal ligands to bsNOS heme are highly related to an increase in there_co frequency up to 513512 cni?,
those of MNOSs. (iii) The binding of Arg to the bsNOS'Fe  and a concomitant weakening of the CO bond, with a
CO complex results in the suppression of the open confor- decrease in theco frequency down to 19621905 cni?
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(27, 43). The very low observedco frequency and its strong 520
temperature dependence led Jung and colleagues to suggest

that a hydrogen bond could be formed between CO and the

arginine guanidinium group4@). Comparison of the RR - 500

frequencies o¥re—co modes for the three mammalian NOS 5 ]

isoforms and two bacterial NOSs (Table S2 of the Supporting @ . <A
Information) when Arg is bound reveals that the frequency > 480 e peo o O
observed here for EEO bsNOS (501502 cnt?) is similar 1 1™ e %

to that of NNOS (503 cnrit) but significantly lower than that 1 g5 T

observed for INOS and eNOS (512 chh This suggests that 460 ,
the effects of the positive guanidinium charge and the 1900 190 1940 1960
strength of the potential H-bond between Arg and CO are -
weaker in the case of nNOS and bsNOS. This weaker ) ) )
interaction may be due to a screening of the arginine E'GURE& Comparison of NOS, globins, P450s, and bsNOS using
. 7 . e—C—O stretching modes .o is plotted as a function ofco
guanidium positive charge, a longer ArGO distance, ora  {o gifferent F#CO complexes of various hemoproteins. Values

1
Vo CM

less favorable geometry. are derived from the literature (see Table S2 of the Supporting
Table S2 of the Supporting Information also reveals that Information) except for bsNOS. Curves (of one protein family) were
the vco frequencies are more similar for Arg-bound'E© fitted to a linear function.

