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ABSTRACT:. The heme coordination chemistry and spectroscopic properti€hoélobacter capsulatus
cytochromec’ (RCCP) have been compared to data fraltaligenes xylosoxidan®XCP), with the aim

of understanding the basis for their different reactivities with nitric oxide (NO). Whereas ferrous AXCP
reacts with NO to form a predominantly five-coordinate heme-nitrosyl complex via a six-coordinate
intermediate, RCCP forms an equilibrium mixture of six-coordinate and five-coordinate heme-nitrosyl
species in approximately equal proportions. Ferrous RCCP and AXCP both exhibit kigfid=gtretching
frequencies (227 and 231 ci respectively), suggesting that factors other than theHis bond strength
account for their differences in heme-nitrosyl coordination number. Resonance Raman spectra of ferrous-
nitrosyl RCCP confirm the presence of both five-coordinate and six-coordinate heme-NO complexes.
The six-coordinate heme-nitrosyl of RCCP exhibits a fairly typicat-R©® stretching frequency (569
cm™1), in contrast to the relatively high value (579 thhof the AXCP six-coordinate heme-nitrosyl
intermediate. It is proposed that NO experiences greater steric hindrance in binding to the distal face of
AXCP, as compared to RCCP, leading to a more distortedNFeO geometry and an elevated 8O
stretching frequency. Evidence that RCCP has a more accessible distal coordination site than in AXCP
stems from the fact that ferric RCCP readily forms a heme complex with exogenous imidazole, whereas
AXCP does not. A model is proposed in which distal heme-face accessibility, rather than the proximal
Fe—His bond strength, determines the heme-nitrosyl coordination number in cytochchmes

The coordination of nitric oxide (NO) to protein heme in soluble guanylate cyclase (sGC), structural changes
centers is important to a variety of physiological processes resulting from 5¢-NO formation (and the associated-Fe
including NO metabolism and signal transductidn-8). In His bond cleavage) are believed to trigger cyclase activity,
the case of ferrous heme-NO complexes, two broad classedeading to increased cGMP levels and a resultant signal
exist: those having a six-coordinate heme nitrosyl (6¢c-NO) cascadel 4, 5).
with NO bound opposite an endogenous amino acid ligand, Previous studies of hemoproteins have suggested that the
and those having a five-coordinate heme nitrosyl (5c-NO) tendency to form 5¢-NO (rather than 6¢c-NO) complexes is
in which the axial covalent link to the protein is severed by governed by the FeHis bond strength, and that this is
NO binding. Whether or not the endogenous ligand remains reflected in the frequency of the Félis stretching vibration,
bound to a ferrous heme-nitrosyl complex is a major factor y(Fe—His), determined by resonance Raman (RR) spectros-
controlling the reactivity of the bound NO as well as any copy in the five-coordinate ferrous state (5¢B¢6). A v-
functional effects produced upon NO binding. For example, (Fe—His) frequency of~210 cnT! has been proposed as

the cutoff value below which NO is able to cleave theFe
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N—O unit of the 6¢-NO intermediate into a distorted and
unstable conformatior2{). In this scenario, the 6¢c-N©~
5¢-NO conversion is driven by the alleviation of unfavorable
steric interactions between the-=80 and the distal heme
pocket, since the NO binds to the proximal face in the 5c-
NO species.

Aside from AXCP, the location of heme-bound NO
7 - (proximal vs distal) in other cytochromes has yet to be

D definitively established. However, it is known that the ratio
F59 P55 of 5¢-NO and 6¢-NO species varies widely in different types

\WS‘G of cytochromec'. For example, the ferrous-nitrosyl complex

';12}-, of AXCP is almost entirely 5c-NO under equilibrium

F79 conditions, whereas that d&thodobacter capsulatusyto-

chrome ¢’ (RCCP) is reported to be a mixture of ap-
H1204y = proximately equal proportions of 5_c—NO and 6¢-NO species

R124 (9). The heme center of RCCP differs from that of AXCP
in that the residue located immediately above the distal
Ficure 1: Structural representations of cytochrordeprotein coordination site is a Phe (rather than a Leu) (Figure 1C).

subunits and their ferric heme environments. Protein van der Waals . L . .
surfaces of (A) RCCP and (B) AXCP show that only RCCP has a The existence of an aromatic distal residue places RCCP in

solvent accessible channel to the distal heme (shown in green). Thethe group 1 category of cytochromeg30), whereas AXCP
immediate heme environments of (C) RCCP and (D) AXCP both is a group 2 cytochrome’ on account of its distal Leu
have relatively crowded hydrophobic distal pockets. An arrow residue (Figure 1D). Consistent with these classifications,
indicates the direction of ligand access from solution. Image RCCP has a solvent-accessible channel to the distal heme

d with WebLab Vi Lite v4.0 usi tructural dinat -
frgermr:fsgé and%O. ah viewerlfie va.L using struciral coordinates pocket, whereas AXCP does not (Figure 1A,B).

