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1. Introduction

The electronic ground state of most known ferric heme
proteins is either low-sping= Y/,) or high-spin &= %/,).
However, a small number of these proteins do not conform
to this regime. This group includes the bacterial ferricyto-
chromesc' (earlier known as RHP, cytochromoids
cytochromesc), 1* whose magnetic properties have been
the subject of debate. In the earliest investigations, magnetic
moments of 5.1 and 4.2g were deduced from solution
magnetic susceptibility measurements made at physiological
pH and room temperature for the ferricytochrorodsolated
from theRhodospirillum rubrun{Rs rubrum), Chromatium
vinosum(Ch. »inosun), and Rhodopseudomonas palustris
(Rp palustrig bacteria® Between 1.4 and 4.2 K, the magnetic
moment of the ferricytochrome' from Ch. vinosumwas
determined to be 3.4s by magnetic susceptibility measure-
ments? The unusual magnetic properties led Ehrenberg and
Kamert to propose that the electronic structure could be
described by a low-spirS(= /,)/high-spin §= %/,) thermal
equilibrium. Maltempoet al68 subsequently proposed a
ground state in which the unperturbed mid-spgh=f 3/,)
and high-spin § = %) states are quantum mechanically
admixed. Further studies have indicated that magnetic
properties vary among the ferricytochronessolated from
different bacteria. Based largely on EPR spectroscopy, these
proteins appear to be comprised of two groups. The first
group, isolated fronRp. palustris Rhodobacter capsulatus
(Rb. capsulatuy and Ch. zinosum displays a large mid-
spin 8= 3/,) contribution to an admixed ground state ranging
from 40 to 57%/%10

The second group, isolated froRs rubrum, Rhodospir-
illum molischianum(Rs molischianun), Achromobacter
xylosoxidansNCIMB 11015 (Ach xylosoxidansNCIMB
11015; formerlyAlcaligenes s]NCIMB 11015), GIFU 543,
GIFU 1048, GIFU 1051, and GIFU 1764, has a much smaller
mid-spin contribution of around 1015%21%1 Continuing
efforts to characterize the ferricytochroméshave led to
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In summary, the electronic ground state of the ferricyto-
chrome<' has been and continues to be the subject of debate,
and evidence for a quantum mechanically admiQeel®/,,%/>»
ground state in these molecules has often been challéiged.
As a result of the ongoing discussions, a large number of
spectroscopic studies and several X-ray structures have been
undertaken. Based on mechanisms postulated by Maltempo
et al®8 to account for the ground state of the heme iron of
the ferricytochrome’ from Ch. vinosum a number of model
complexes have now been investigated and characterized as
guantum mechanica = %/,,%/, spin-state admixture’®24
This work reviews, first, work on model heme complexes
in which the properties of thB= %,,%, spin-state admixture
have been established, and then, the studies related to the
ground-state properties of the heme iron centers in the
ferricytochrome<'. The results of studies on the proteins
will be described and discussed in light of the knowledge
accumulated on five- and six-coordinate ferric porphyrin
model complexes, in which the iron centers display well
characterized quantum mechani€s %/,,%, spin admixed
ground states with varying degrees of mid-spin contribution.
From the outset, it is important to emphasize that the
physicochemical data available on the cytochrordeare
fragmented, and to date, a comprehensive set of data cannot
be assembled for any single protein to enable a definitive
assessment of spin state.

= 3/,,5, spin admixture in these proteins. Resonance Ramanl.1. Characterization and Function of
studies are in accord with the conclusion that the spin stateCytochromes ¢’

of theRp palustrisferricytochromec’ may beS= 3/,,*2while

The cytochromeg' are usually isolated as soluble ho-

EXAFS studies were compatible with a significant mid-spin  ,qdimers composed of two identical subunits of ap-
contribution to admixed ground states of the ferricytochromes proximately 130 residues (molecular mass~ef4 kDa)

¢ from Rs molischianumandRs rubrum?2 In contrast, EPR

and Massbauer studies of the ferricytochromiefrom the

latter bacteriunt? resonance Raman studies of the ferricy-

tochromec’ from Methylococcus capsulati&ath (M. cap-

sulatusBath)® and'H NMR studies of the ferricytochromes

¢’ conclude that, with the possible exceptiorGitf vinosum

the ground state of these proteins is essentially high1&pit.