iNOS (1905-1907 cmt) and FECO bsNOS (19161915 , e
cm1). Since thevco frequencies are similar and thgs—co Although our results confirm the binding of,Bl near bsNOS
frequencies are significantly different, these observations mayeme, once bound, 48 does not seem to be able to exert
be indicating that the geometry of the F8—O unit (46) the same ste_rlc or eIec’FrosFatlc effect on bsNOS heme
may have been altered upon Arg binding. Indeed, a slightly 98ometry or ligand coordination as for mammalian NOSs.
different Arg positioning within the heme distal pocket of This suggests that this binding site is not as well-defined as
nNOS and bsNOS could modify bonding of CO to the heme for mammz_aha_n N_OSs. Conseq_uent_ly, these results prowde
and increase the FeC—O tilt angle. Changes in Arg O strong |nd|c_at|on of a possible involvement ofBHin
positioning and heme distal pocket properties could explain PSNOS catalysis.
the large differences observed in the sensitivity ofG® Distinct Properties of the Proximal Cysteine Ligand.
to substrate binding between INOS and nNOS/bsNOS. A Catalytic properties of heme thiolate proteins depend not only
crystallographic structure of the IR@O complex along with on heme conformation and heme pocket environment but
a complete characterization of open and closed conformationsalso on heme redox properties and the electron density
for all NOSs is required to fully understand this striking donation properties of the proximal thiolate ligand. This latter
difference in NOS diatomic ligand coordination. effect can be gauged via an analysisvgfporphyrin mode
Involvement of HB in bsNOS CatalysisHsB is an frequencies that reflect the electronic back-donation from an
important cofactor in mammalian NOSs, acting as both an electron-rich axial ligand to the porphyrig* antibonding
electron and proton donor during catalytic turnov&9)( The orbitals. v, frequencies are relatively lower for bsNOS
production of NO and nitrite by bacterial NOSs seems to (1369-1372 cn1?) than for mNOS (13761374 cn?),
depend on, or at least to be enhanced by, the presence oWhich suggests that the bsNOS thiolate ligand is a stronger
H4B (14). However, it is generally accepted thaiBHis not electron donor. The heme proximal bonding can also be
present in the organisms in which NOS-like proteins have investigated via CO coordination. As described above, the
been found§0). Therefore, the question of the involvement m-back-bonding of the & Fe electrons into the CGr*
of H4B or its analogues in bsNOS functioning remains orbitals results in an inverse linear relationship between
open: either the purported,B analogue that is actually vreco and vco frequencies (Figure 5). This has been
involved in bacterial NOS activity has not yet been identified, empirically described a$reco = 1935 — 0.72¢o for
or the activity of bacterial NOSs that involvesBlis not globins @34, 46, 57, 62). In parallel, thes-bonding results in
physiologically relevant. This report tried to address this a competition between CO and the proximal ligand for
question by investigating the influence ofjBlon bsNOS electron density via the irondorbitals. A strong trans
heme structure. The resonance Raman analysis of modifica-o-donor, such as thiolate, will therefore weaken the-E©
tions of NOS porphyrin mode frequencies and distal ligand bond and decrease.co, without affecting the €O bond.
coordination is a sensitive and powerful method for studying Indeed, the plot ofre_co versusvco of NOSs is significantly
the influence of BB binding on the NOS heme pocketd). downshifted to lowewg. co frequencies (Figure 5/reco
Upon addition of HB, we observed for ferric bsNOS the = 1889— 0.72vc¢). Cytochromes P450 exhibit even stronger
appearance of a shoulder in the region along with small electron-density donation as theeco/vco relationship is
shifts in porphyrin vibration frequencies (up #2 cn'?; further downshifted (Figure 5ire-co = 1880 — 0.72¢().
Table 1, and Figure S2 of the Supporting Information). In this context, the bsSNO8eco/vco data seem to fall in a
Additionally, H,B addition induced changes in threo and region between those of P450s and mNOSs (Figure 5), which
Vee-no frequencies (Table 1 and Figures 3 and 4). These suggests that bsNOS thiolate bonding is stronger than for
effects are reminiscent of those observed for mammalian NOSs but weaker than for P450s. This is confirmed by the
NOSs @3, 28, 42, 61). But whereas 1B was reported to  bsNOSwee s frequency (342 cmt) that falls between the
induce significant distortion of MNOS heme structud)( vee-s frequencies of MNOSs [337338 cn1? (this report and
we only observed minor changes in the bsNOS heme RRref 36)] and those of cytochromes P450s [around 351 tm
spectra (Tables S1 and S2 of the Supporting Information). (31, 40, 63)]. All these data suggest that the bsNOS thiolate
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ligand is a stronger electron donor as compared to mam-

malian NOSs.

Despite their strong similarities in terms of sequence and
3D structure, our report stresses significant/important varia-
tions in heme pocket properties between mammalian and
bacterial NOS. We observed significant differences in the
thiolate electronic back-donation (“push effect”) and in the

polarity in the vicinity of the dioxygen ligand (“pull effect”).

Moreover, HB does not appear to have a well-defined
binding site in bsNOS as it does in mammalian NOSs, which
suggests that it may not be a bona fide cofactor in bacterial
NOSs. All these results could contribute to a re-examination
of the chemistry and physiological role of bacterial NOSs.

SUPPORTING INFORMATION AVAILABLE

UV —visible absorption spectra of bsNOS in several

oxidation states, resonance Raman spectra '6f Fe', and
Fe'CO bsNOS in the presence or absence of Arg and{Br H

and two tables comparing the resonance Raman frequencies®®-
of F€" and FECO complexes between bsNOS and mam-

malian NOSs in the presence or absence of Arg and{Br H

This material is available free of charge via the Internet at

http://pubs.acs.org.

REFERENCES

1. Lincoln, J., Hoyle, C. H. V., and Burnstock, G. (199¥jric Oxide
in Health and Diseasgp 27133, Cambridge University Press,
Cambridge, U.K.

2. MacMicking, J., Xie, Q.-W., and Nathan, C. (1997) Nitric oxide
and macrophage functioAnnu. Re. Immunol. 15 323-50.

3. Cooke, J. P., and Dzau, V. J. (1997) Nitric oxide synthase: Role
in the genesis of vascular diseageinu. Re. Med. 48 489—
509.