To investigate how heme-NO reactivity is controlled in
cmtinits 5¢c-Fé* state (0). These examples of apparently cytochromes’, the heme coordination chemistry of RCCP
anomalous NO-binding behavior suggest that there may behas been compared with that of AXCP using optical
instances when the heme-nitrosyl coordination number is absorption and resonance Raman (RR) spectroscopy. Overall,
determined by factors other than the-Hdis bond strength.  our results suggest that RCCP has a much more accessible

Cytochromeg' are a group of class lla cytochromes found distal pocket than AXCP. A model is proposed in which the
in certain types of proteobacterial{ 12). The exact role of  heme-nitrosyl coordination number of cytochronsesould
cytochromeg' is still unclear, although recent studies have be determined by the degree of steric accessibility of the
suggested that NO binding at their heme centers may bedistal coordination site, rather than the-fidis bond strength.
physiologically relevant ¥3—19). Complete amino acid
sequences have been reported for a variety of cytochromesMATERIALS AND METHODS
¢’ from different organisms (se&(@)), along with a number
of x_ray Crysta] structures (See, for examp|e’ 2fs-24 and RCCP and AXCP were purified USing procedures similar
references therein). Most cytochromesare homodimers  to those described previouslyg 31, 32). Heme concentra-
with each subunit-¢14 kD) containing a pentacoordinate tions were determined from electronic absorption measure-
heme center (see Figure 1). The proximal heme environmentsnents using previously reported absorptivities. Optical
of all cytochromes’ contain a proximal His ligand, together ~ absorption spectra were recorded using a Cary 50 spectro-
with a Lys or Arg residue located four residues after the photometer complete with a thermostated cell holder. Protein
heme-binding motif, Cys-X-X-Cys-His. Access to the hy- concentrations for absorption measurements were typically
drophobic distal heme pocket is hindered by noncoordinated~2—5 uM in heme. Reduction to the ferrous state was
residues. Tahirov et al. have classified cytochromigato achieved under anaerobic conditions by the addition of an
two groups based on the nature of their distal heme pockets.~5-fold excess of sodium dithionite solutio®?CO (CP
Members of group 1 possess an aromatic residue (Phe ograde, Air Products) ant#fCO (99%'*C, Cambridge Isotope
Tyr) above the distal heme coordination site, combined with Laboratory) adducts were prepared by injectingy mL of
a solvent exposed channel to the distal heme pocket. Ingas through a septum sealed capillary containing argon-
contrast, group 2 cytochromeshave an aliphatic residue  purged reduced proteir-60uL). NO adducts were prepared
(Leu or Met) above the distal coordination site, and the distal in a similar manner usingfNO (Aldrich) or *>NO (98%N,

pocket is not directly exposed to solvent. Cambridge Isotope Laboratory) gas which had been bubbled
Recent interest surrounds the discovery of novel hemethrough 0.1 M KOH solution to remove higher oxides of
coordination chemistry irAlcaligenes xylosoxidansyto-  nitrogen. Heme-NO and heme-CO complexes were equili-

chromec’ (AXCP). In particular, ferrous AXCP reacts with ~ brated at room temperature for 20 min prior to spectroscopic
NO to form a distal 6¢-NO intermediate that subsequently measurements. Imidazole binding to cytochrosiewas
converts to a 5¢c-NO product with an unprecedented proximal examined at 28C by microliter additions from an imidazole
coordination of NO at the site originally occupied by the stock solution at pH 8.9 containing 50 mM CHES and 0.1
His ligand 8, 25—29). It has been suggested that steric M NaCl. The absorption spectrum of free imidazole was
crowding from the distal Leu 16 residue located directly subtracted from the protein spectrum prior to each measure-
above the AXCP heme iron (Figure 1D) might force the-Fe  ment.
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Ficure 2: Optical absorption spectra of RCCP solutions containing
ferrous (A), ferrous-carbonyl (B), and ferrous-nitrosyl (C) forms
of RCCP in 50 mM phosphate buffer, pH 7.0 at 298 K. All solutions
contained identical concentrations of proteir2(uM in heme).
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RR spectra of RCCP solutions, typically containin$00
uM protein (in heme) in pH 7.0 phosphate buffer, were
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Ficure 3: High-frequency RR spectra of RCCP in its ferrous (A),
ferrous-carbonyl (B), and ferrous-nitrosyl (C and D) states. Spectra
were obtained at room temperature from solutions~a00 uM
heme in 50 mM phosphate buffer, pH 7.0, using 413.1 nm excitation
except for spectrum D, which was obtained using 351.1 nm