containing ac-type heme. However, the proteins derived
from the three photosynthetic bacterRp palustris Rh
capsulatusandRhodobacter sphaeroid¢Rb. sphaeroides
are exceptions to this general@The Rp. palustrisprotein

is entirely monomeric, while the proteins frdRi. capsulatus
andRh sphaeroidesire a mixture of monomers and diméfs.
Although the cytochrome' derived from the purple pho-
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Table 1. Mdssbauer Parameters ofS = 3,,5, Spin Admixed and
Pure Mid-spin Iron(lll) Porphyrin Complexes

T fol A
compound (K) (mms?1) (mms?) %(S=2))P

Fell (tpp) Shi-CeHsFe 42  0.39 4.29 ~98
Fé”(tpp)B]_chlz'C7ch RT 377

4.2 0.33 412 ~92
Fe'”(tpp)Co(EbCzHll)gd 295 3.69
Fell (tpp)ClOge! RT  0.30 2.79
(0.5m-xylene) 195  0.34 3.17

77 0.38 3.48

4.2 0.38 3.50 ~65
Fell (tpp)AsRd 4.2 3.25
Fe''(tpp)SQCRK! RT 2.39 ~30
Fell (tpp)BF.e RT 1.60
[F€''(oep)(2-MelmH)} 9 4.2 0.40 1.39 ~0
Fel (tpp)ReQ? 78 1.32
Fell(oep)ClOf" RT  0.37 3.16

115 0.37 3.52

4.2 0.37 3.57 ~80
Fé'(oep)ClQi RT 031 3.14

77 0.39 3.57

4.2 0.40 3.54 ~100
[Fe' (0ep)(EIOH)|CIOf 9 RT  0.29 2.97

115 0.36 3.32

4.2 0.38 3.47
[Fe" (oep)(THF)]CIO4 RT 0.31 3.03

77 0.42 3.34
[F€" (oep)(3-Clpy)ICIQ¢ 4.2 0.36 3.23 ~81
Fé'(oetpp)Cl 280 0.35 0.92 410
Fel'(dpp)CM™ 280  0.35 0.95 ~7
[Fe"(tprp)(THFYICIO® 76  0.34 3.71 ~100
[Fe' (oetpp)(THRCIO,” 290  0.50 3.50 ~100

a/oFe.?Based ong®; values.c Reference 93¢Reference 24.
e Reference 22/ Reference 1342 Reference 94" Reference 87.Ref-
erence 119. Reference 63¢ Reference 219.Reference 108" Refer-
ence 110" Reference 95.

tosynthetic bacteriunCh. vinosumis dimeric, it is unique
in that ligand binding to the heme iron causes dimer
dissociatior?’:28

The cytochromes’ form a unique group of heme proteins
belonging to class Il of the cytochromescharacterized by
(i) a heme attachment near the C-terminal region of the
polypeptide chain; (ii) axial ligation to an imidazole ring of
a His residue; (iii) absence of a second axial ligand; and
(iv) wide-ranging, relatively low redox potentials ranging
from —205 to+202 mV (Table 2f>30 As evident from the
bacterial sources in Table 2, members of this group are found
in a wide variety of bacteria with different metabolic path-
ways including photosynthetic, denitrifying, and nitrogen-
fixing as well as methanotrophic and sulfur oxidizing
activity 152931 The cytochromes' isolated from the denitri-
fying bacteria clearly have the highest redox potentiglsz(
> 110 mV). The redox potentials of the sulfur and nonsulfur
phototrophs span an intermediate range, while the redox
potential of the methanotroghl. capsulatusBath is signifi-
cantly below those of the other proteins. As yet, no functional
significance can be attributed to the differences in redox po-
tentials, and with the exception of the protein frdwin cap-
sulatusBath, the physiological role of the cytochromess
not well understood. The cytochrormefrom M. capsulatus
Bath is proposed to serve as electron shuttle between
cytochrome P460<380 < E,7 < 300 mV), which catalyzes

Weiss et al.

