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In this communication we report the use of stopped-flow
Fourier transform infrared (SF-FTIR) spectroscopy to monitor the
binding chemistry of NO to cytochrome&' (cyt c¢) from
Alcaligenes xylosoxidandlO plays a role in a diverse range of

physiological processes in higher organisms such as the immune

response to tumor cells, vasodilatation, and neuronal synaptic
transmissiort.An important element in these processes is the heme
enzyme soluble guanylate cyclase (sGC) which responds to
changes in [NO]. Cytochromes are small (27.2 kD per dimer)
microbial proteins which are known to share unusual spectroscopic
and ligand binding properties with sG€.Unlike other high-
spin hemoproteins, for example, both proteins form stable
complexes with NO and CO but not,An addition, the hemes
are axially coordinated only to a single histidine ligand, resulting
in nominally five-coordinate iron centefd.Interest in cytc' has
recently been stimulated by a crystallographic study of Ahe
xylosoxidangrotein at 1.35 A resolution which revealed a novel
ability of CO and NO to bind to opposite faces of the heh@O
forms a six-coordinate (6¢c-CO) adduct in which the CO binds to
the Fe from the distal pocket side. By contrast, the crystal structure
of the NO adduct shows a five-coordinate (5¢c-NO) complex with
the NO adopting an unprecedented proximal Fe-coordination,
displacing the proximal His-120 and leaving the distal side of
the heme unligated. The mechanism of formation of this novel
coordination is clearly of great interest, not least because it may
account for ligand-discrimination and signal transduction in heme-
based gas sensor proteins such as sGC.

The SF-FTIR experiments employed a two-syringe drive
system. One syringe contained ferrous ¢yt and the other
contained buffer or a buffered solution 8NO or *SNO S5 The
infrared spectrum of ferrous cyt in the absence of NO is
dominated by a broad envelope of polypeptide amide-I vibrations
centered at 1645 cm (Figure 1a). Within 200 ms of mixing the
protein (100uM after mixing) with'*NO (150u4M) a number of
peaks and troughs are apparent in tH&O + cyt ¢’ minuscyt
¢ difference spectrum (Figure 1B).Only the major peak, at
1625 cm?, is sensitive to isotopic substitution witANO, with
a shift of 29 cm? to 1596 cm? (compare Figure 1, b and c),
giving a single characteristic derivative in th&#NO + cyt ¢
minus®NO + cyt ¢'” difference spectrum (Figure 1d). We assign
this band to a six-coordinate hemBO complex (6¢c-NO), as its
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Figure 1. The reaction of ferrousA. xylosoxidanscyt ¢’ with NO
monitored by SF-FTIR spectroscopy. (a) Absorption spectrum of ferrous
cyt ¢’ in the absence of NO. (b) Time-dependent difference spectra of
4NO + cytc' — cytc' with no NO. (c) As (b) but using®NO. (d) Time-
dependent difference spectra’dNO + cyt ¢ — 15NO + cyt ¢'. Data
were recorded: 0.151.17 s (-); 1.79-2.81 s < -—+ —) and 17.3-

70.7 s ¢--) after mixing.

frequency is within the reported 1633607 cm'! ranget?13the
isotope shift is appropriaté,and its relatively sharp half-height
line width of 8.0 cm! is consistent with other protein heme
NO complexeg:1215 At longer times this band is replaced by a
more complex spectrum (Figure, 1, b-d). The isotope difference
data (Figure 1d) now reveal a complex line shape, which we
assign to multiple conformers of 5c-NO. However, it is not
possible to fit this spectrum with a simple combination of
derivatives with the expected 30 chisotope shift. Since this
line shape varied between experiments, we attribute this to

(5) Cytochromec’ was isolated fromA. xylosoxidandNCIMB 11015 as
described. Ferrous enzyme was generated by reducing @00f 1 mM
cytochromec' with 10 mM sodium dithionite in a 0.5 ppm LQanaerobic
glovebox (Belle Technology). Excess reductant was removed using a small
Bio-Rad P-6 desalting column equilibrated with thglDbuffer used for the
FTIR experiments: 50 mM bis-tris propane 100 mM NaCl pD 9.4 (equivalent
to pH 8.8). NO gas (98.5%) was purchased from AldriétNO was
manufactured from N&NO, as published,and purity was confirmed to be
greater than 98% by gas chromatography. NO solutions were made by shaking
sealed 2.5 mL syringes containing approximately equal volumes of diluted
NO gas and buffer and assuming saturated NO in buffer was 2 mM. Infrared
spectra were measured at 4 ¢nresolution as describédThe instrument
setup gave a time resolution of 87 ms per spectrum. The wavenumber range
was limited to 1806-1500 cnt® by the optical filter fitted to enhance
sensitivity® The stopped-flow circuit was entirely contained within a 0.5 ppm
O, anaerobic glovebo%? The stopped-flow cell had a path length of 48.2
um and was thermostated at 26. Time courses were obtained using a peak
analysis method and kinetically fitted as descriB&All results were
reproduced. All concentrations are quoted after mixing.