1 1
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recorded on a custom McPherson 2061/207 spectrograph (Seﬁxcitation. Laser power at the sample was0 mW for ferrous

to 0.67 m) equipped with a Princeton Instruments liquid N
cooled (LN-1100PB) CCD detector and Kaiser supernotch
filters. Excitation wavelengths were provided by the 413.1,
406.7, and 351.1 nm lines of a Kr ion laser (Innova) or the
441.6 nm line of a HeCd laser (Liconix 4240NB) using
laser powers of 520 mW at the sample~0.03 mW for

CO adducts). RR spectra were obtained in a backscattering

geometry for samples contained in NMR tubes (NO com-
plexes), or else a 90scattering from samples contained in

glass capillaries (ferrous heme and CO complexes). Photo-

dissociation of gaseous ligands was minimized by the use
of either a spinning cell (backscattering geometry) or
reciprocating translation stage (OGscattering). Frozen
samples were contained within NMR tubes maintained at
90 K using a liquid N dewar. Frequencies were calibrated
relative to indene, aspirin, Cgland CQCN as standards
and are accurate th1 cnt . Optical absorption spectra of
samples in their RR cells were checked before and after lase
illumination using a modified Cary 50 spectrophotometer.

RESULTS

Ferrous RCCP The UV-vis absorption spectrum of
ferrous RCCP is typical of other cytochromés featuring
a split Soret band withmax 425 nm and 435 nm shoulder,
together with a broad3 envelope centered near 550 nm
(Figure 2). Spectroscopic data indicate that this band splitting

CCP,~15 mW for the NO complex, and 0.03 mW for the CO
complex. Asterisks denote minor contributions from ferrous RCCP
produced by sample photodissociation in the laser beam. Photo-
dissociation was minimized by the use of a reciprocal translation
stage (CO complex), or spinning NMR tube (NO complex).

Table 1: Resonance Raman Frequencies {&fior Ferrous
Cytochromeg' and Other Five-Coordinate Ferrous Heme Proteins

protein temp, K vy V3 v,  vio v(Fe—His) ref
RCCP rt 1351 1470 1575 1604 227 this work
AXCP rt 1351 1469 1577 1603 231 8)(

MCP 293 1354 1468 1573 1604 228 7)(
RSCP 293 1354 1468 1573 1604 231 7) (
CVCP 285 1352 1469 hAr nr 231 (2]

Mb nr 1357 1471 1563 1607 220 58§
sGC  283-293 1358 1471 1562 1606 204 59

a AXCP, Alcaligenes xylosoxidan&MCP, Rhodospirillum molis-
chianum RSCP,Rhodobacter sphaeroide€VCP, Chromatiumeino-
sum Mb, myoglobin, sGC, soluble guanylate cycla&élot reported.

r

for other cytochromes' (Table 1) {7, 8, 33—35). Figure 4
(spectrum A) shows the low-frequency RR spectrum of
ferrous RCCP obtained at 441.6 nm, an excitation wavelength
known to favor the enhancement offFe—His) vibrations.
The v; mode of ferrous RCCP is apparent at 682 ¢m
together with a band at 227 crwhich we assign as the
Fe—N(His) stretch,y(Fe—His), on the basis of its intensity
relative to thev; mode, and its disappearance in the CO and
NO adducts (Figure 4, spectra B and C).1fFe—His)

does not arise from sample heterogeneity. Instead, the splitfrequency near 230 cm is a feature of all known cyto-

nature of the cytochrome Soret band has been attributed
to a nondegenerate Soret electronic transition arising from
electronic inequivalency in the y directions of the porphyrin
chromophore33). Room-temperature RR spectra of ferrous
RCCP, obtained with 413.1 nm excitation, exhibit vibrations
in the 1300-1650 cn! region that are characteristic of a
5¢c-Feé* high-spin heme (Figure 3 spectrum A, and Table
1), includingv, (1351 cn?), v3 (1470 cnl), v, (1575 cnl),
andvi (1604 cnl). Similar RR frequencies, including the
relatively high frequency of the, mode, have been reported

chromeg’ (Table 1), and is ascribed to imidazolate character
in the His ligand that is electrostatically stabilized by the
adjacent Arg (or Lys) residue’(8). The characteristically
high v(Fe—His) frequencies of all cytochromes suggest
that there is no direct link between their Hdis bond
strengths and their differing propensities for 5¢c-NO vs 6c¢-
NO formation.

Ferrous-CO ComplexAddition of CO to ferrous RCCP
generates absorption bands at 417, 535, and 566 nm,
characteristic of a 6¢-CO complex (Figure 2). The spectrum
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FIGURE 4. Room-temperature low-frequency RR spectra of RCCP excitation, 0.03 mW) for ferrous RCCP complexed witgO (A)
in its ferrous (A), ferrous-carbonyl (B), and ferrous-nitrosyl (C) and*CO (B), together with thé?CO — 13CO difference spectrum
states. Spectra were obtained as described in Figure 3, except fofC). The inset shows th8CO — 13CO difference spectrum in the
spectrum A, which was obtained using 441.6 nm excitation (5 mW). high-frequency region. Other experimental conditions are as
described in Figure 3.