4. Alderton, W. K., Cooper, C. E., and Knowles, R. G. (2001) Nitric
oxide synthases: Structure, function and inhibitiBigpchem. J.
357, 593-615.

5. Fischmann, T. O., Hruza, A., Niu, X. D., Fossetta, J. D., Lunn,
C. A, Dolphin, E., Prongay, A. J., Reichert, P., Lundell, D. J.,
Narula, S. K., and Weber, P. C. (1999) Structural characterization
of nitric oxide synthase isoforms reveals striking active-site
conservationNat. Struct. Biol. §233-42.

6. Stuehr, D. J., Cho, H. J., Kwon, N. S., Weise, M. F., and Nathan,
C. F. (1991) Purification and characterization of the cytokine-
induced macrophage nitric oxide synthase: An FAD- and FMN-
containing flavoproteinProc. Natl. Acad. Sci. U.S.A. 88773~
7.

7. Crane, B. R, Arvai, A. S., Gachhui, R., Wu, C., Ghosh, D. K.,
Getzoff, E. D., Stuehr, D. J., and Tainer, J. A. (1997) The structure
of nitric oxide synthase oxygenase domain and inhibitor com-
plexes,Science 278425-31.

8. Stuehr, D. J., Kwon, N. S., Nathan, C. F., Griffith, O. W., Feldman,
P. L., and Wiseman, J. (1991)“NHydroxy--arginine is an
intermediate in the biosynthesis of nitric oxide frararginine,

J. Biol. Chem. 2666259-63.

9. Abu-Soud, H. M., Presta, A., Mayer, B., and Stuehr, D. J. (1997)

Analysis of neuronal NO synthase under single-turnover condi-

tions: Conversion of KR-hydroxyarginine to nitric oxide and

citrulline, Biochemistry 3610811-6.

Klessig, D. F., Durner, J., Noad, R., Navarre, D. A., Wendehenne,

D., Kumar, D., Zhou, J. M., Shah, J., Zhang, S., Kachroo, P.,

Trifa, Y., Pontier, D., Lam, E., and Silva, H. (2000) Nitric oxide

and salicylic acid signaling in plant defengeroc. Natl. Acad.

Sci. U.S.A. 978849-55.

Golderer, G., Werner, E. R., Leitner, S., Grobner, P., and Werner-

Felmayer, G. (2001) Nitric oxide synthase is induced in sporulation

of Physarum polycephalunGenes De. 15, 1299-309.

Choi, W. S., Seo, D. W., Chang, M. S., Han, J. W., Hong, S. Y.,

Paik, W. K., and Lee, H. W. (1998) Methylestersiefirginine

and N-nitrot-arginine induce nitric oxide synthase $taphylo-

coccus aureysBiochem. Biophys. Res. Commun. 2481-5.

10.

11.

12.

13.

14.

15.

16.

18.

20.

21.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Santolini et al.

Chen, Y., and Rosazza, J. P. (1995) Purification and characteriza-
tion of nitric oxide synthase (NOSNoc) fromNbocardiaspecies,

J. Bacteriol. 1775122-8.

Adak, S., Bilwes, A. M., Panda, K., Hosfield, D., Aulak, K. S.,
McDonald, J. F., Tainer, J. A., Getzoff, E. D., Crane, B. R., and
Stuehr, D. J. (2002) Cloning, expression, and characterization of
a nitric oxide synthase protein fromeinococcus radiodurans
Proc. Natl. Acad. Sci. U.S.A. 9907-12.

Bird, L. E., Ren, J., Zhang, J., Foxwell, N., Hawkins, A. R.,
Charles, I. G., and Stammers, D. K. (2002) Crystal Structure of
SANOS, a Bacterial Nitric Oxide Synthase Oxygenase Protein
from Staphylococcus aureuStructure 10 1687-96.