(6) Ambler, R. P.Biochem. J1995 1345 751-758.

(7) Wang, Y. N.; Averill, B. A.J. Am. Chem. Sod996 118 3972-
3973.
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L L L L this, the IR data can be fitted to [NO]J-dependent rate constants
of 36 + 10 and 8.4+ 0.6 mM ! s1 (solid line in Figure 2). We
note a similar [NO] dependence, and a biphasic 6c-NGc-
NO reaction has been observed by kinetic studies on NO binding
to sGC? The implication is that both 6¢c-NO and 5c-NO
separately require NO binding to form. We propose a mechanism
in which NO first binds to the vacant heme distal site forming
6¢c-NO, thus weakening the bond between the heme iron and the
proximal His-120. A second NO then binds to the heme iron on
the proximal side, causing both the proximal histidine and distal
NO to dissociate, leaving 5¢c-N®.

Time (seconds) The isotopically insensitive time-dependent features of Figure
Figure 2. Time dependence of the cgt + NO isotope difference SF- 1, b and c deserve some comment as these arise from the changes
FTIR spectra of Figure 1d, determined by integrating well-separated in the protein matrix and heme cofactor. Analyses show similar
peaks: Q) 6¢NO (1596 cnt); (@) 5¢-1“NO (1656 cnt). The solid time dependencies to those in Figure 2. For example, a small
lines are calculated time courses (see text). band at 1698 cm appears and disappears with the 6¢c-NO
complex. That at 1685 cm grows with 6¢-NO and then remains
during the conversion to 5¢c-NO. These occur in the polypeptide
amide-I region (17081610 cn1?!) and probably reflect changes
in the protein backbone. Most interesting are the peak at 1575
cm™t and the troughs at 1593 and 1658 ¢mwhich track the

milliabsorbance

apparently random differences in conformer distributfo@iven

this premise, the simplest of many possible analyses comprise
three 5¢-NO conformers with(N=0) stretches in the region of
1678, 1666, and 1654 crh’ consistent with the 17031660

cm ! range thus far reported for 5¢-N®*3 Our assignment of ) 2
these bands to multiple conformers agrees with the crystal formation of 5¢-NO from 6¢-NG? These bands have a number

: - ; ; of possible assignments. For example, infrared-active heme ring

;sﬁgutr:]t:rrneé.whlch shows two distinct orientations of NO bound to modes a_bsorb at energies be_I U625 Crir.23 Altern_atively, they

Time courses measured for theN—0) bands in Figure 1d at could arise from deprotonation of a heme propionate, the 1658
1596 cm! (6¢-15NO) and 1656 cmt (5¢“NO) clearly demon- cm? troulgh belng_ the/(C=0) of the protzanated form anq the
strate the biphasic reaction (Figure 2). The transient 6¢-NO 1575 cnT* peak being a(COO)* stretchr2*but such chemistry
reaches maximum intensity 0.7 s and 5¢-NO is fully formed ~ S€€MS unlikely at pD 9.4. Another possibility is Arg-124. Arginine
within 12 s. No intermediates are apparent in the 6c-NGc- n Dzongsorbs between 1608 and 1577 ¢nusually as a
NO reaction as the spectra show clear isosbestic points (Figuredoublet= The crystal structure data show that on formation of
1). Surprisingly, the rates of both phases increase on increasing2¢-NO this residue rotates to stack against the heme plane, where
[NO]. In initial experiments using 308M NO only the second It can hydrogen-bond to one conformer of the bound NO.
phase was seen clearly and this was complete within 3.5 s, while However, the most pronounced change in the 5¢-NO structure is
with 1 mM NO both phases were too fast to readily obséfve. the displacement and dissociation from the heme of the proximal
Preliminary UV-vis stopped-flow measurements suggest a first- His-120. The»(C=C) mode of histidine also absorbs in this

order [NO] dependence for both phasesnd consistent with ~ region?® albeit with lower reported intensities than these bafids.
In this interpretation, the trough at 1593 charises from metal

(8) Thorneley, R. N. F.; George, S. J. Rrokaryotic Nitrogen Fixation: i - i
A Model System for the Analysis of a Biological Pro¢eRsplett, E. W., bound His-120, andlthe peak at 1575 érﬁ.om the dISpIaCQd
Ed.; Horizon Scientific Press: Wymondham, UK, 2000; pp-81, form. The 1658 cm! band could then arise from associated
(9) White, A. J.; Drabble, K. D.; Wharton, C. ViBiochem. J1995 306, amide-l changes. Clearly, a precise assignment requires a more
843-849. complete study
(10) George, S. J.; Ashby, G. A.; Wharton, C, Thorneley, R. NJFAm. ' )
Chem. Soc1997, 119, 6450-6451. In summary, SF-FTIR has shown that far xylosoxidangyt