Table 2: Resonance Raman and Infrared Frequenciestahthe
Six-Coordinate CO Adducts of Cytochromes Table 3: Resonance Raman Frequencies of Six- and
va  v» v v(Fe-CO) o(Fe—CO) »(C-0) ref Five-Coordinate Nitrosyl Adducts of Ferrous Hemoproteins

protein temp, K v; v2 v v(Fe-NO) v(N—-O) ref

RCCP 1371 1596 o 494 573 1966  this work
AXCP 1368 1596 no 491 572 1966 8)( 6c-NO
CVCP 1371 1591 no 492 565 1978 34 RCCP 1t 1503 1593 1635 562 ho  this work
= Not observed RCCP 90 1506 1598 1640 569 1625  this work
: AXCP 90 1504 1596 1638 579 1624 27
o . _ Mb 293 1500 1583 1635 552 1613
is similar to that previously reported by Yoshimura et al. HbA rt 1500 1584 1636 551 1622
(36). Excitation at 413.1 nm yields the RR spectrum of the 5¢-NO
CO adduct (Figures 3B and Figure 4B) together with a minor RCCP 1t 1509 1596 1645  no no tr;]i_s worli
contribution from 5c-F& heme due to the photolabile nature RCCP 90 1513 1600 1651  no no thiswor
eme due to the photolabile AXCP 1t 1506 1592 1641 526 1661 8)(

of the Fe-CO bond. In the high-frequency region (Figure xcp 9o
3B, Table 2) the predominant RR features of the CO adduct
are thev, oxidation-state marker band at 1371 ¢nand the
v, mode at 1596 cmi. Substitution of12CO for 3CO
produces frequency shifts in the peaks at 4941) 573 of the Soret absorption envelope (data not shown) yields an
(—13), and 1966<44) cnT* consistent with their assignment ~ estimate for the RCCP heme-nitrosyl composition-@0%
as v(Fe—CO0), §(Fe—CO), andv»(C—0) respectively, as  6¢-NO and~40% 5c-NO. No change in the ratio of the
shown in Figure 5. The(Fe-CO) andv(C—O) frequencies ~ heme-nitrosyl populations was observed upon varying the
are similar to those of AXCP which occur at 491 and 1966 NO concentration (042 mM), protein concentration (2
cm1, respectively (Table 2)8). On the basis of established 50 M), or pH (4.0-8.9).
back-bonding correlations for 6¢c-CO complex&3-39), The RR spectrum of ferrous-nitrosyl RCCP obtained at
the RR data for RCCP suggest that the CO ligand is locatedroom temperature with 413.1 nm excitation clearly reveals
in a nonpolar environment, which in turn is consistent with the presence of a mixture of 5¢c-NO and 6c-NO components
CO binding to heme within the hydrophobic distal heme (Figure 3C). Features specifically assigned to the 6c-NO
pocket. population are observed at 1503)( 1593 ), and 1635
Ferrous-NO ComplexEquilibration of ferrous RCCP with  cm™ (v10), with vibrations at 1509(), 1596 ¢,), and 1645
excess NO leads to a heme Soret absorption band with acm™ (v10) ascribed to the 5¢c-NO component (Table 3).
maximum at 414 nm and a shoulder at 395 nm, consistentChanging to 351 nm excitation, out of resonance with the
with a mixture of 6¢c-NO and 5c-NO species, respectively 6c-NO population Amax 414 nm), produces an RR spectrum
(Figure 2). Further evidence of a heme nitrosyl mixture stems dominated by contributions from the 5¢c-NO populatidga&
from the presence of a 484 nm absorption band (characteristic395 nm) (Figure 3D). Lowering the sample temperature to
of 5¢c-NO complexes), together with ar540, 570 nm 90 K increases the relative RR intensities of the 6c-NO
doublet (characteristic of 6¢c-NO complexes). The absorption species at the expense of the 5¢-NO species, as can be seen
spectrum of the RCCPNO adduct is similar to that by comparing the 413.1 nm spectrum obtained at room
previously reported by Yoshimura et aB){in which the temperature (Figure 3C) with that at 90 K (Figure 6A). The
nitrosyl mixture was estimated to be45% 6c-NO and 55%  corresponding increase of-B cnt in the porphyrin marker-
5¢-NO @0). In the present study, a deconvolution analysis band frequencies upon cooling to 90 K is consistent with a