Pant, K., Bilwes, A. M., Adak, S., Stuehr, D. J., and Crane, B. R.
(2002) Structure of a nitric oxide synthase heme protein from
Bacillus subtilis Biochemistry 4111071-9.

. Adak, S., Aulak, K. S., and Stuehr, D. J. (2002) Direct evidence

for nitric oxide production by a nitric-oxide synthase-like protein
from Bacillus subtilis J. Biol. Chem. 27716167 71.

Wang, Z. Q., Wei, C. C., Sharma, M., Pant, K., Crane, B. R., and
Stuehr, D. J. (2004) A conserved Val to lle switch near the heme
pocket of animal and bacterial nitric-oxide synthases helps
determine their distinct catalytic profiles, Biol. Chem. 279
19018-25.

Zemojtel, T., Wade, R. C., and Dandekar, T. (2003) In search of
the prototype of nitric oxide synthaseEBS Lett. 5541—-5.
Buddha, M. R., Tao, T., Parry, R. J., and Crane, B. R. (2004)
Regioselective nitration of tryptophan by a complex between
bacterial nitric-oxide synthase and tryptophanyl-tRNA synthetase,
J. Biol. Chem

Kers, J. A., Wach, M. J., Krasnoff, S. B., Widom, J., Cameron,
K. D., Bukhalid, R. A., Gibson, D. M., Crane, B. R., and Loria,
R. (2004) Nitration of a peptide phytotoxin by bacterial nitric oxide
synthaseNature 429 79—-82.

. Ghosh, D. K., Crane, B. R., Ghosh, S., Wolan, D., Gachhui, R.,

Crooks, C., Presta, A., Tainer, J. A., Getzoff, E. D., and Stuehr,
D. J. (1999) Inducible nitric oxide synthase: Role of the
N-terminal 3-hairpin hook and pterin-binding segment in dimer-
ization and tetrahydrobiopterin interactidaliBO J. 18 6260—

70.

Wang, J., Stuehr, D. J., Ikeda-Saito, M., and Rousseau, D. L.
(1993) Heme coordination and structure of the catalytic site in
nitric oxide synthase]. Biol. Chem. 26822255-8.

Wang, J., Rousseau, D. L., Abu-Soud, H. M., and Stuehr, D. J.
(1994) Heme coordination of NO in NO synthas&oc. Natl.
Acad. Sci. U.S.A. 9110512-6.

Wang, J., Stuehr, D. J., and Rousseau, D. L. (1995) Tetrahydro-
biopterin-deficient nitric oxide synthase has a modified heme
environment and forms a cytochrome P-420 analogigchem-

istry 34, 7080-7.

Wang, J., Stuehr, D. J., and Rousseau, D. L. (1997) Interactions
between substrate analogues and heme ligands in nitric oxide
synthaseBiochemistry 364595-606.

Fan, B., Wang, J., Stuehr, D. J., and Rousseau, D. L. (1997) NO
synthase isozymes have distinct substrate binding 8teshem-

istry 36, 12660-5.

Couture, M., Adak, S., Stuehr, D. J., and Rousseau, D. L. (2001)
Regulation of the properties of the heme-NO complexes in nitric-
oxide synthase by hydrogen bonding to the proximal cystéine,
Biol. Chem. 27638280-8.

Spiro, T. G. (1985) Resonance Raman spectroscopy as a probe of
heme protein structure and dynamiésjv. Protein Chem. 37
111-59.

Wells, A. V., Li, P., Champion, P. M., Martinis, S. A., and Sligar,
S. G. (1992) Resonance Raman investigatiorisscherichia coh
expressedPseudomonas putidaytochrome P450 and P420,
Biochemistry 314384-93.

Deng, T. J., Proniewicz, L. M., Kincaid, J. R., Yeom, H.,
Macdonald, I. D., and Sligar, S. G. (1999) Resonance Raman
studies of cytochrome P450BM3 and its complexes with exog-
enous ligandsBiochemistry 3813699-706.

Tsubaki, M., Hiwatashi, A., and Ichikawa, Y. (1986) Effects of
cholesterol and adrenodoxin binding on the heme moiety of
cytochrome P-450scc: A resonance Raman stBiychemistry

25, 3563-9.