(11) Use of difference spectroscopy is essential for clarity, as the time- ~ i i -
dependent changes are less than 2% of the absorption at 1645Figure ¢, formation of the novel proximally bound 5¢-NO complex

1). Note that isotope differencing of time-dependent spectra assumes that anyproceeds via a GC'NO_ intermediate. Pre“minary kinetic_ data
1N — 15N kinetic isotope effect is negligible. Also note that free NO is not suggest that the formation of both species separately require NO

observed as it gives a very broad ill-defined band witRO) ~ 1876 cm™. indi ; ; ioti
(12) Ding. X D.- Weichsel, A Anderson. J. F.. Shokhireva, T. Kh.: binding. Thls novel chemistry may be the mechanistic key for
Balfour, C. Pierik, A. J.; Averill, B. A.; Montfort, W. R.; Walker, F. AJ. NO-sensing heme enzymes.

Am. Chem. Sod999 121, 128-138.
(13) Vogel, K. M., Kozlowski, P. M.; Zgierski, M. Z.; Spiro, T. G. Am.

Chem. Soc1999 121 9915-9921. Acknowledgment. The QOn Innes_ Centre is fundgd by the UK
(14) Modelingr(NO) as a diatomic simple harmonic oscillator give4do BBSRC through a competitive strategic grant. C.R.A. is supported by

— NO isotope shift of 29.2 crmt at 1625 cm. Density functional theory NIH Grant GM 34468 to Professor Thomas M. Loehr. R.N.F.T. thanks
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Bio(l.15(‘2h%‘r31$.r2%edqs'2§§ égeégﬁ%vzg@ Ferguson, S. J.; Thomeley, R. 8. F. ¢4 gag chromatograph mass spectrometry measuremenion
(16) The origin of this effect is unclear. Any alternative interpretation JA0158307

requires the isotope shift to be unusually smal18 cnt?) or for the

conformational distribution to depend on the isotope, both of which are

unprecedented. A recent resonance Raman study of siipws a weak broad (19) Andrew, C. R.; George, S. J.; Eady, R. R. Manuscript in preparation
band at 1661 crmt with the expected isotope shiftDifferences between (20) Zhao, Y.; Brandish, P. E.; Ballou, D. P.; Marletta, M. Proc. Natl.
infrared and Raman spectra could arise if the lower-energy NO conformers Acd. Sci. U.S.A1996 96, 14753-14758.

are hydrogen-bonded, inducing greater® polarization and concomitantly (21) This second step has two possible mechanisms. In the first, NO attacks
stronger IR and weaker Raman bands. X-ray crystallography shows two NO 6c-NO to form a sterically crowded seven-coordinate intermediate. Alterna-
conformers, with one hydrogen bonding to Arg-124. tively, 6¢-NO is in equilibrium with a small amount of five-coordinate heme

(17) Spectra were fitted using least-squares minimization to a combination with dissociated His-120, and NO binds to this minority species.
of appropriate Gaussian difference curves where the relative contributions of ~ (22) A trough at 1628 crt that is obscured by botdNO and**NO bands
¥NO and**NO conformers were allow to float. An example good fit is (i)  may also track 5c-NO formation. We note that these bands have no obvious

Arano = 1678.3 cmi?, Apano = 0.090,Aisn0 = —0.090, (ii) A1an0 = 1666.0 counterparts in recent resonance Raman Hata.

cm’l, Aisno = 0.039, Aisno = —0.26, (Ill) /114NO = 1654.4 le, Ao = (23) He”WIg, P.; Grzybek, S.; Behr, J.; LUdWIg, B.; Michel. H.;"Male,
0.38, Aisno = —0.13 (absorbances quoted in milliabsorbance units). Band- W. Biochemistry1999 38, 1685-1694.

widths were fixed at 8.0 cm. (24) Behr, J.; Hellwig, P.; Matele W.; Michel, HBiochemistryl998 37,

(18) Note the maximum rate measurable with the spectrometer settings used7400-7406.
is ~10 s'*. [NO] and pD were chosen to give relatively slow rates; however, (25) Barth. A.Prog. Biophys. Mol. Biol2001, 74, 141-173.
recent preliminary UV~vis kinetic data demonstrate essentially identical (26) Bartl®> reports intensities up to 70 Mcm from model data whereas
kinetics at pH 7.0 and 9.9. the band at 1575 cm is ~600 Mt cm™.