1511 1596 1648  fr 1661 @7
aNot observed® Not reported.
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Ficure 6: High-frequency RR spectra (413.1 nm excitation, 5 mW)
obtained at 90 K for frozen solutions of ferrous RCCP complexed
with “NO (A) and !NO (B), together with the"NO — 15NO
difference spectrum (C). Other experimental conditions are as
described in Figure 3.
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Ficure 7: Low-frequency RR spectra (413.1 nm excitation, 5 mW)

obtained at 90 K for frozen solutions of ferrous RCCP complexed

with 1“NO (A) and *>NO (B), together with the!“/NO — 15NO

difference spectrum (C). Other experimental conditions are as

described in Figure 3.

contraction of the heme core, mirroring the behavior previ-
ously observed for AXCPg; 27). A sample temperature of
90 K also prevented the loss of heme-bound NO due to

Andrew et al.
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Ficure 8: Room-temperature low-frequency RR spectra (413.1 nm
excitation, 0.03 mW) of ferrous RCCP complexed wWitNO (A)
and®NO (B), together with thé*NO — 15N O difference spectrum
(C). Other experimental conditions are as described in Figure 3.

The structural interpretation of axial ligand vibrations in
6¢-NO hemoproteins is more complicated than for 6¢-CO
species41). As well as being influenced by the heme pocket
polarity, vibrations within the FeN—O unit are sensitive
to mixing between the(Fe—NO) andd(Fe—N—0O) modes,
which in turn depends on the extent to which the-Re-O
bond angle deviates from its normal value~af4(°. Recent
density functional theory analysis of ferrous-nitrosyl com-
plexes concluded that a clear picture of the relationship
between vibrational frequencies and the heme-NO structure
will require a more extensive structural database, together
with improvements in computational capabilitiekl). Nev-
ertheless, the present study finds a significant difference
between the observedFe—NO) frequencies of the RCCP
and AXCP 6c¢-NO adducts. Whereas the RCCP 6¢-NO
species exhibits a fairly typical(Fe—NO) frequency (569
cm 1), the 6¢-NO intermediate of AXCP has an unusually
high frequency of 579 cni. In light of the relatively soft
Fe—NO bending potential4l), the most likely explanation
for the different frequencies would appear to lie with the
Fe—N—O geometry. In line with our previous proposary,
we suggest that the relatively higfiFe—NO) frequency in
AXCP is due to a distorted FEN—O structure brought about
by steric crowding within the distal pocket. Conversely, the
more typicalv(Fe—NO) frequency of RCCP is ascribed to

photodissociation in the laser beam, as previously observedan Fe-N—O geometry that is less distorted than in AXCP

for AXCP (27).

To facilitate the assignment of weak axial ligand vibrations
in ferrous nitrosyl RCCP, experimental conditions were
selected to optimize in turn the relative RR intensities of

due to a more accessible distal coordination environment.
The hypothesis that RCCP has a more accessible distal
coordination site than AXCP is supported by the results of

our imidazole binding studies (vide infra).

the 5¢-NO and 6¢-NO species. For the 6¢-NO species, RR Extensive efforts were made to assign the axial-ligand

intensity was maximized using 413.1 nm excitation and a
sample temperature of 90 K. Under these conditionsythe
(N—0), v(Fe—NO), anddé(Fe—N—0) modes of the 6¢c-NO
species are identified upon substitution*®O with 1°NO
from their frequency shifts at 1625-¢8), 569 (15), and
460 (—10) cn?, respectively (Figures 6 and 7). Upon
switching to room temperature, th€Fe—NO) andd(Fe—
NO) modes of 6¢-NO RCCP are still observed, although their
frequencies downshift slightly to 562 and 458 ¢prespec-
tively (Figure 8).

vibrations of the 5c-NO RCCP population. The typical
frequency range for(Fe—NO) vibrations of 5¢c-NO hemo-
proteins is 526-530 cm'!, whereas the range af{N—O)
frequencies is approximately 1660680 cm? (8). RR
measurements on ferrous-nitrosyl samples containing isoto-
pically labeled NO were carried out using a variety of
excitation wavelengths (351.1, 406.7, and 413.1 nm) and
sample temperatures (90 K and room temperature). For each
set of experimental conditions, the resonance enhancement
of 5¢-NO vibrations was confirmed via the presence of
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FIGURE 9: Room-temperature low-frequency RR spectra (351.1 "M gy pe 10: Titration of ferric RCCP with imidazole, showing

excitation, 12 mW) of ferrous RCCP complexed wiiNO (A) representative absorption spectra of samples with imidazole con-

and*NO (B), together with thé“NO — 1*NO difference spectrum  .antrations of zero. 33.3 mM. 83.3 mM. and 458 mM. The

(C). Other experimental conditions are as described in Figure 3. gncentration of fer}ic RCCP V\,/aSS UM (ir{ heme) in 50 mM
CHES (pH= 8.9) at 298 K. The inset shows a Hill plot analysis

porphyrin marker bands characteristic of the 5¢c-NO specieswhich givesKq = 43 mM.