Ingledew, W. J., Smith, S. M., Salerno, J. C., and Rich, P. R.
(2002) Neuronal nitric oxide synthase ligand and protein vibrations
at the substrate binding site. A study by FTBlpchemistry 41
8377-84.



Is B. subtilis NOS-like Protein a NO Synthase?

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Ray, G. B., Li, X. Y., Ibers, J. A., Sessler, J. L., and Spiro, T. G.
(1994) How Far Can Proteins Bend the Feco Unit: Distal Polar
and Steric Effects in Heme-Proteins and ModdlsAm. Chem.
Soc. 116162-76.

Chartier, F. J., and Couture, M. (2004) Stability of the heme
environment of the nitric oxide synthase froBtaphylococcus
aureusin the absence of pterin cofactdjophys. J. 871939

50.

Schelvis, J. P., Berka, V., Babcock, G. T., and Tsai, A. L. (2002)
Resonance Raman detection of the-Bebond in endothelial nitric
oxide synthaseBiochemistry 415695-701.
Bangcharoenpaurpong, O., Champion, P. M., Hall, K. S., and
Hager, L. P. (1986) Resonance Raman studies of isotopically
labeled chloroperoxidas@&jochemistry 252374-8.

Chen, Z. C., Ost, T. W. B., and Schelvis, J. P. M. (2004) Phe393
mutants of cytochrome P450BM3 with modified heme redox
potentials have altered heme vinyl and propionate conformations,
Biochemistry 431798-808.

Champion, P. M., Gunsalus, I. C., and Wagner, G. C. (1978)
Resonance Raman investigations of cytochrome P450CAM from
Pseudomonas putidd. Am. Chem. Soc. 108743-51.

Champion, P. M., Stallard, B. R., Wagner, G. C., and Gunsalus,
I. C. (1982) Resonance Raman detection of an-irsuifur bond

in cytochrome P450cand, Am. Chem. Soc. 108469-72.

Hu, S., and Kincaid, J. R. (1993) Heme active-site structural
characterization of chloroperoxidase by resonance Raman spec-
troscopy,J. Biol. Chem. 2686189-93.

Li, D., Stuehr, D. J., Yeh, S. R., and Rousseau, D. L. (2004) Heme
distortion modulated by ligand-protein interactions in inducible
nitric-oxide synthase]. Biol. Chem. 27926489-99.

Jung, C., Stuehr, D. J., and Ghosh, D. K. (2000) FT-Infrared
spectroscopic studies of the iron ligand CO stretch mode of INOS
oxygenase domain: Effect of arginine and tetrahydrobiopterin,
Biochemistry 3910163-71.

Siddhanta, U., Presta, A., Fan, B., Wolan, D., Rousseau, D. L.,
and Stuehr, D. J. (1998) Domain swapping in inducible nitric-
oxide synthase. Electron transfer occurs between flavin and heme
groups located on adjacent subunits in the dirdeBiol. Chem.

273 1895G-8.

Uno, T., Nishimura, Y., Makino, R., lizuka, T., Ishimura, Y., and
Tsuboi, M. (1985) The resonance Raman frequencies of the Fe
CO stretching and bending modes in the CO complex of
cytochrome P-450cand, Biol. Chem. 2602023-6.

Li, X.-Y., and Spiro, T. G. (1988) Is bound carbonyl linear or
bent in heme proteins? Evidence from resonance Raman and
infrared spectroscopic datd, Am. Chem. Soc. 116024-33.

Hu, S., and Kincaid, J. R. (1991) Resonance Raman characteriza-
tion of nitric oxide adducts of cytochrome P450cam: The effect
of substrate structure on the iron-ligand vibratiahsAm. Chem.
Soc. 1132843-50.

Fisher, M. T., and Sligar, S. G. (1985) Control of heme protein
redox potential and reduction rate: Linear free energy relation
between potential and ferric spin state equilibridmAm. Chem.
Soc. 1075018-9.