(see, for example, Figure 9). However, the apparently weak ) . ) )

resonance enhancement of the 5¢-NO axial ligand modes Cccupy the distal position, with the other ligand bound to

as well as overlapping features from the 6¢c-NO species, the opposite heme face. _ _

prevented the definitive assignment of any of the 5¢-NO axial N Stark contrast to RCCP, solutions of ferric AXCP at

ligand vibrations. Previous studies of hemoproteins have alsoPH 8.9 exhibit no apparent heme-Im binding in the presence

reported difficulty in identifyingv(Fe~NO) and »(N—O) of up to 1 M Im. There is also no evidence of heme-Im
vibrations in certain cases (see, for example, 42fand binding to the 5c-F& and 5¢-NO forms of AXCP. However,
references therein). when ferric AXCP is exposed to Im concentrations greater

Exogenous Imidazole as a Steric ProbEhe use of than 1 M, there is an a_b_rupt change in _optical absorption
exogenous imidazole (Im) as a probe of the steric acces-(COmplete upon the additiorf @ M Im) to give a spectrum
sibility of protein heme centers is well documented (see, for 'eSeémbling that of the six-coordinate RCCP ferric-Im
example, refé3—49). To date, no studies of Im binding to  cOMPplex shown in Figure 10 (Soret maximum at 409 nm,
cytochromes’ have been reported. In the present investiga- ©09€ther with weaker features near 529 and 558 nm). The
tion, the ferric, ferrous, and ferrous-nitrosyl complexes of dramatic onset of heme-Im binding in AXCP abové M
RCCP and AXCP were titrated with imidazole at pH 8.9. M suggests that this is a concentration threshold beyond
The optical absorption spectrum of ferric RCCP at pH 8.9 Which Im is able to induce protein conformation changes
is characterized by an intense absorption band at 404 nrn,that allow Im tq co_ordmate at the d|sta] heme site. A similar
together with a shoulder at368 nm and weaker absorption YP€ Of behavior is observed for ferric AXCP at pH 7.0,
bands at~500, 536(sh), and 639 nm, the latter being a wherein there is no apparent heme-Im binding for I|ga'1nd
characteristic marker of five-coordinate high-spin ferric concentrations up to 0.5 M, followed by abrupt conversion
heme. Titration of ferric RCCP with Im at pH 8.9 leads to {0 the heme-Im complex as [Im] is increased to 1.5 M. Itis
the appearance of absorbance maxima at 409, 529, and 55g20ted that ferric AXCP exhibits a pH-dependent spin state
(sh) nm (Figure 10), consistent with the formation of a six- €quilibrium (K. ~7) between a five-coordinate high-spin
coordinate low-spin ferric heme with Im bound at the distal form at alkaline pH and a quantum mechanically admixed
position @3, 49). Isosbestic points (400, 462, 516, and 582 hlgh-spln/mtermed|ate_:-sp|n state at low pH. However, the
nm) observed throughout the titration are consistent with an @PParent lack of Im binding to ferric AXCP at both pH 8.9
equilibrium between two spectroscopically distinct species @nd pH 7.0 with [Im]< 0.5 M appears to rule out spin-state
(ferric RCCP and its Im complex). A Hill plot analysis €ffects as the reason for the low Im affinity of AXCP.
(Figure 10 inset) shows that Im binds noncooperatively to N summary, RCCP and AXCP exhibit very different Im
ferric RCCP K¢ = 43 mM) with an affinity similar to that bmdmg behavior. The fact that ferric RCCP rea_dlly binds
of Im binding to sperm whale myoglobirkg = 28 mM) Im W|t_h a Kq of 43 mM demonstrat_es that Im _b|nd|ng_ tp
(44). No binding of exogenous Im was observed with 5c- heme is much more favorable_ thap in AXCP which exhibits
Fe&* RCCP, consistent with the low affinities typical of NO @pparent complex formation in the presence of 0.5 M
ferrous heme centers. However, the addition of Im to ferrous- M- The significantly greater Im-binding affinity of RCCP
nitrosyl RCCP causes the proportion of 6¢-NO species to relative to AXCP is consistent with RCCP having a much
increase relative to the 5c-NO species (data not shown), More accessible distal coordination site.
consistent with Im binding trans to the NO ligand to give a
6¢-NO(Im) complex. Since the 6c-NO(Im) complex has DISCUSSION
neither of its axial ligands covalently bound to the polypep-  Comparison of Heme Accessibility in RCCP and AXCP
tide, it is possible that either the NO or the Im ligand could The present study reveals significant differences between the
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coordination chemistry of RCCP (a group 1 cytochrazf)e intermediate. It is conceivable that the relatively highe—
and AXCP (a group 2 cytochront®) consistent with RCCP ~ NO) frequency of the 6¢-NO AXCP intermediate reflects a
having a more accessible distal heme coordination site. Indistorted Fe-N—O geometry brought about by a high degree
particular, the significantly greater imidazole-binding affinity of steric crowding within the distal pocket. The soft bending
of RCCP relative to AXCP suggests that the distal coordina- potential of Fe-NO relative to Fe-CO (41) may account
tion site in RCCP is much more sterically accessible than in for why the 6c-NO species of RCCP and AXCP are so
AXCP. Previous ligand-binding studies have noted a similar different, and yet the 6¢c-CO complexes are so similar.
trend in distal heme accessibility of group 1 and group 2  Structural Determinants of Heme-Nitrosyl Coordination
cytochromeg'. For instance, the binding affinity of ferrous  Number.Traditionally, the formation of 5¢c-NO species has
heme for ethylisocyanide is 3 orders of magnitude greater been linked to a weak FeHis bond in the 5¢c-F¢ state, as
for group 1 cytochromes than for their group 2 counterparts reflected in a lowv(Fe—His) frequency. However, both
(50). The variation in binding affinities between group 1 and RCCP and AXCP have relatively high(Fe—His) values,
group 2 cytochrome<’ diminishes as the size of the and yet are still able to form 5¢-NO species. Moreover, the
exogenous ligand decreases, consistent with smaller ligands/(Fe—His) frequency of RCCP is actually 4 cihlower than
experiencing less steric hindrancg0). that of AXCP, despite its forming a lower percentage of 5¢-
What structural features are responsible for making the NO species than AXCP. The relatively high{Fe—His)
distal coordination site of RCCP more accessible to exog- frequency of RCCP would appear to rule out spontaneous
enous ligands compared to that of AXCP? One factor might dissociation of a weak FeHis bond as the structural
be the protein channel in RCCP that connects the distal hemedeterminant of 5¢c-NO formation. However, it should be
pocket to the solvent, a feature common to all group 1 pointed out that if the proximal His ligand of cytochromes
members. Alternatively, the ligand binding properties of ¢’ were to lose its imidazolate character upon forming a 6c-
RCCP and AXCP might depend on the immediate environ- NO species, the FeHis bond may be sufficiently weakened
ment of their distal heme pockets. A notable difference to spontaneously dissociate to give the 5¢c-NO sped@es (
between the two proteins is that RCCP has a Phe residue in27). Nevertheless, the present study raises the distinct
its distal pocket, whereas AXCP has a Leu (Figure 1). The possibility that factors other than the FElis bond strength
relative sizes of these two residues alone cannot account fordetermine the heme-nitrosyl coordination number in cyto-
the RCCP heme pocket being more accessible since thechromesc'. Interestingly, studies of prokaryotic sGC-like
overall volume of a Phe side chain (133.9 mL/mol) is actually heme domains have provided evidence that distal effects can
greater than that of a Leu (100.1 mL/mdsyj. Rather, steric  influence the heme-nitrosyl coordination, although the exact
accessibility may depend on the degree to which distal mechanism remains uncled( 53).
residues can adjust their conformations to allow coordination Because 6¢c-NO complexes containing a proximal His
of exogenous ligands. For example, CO binding to ferrous ligand must, by definition, contain NO at the distal position,
AXCP is associated with a 134otation about the £&-Cp it follows that steric crowding within the distal pocket will
bond of Leul6, which in turn flattens the heme group by tend to disfavor their formation. The question then becomes,
pushing on pyrrole ring AZ5). More extensive rearrange- how might steric crowding selectively destabilize 6¢c-NO
ments are observed in ferrous RCCP upon bindimg complexes relative to their 5¢c-NO counterparts? One way
butylisocyanide (BIC), including displacement of Phe 14 by in which this might happen is if the 5¢c-NO species could
rotations of 140 and 63 around the ¢—Csz and G—C, bind NO in a distinct (and more thermodynamically favor-
bonds, respectively, as well as significant rearrangements inable) heme environment that is not accessible to the 6¢c-NO
at least three other distal residues?)( It is not known state. In the case of AXCP, this alternative NO-binding
whether the more extensive conformational changes observednvironment is the proximal heme face, which is less
in RCCP compared to AXCP are simply the result of BIC crowded than the distal pocket, and also contains Arg 124
being a larger ligand than CO, or whether they indicate a as an available H-bond dond25). Previous studies on the
more flexible distal pocket in RCCP compared to AXCP. AXCP 5c¢-NO adduct established the proximal location of
Further insights into the issue of heme pocket accessibility NO using X-ray crystallography2§), with subsequent con-
in cytochromeg' are expected from ligand-binding studies firmation by RR spectroscopy in the solution pha8g (n
of site-directed mutants currently being prepared in our addition, kinetic studies of NO binding to AXCP are consis-
laboratories. tent with a mechnanism in which a proximal 5¢c-NO species
In contrast to its low affinity for exogenous imidazole, is formed via a distal 6¢-NO intermediat27). The present
AXCP readily forms complexes with the smaller diatomic spectroscopic study of RCCP provides no direct evidence
ligands, CO and NO. The 6¢-CO complexes of AXCP and for the location (proximal or distal) of the NO ligand in the
RCCP have almost identical spectroscopic properties, sug-5c-NO RCCP population. Therefore, the possibility of
gesting that both proteins bind CO in a similar fashion within proximal heme-NO binding in RCCP, along with its potential
their hydrophobic distal pockets. In contrast, RCCP and role in 5¢c-NO formation, remains an open question.
AXCP interact very differently with NO. Ferrous RCCP Is there any other evidence that steric crowding favors 5c-
reacts with NO to yield a mixture of 6¢c-NO and 5¢c-NO NO formation? Yoshimura et al. have surveyed the NO
species in approximately equal proportions, whereas AXCP binding properties of a number of group 1 and group 2
forms a transient 6¢-NO complex that subsequently convertscytochromesc' including AXCP, RCCP,Rhodospirillum
to a predominantly 5¢c-NO species. The RR spectra of the rubrum cytochromec’ (RRCP),Chromatiumvinousmcyto-
6¢-NO species of the two proteins are very different. Most chromec’ (CVCP), andRhodopseudomonas palustcigto-
notably, thev(Fe—NO) frequency of the 6¢c-NO species in  chromec' (RPCP) 0). Interestingly, the ferrous-nitrosyl
RCCP is 10 cm! lower than that of the 6c-NO AXCP  complexes of group 1 cytochromestend to have a higher
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percentage of 6¢-NO species than group 2 cytochrathes
consistent with distal pocket steric crowding being a
determinant of heme-nitrosyl coordination number. Among
the cytochromeg' surveyed, those with the highest equi-
librium ratios of 6¢-NO species were the group 1 proteins
RCCP (45%) and CVCP, (34%), whereas the lowest percent-
ages of 6¢-NO species were found in the group 2 proteins
AXCP (<10%) and RRCP €£10%). The exception was
RPCP (a group 2 cytochrom€) in which the 6c-NO
population was estimated to be 42%. However, RPCP is
unique in that it is the only known cytochroneeto exist
entirely as a monomer, rather than a homodimer.