Poulos, T. L., Finzel, B. C., and Howard, A. J. (1986) Crystal
structure of substrate-fré&seudomonas putida/tochrome P-450,
Biochemistry 255314-22.

50.

54.

57.

58.

59.

62.

Biochemistry, Vol. 45, No. 5, 2006.489

Sligar, S. G. (1976) Coupling of spin, substrate, and redox
equilibria in cytochrome P45@iochemistry 155399-406.

. Flinspach, M., Li, H., Jamal, J., Yang, W., Huang, H., Silverman,

R. B., and Poulos, T. L. (2004) Structures of the Neuronal and
Endothelial Nitric Oxide Synthase Heme Domain wibhNi-
troarginine-Containing Dipeptide Inhibitors BourBipchemistry

43, 5181-7.

. Crane, B. R, Arvai, A. S., Ghosh, D. K., Wu, C., Getzoff, E. D.,

Stuehr, D. J., and Tainer, J. A. (1998) Structure of nitric oxide
synthase oxygenase dimer with pterin and subst&tience 279
2121-6.

. Rusche, K. M., Spiering, M. M., and Marletta, M. A. (1998)

Reactions catalyzed by tetrahydrobiopterin-free nitric oxide syn-
thase,Biochemistry 3715503-12.

Presta, A., Siddhanta, U., Wu, C., Sennequier, N., Huang, L., Abu-
Soud, H. M., Erzurum, S., and Stuehr, D. J. (1998) Comparative
functioning of dihydro- and tetrahydropterins in supporting
electron transfer, catalysis, and subunit dimerization in inducible
nitric oxide synthaseBiochemistry 37298-310.

. Rodriguez-Crespo, |., Moenne-Loccoz, P., Loehr, T. M., and Ortiz

de Montellano, P. R. (1997) Endothelial nitric oxide synthase:
Modulations of the distal heme site produced by progressive
N-terminal deletionsBiochemistry 368530-8.

. Gorren, A. C., List, B. M., Schrammel, A., Pitters, E., Hemmens,

B., Werner, E. R., Schmidt, K., and Mayer, B. (1996) Tetrahy-
drobiopterin-free neuronal nitric oxide synthase: Evidence for two
identical highly anticooperative pteridine binding sitB&chem-
istry 35 16735-45.

Li, T. S., Quillin, M. L., Phillips, G. N., and Olson, J. S. (1994)
Structural Determinants of the Stretching Frequency of Co Bound
to Myoglobin, Biochemistry 331433-46.

Tsubaki, M., Hiwatashi, A., and Ichikawa, Y. (1987) Effects of
cholesterol analogues and inhibitors on the heme moiety of
cytochrome P-450scc: A resonance Raman stBiychemistry

26, 4535-40.

Wei, C. C., Crane, B. R., and Stuehr, D. J. (2003) Tetrahydro-
biopterin radical enzymologyChem. Re. 103 2365-83.

.Raman, C. S., Martasek, P., and Masters, B. S. S. (200l)en

Porphyrin HandbooKGuilard, R., Ed.) Academic Press, London.

. Ingledew, W. J., Smith, S. M., Gao, Y. T., Jones, R. J., Salerno,

J. C., and Rich, P. R. (2005) Ligand, Cofactor, and Residue
Vibrations in the Catalytic Site of Endothelial Nitric Oxide
SynthaseBiochemistry 444238-46.

Vogel, K. M., Kozlowski, P. M., Zgierski, M. Z., and Spiro, T.
G. (1999) Determinants of the FeXO & C, N, O) Vibrational
Frequencies in Heme Adducts from Experiment and Density
Functional Theory,). Am. Chem. Soc. 129915-21.

. Yoshioka, S., Tosha, T., Takahashi, S., Ishimori, K., Hori, H.,

and Morishima, I. (2002) Roles of the proximal hydrogen bonding
network in cytochrome P450(cam)-catalyzed oxygenatioAm.
Chem. Soc. 12414571-9.

BI051710Q