The connection (if any) between NO binding to cyto-
chromesc and their quaternary structure is unknown.
However, CVCP is reported to undergo dimer dissociation
in the presence of C(0, 54—56). Previous studies of CO
binding to AXCP have not detected any ligand-induced
dimerization B3). Similarly, CO does not induce subunit
dissociation in RCCP, 57). However, it has been reported
that the native RCCP protein can exist in solution as a
monomer/dimer mixture52, 57). In this case it is conceiv-
able that the monomer and dimer forms of RCCP might react
differently with NO, and that its heme-nitrosyl coordination
number could depend on the oligomeric state of the protein.

To summarize, previous studies have correlated 5¢c-NO
formation in hemoproteins with a weak +Elis bond. While
this appears to be true for many hemoproteins, there are a
number of apparent exceptions, including cytochrormies
Data from the present study point to a novel determinant of
heme-nitrosyl coordination number in cytochronwghat
does not depend on the FElis bond strength. The equi-
librium ratio of 5¢c-NO to 6¢-NO species in AXCP is
significantly higher than in RCCP, despite both proteins
having relatively high/(Fe—His) frequencies 0f~230 cn?,
suggesting that the extent of 5¢c-NO formation does not
necessarily correlate with a weak Hdis bond. Instead,

RCCP appears to have a much more accessible distal hemel4.

coordination site than AXCP, on the basis of its significantly
higher affinity for exogenous imidazole. The lowegiFe—

NO) frequency of the 6¢c-NO RCCP species (569 ¥m-
relative to the 6¢c-NO AXCP intermediate (579 éjris also
attributed to RCCP having a more accessible distal heme
face. A model is proposed in which increased steric hindrance
to distal ligand binding acts to destabilize the 6¢c-NO complex
in favor of the 5¢c-NO species. Recent studies have shown
that 6¢-NO— 5¢-NO conversion in AXCP is associated with
NO changing its heme coordination site from the crowded
distal pocket to the more exposed proximal heme face.
Although the NO-binding location of the 5¢c-NO species in
RCCP is still unknown, the present comparison of RCCP
with AXCP supports a correlation between greater distal
heme accessibility and a higher 6¢-NO to 5¢-NO ratio. Future
NO-binding studies on site-directed mutants of cytochrome
¢ will allow the relative influence of heme accessibility and
Fe—His bond strength to be addressed in more detail,
together with the issue of proximal vs distal NO binding
and the affect of quaternary structure.
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