Table 2. Redox Potential En,7) of Cytochromesc'

Em,7(mV) bacterial source of cytochrome's
+202 Paracoccus denitrificarfs
+132 to+90 Achromobacter xylosoxidamMéCIMB 1101%¢
+110 Achromobacter xylosoxidaiGIFU 543
+105 to+94 Rhodopseudomonas palustris
+95 Rhodospirillum salexigef®
+60 Rhodocyclus gelatinostus
+51 Rhodobacter capsulattf
+45 Rhodospirillum tenuis 3761
+30 Rhodobacter sphaeroidds
+30 Ectothorhodospira halophifa
+18 Chromatiumzinosuns¢
+14 Rhodospirillum molischianutm
+14 Rhodospirillum photometricuim
+3 Rhodospirillum rubrurt
+3 Rhodospeudomonas purpuréus
—205 Methylococcus capsulati&ath

a Gilmour, R.; Goodhew, C. F.; Pettigrew, G. \Biochim Biophys
Acta1991, 1059 233.P Cusanovich, M. A.; Tedro, S. M.; Kamen, M.
D. Arch. Biochem Biophys 197Q 141, 557.¢ Reference 147 Meyer,
T. E.; Cusanovich, M. A.Biochim Biophys Acta 1989 975 1.

e Shidara, S.; lwasaki, H.; Yoshimura, T.; Suzuki, S.; Nakaharal, A.
Biochem 1986 99, 1749.f De Klerk, H.; Bartsch, R. G.; Kamen, M.
D. Biochim Biophys Acta 1965 97, 275.9 Dus, K.; De Klerk, H.;
Bartsch, R. G.; Horio, T.; Kamen, M. Proc. Natl. Acad Sci U.S.A.
1967, 57, 367." Meyer, T. E.; Cusanovich, M. ABiochim Biophys
Acta 1985 807, 308.' Kakuno, T.; Hosoi, K.; Higuti, T.; Horio, TJ.
Biochem 1973 74, 1193.i Reference 15.

a four-electron oxidation of hydroxylamine to nitrite, and
cytochromecsss (+175 mV < Eyn7 < +195 mV)1532 |n
general, it has long been assumed that the cytochrames
are involved in electron transfét.They are able to bind
neutral ligands such as CO, NO, and alkylisocyanides,

as well as anionic ligands such as cyanf#€.In addition

to binding NO in vitro, it has been shown that NO binds to
whole cells of the denitrifying bacteriudch xylosoxidans
NCIMB 11015 under denitrifying conditiorf$,and it has
been suggested that the cytochrone@spresent in the
denitrifying bacteria may bind nitric oxide, which is a freely
diffusible intermediate during denitrificatigh:*®It has also
been proposed that some cytochrongesnay function as
NO carrierd® and help to alleviate nitrosative stress in
bacterig’’*8In a physiological environment, the cytochromes
¢’ seem to function in the reduced oxidation state, as the
characteristic EPR spectrum of ferricytochroncefas not
been detected in viviy:>°

2. S = 3,5/, Spin-State Admixture in Model
Heme Complexes

2.1. Spin States of Ferric Porphyrin Complexes

Based on crystal-field and quantum-mechanical calcula-
tions’ "¢ and EPR and NMR spectroscopic daté it is
now well accepted that, in a field of tetragonal (or nearly
tetragonal) symmetry, the® drbital population of iron(lll)
can be formally classified into three spin states:

(i) A high-spin state $ = %) with the d-electron
configuration dgy)'d(xzy2)?d(z2)d(x*—y?)™. In C4, Symmetry,
the ground term of this configuration FA;. The orbital
occupancy pattern arises because the energy gaps between
the 3d-orbitals are smaller than the spin pairing energies. A
large number of five-coordinate, purely high-spin ferric
porphyrin complexes having one moderately strong anionic
ligand are known. A small number of six-coordinate com-
plexes having two neutral, weakly basic axial ligands are



Cytochromes ¢: S = 3,5, Spin-State Admixture? Chemical Reviews, 2006, Vol. 106, No. 6 2553

also known. Many high-spin ferric heme proteins in which S=52
the heme iron is five-coordinate are known. §=312

(i) A low-spin state § = ;) with the d-electron
configuration dky)?d(xzy2)3d(z2)°d (}*—y?)°. In D4, Symmetry,
the ground term i8E. The low-spin configuration is the result
of an energy gap between thexg{2) and d¢?) orbitals which
is larger than the spin pairing energy. It has recently been

Spin-admixed

shown that, with ligands which are-donors and strong Systems

7-acceptors, the relative energies of theyl@nd dgzy2) §=5/2 $=312
orbitals can be reversed, leading to the electronic configu- —

ration dzy2)*d(xy)'d(z%)°d(x*—y?)° having the ground term Increasing energy of dits?

o 58 ; ; -
Bu. A'Iarge number of six-coordinate, low-spin II’OI’](II'I) Figure 1. Possible relative energies of tf&e= 3/, and S = %,
porphyrin model heme complexes have been synthesizedgiates in spin-admixed systems and their variation in energy as a
and many six-coordinate, low-spin ferric heme proteins have function of increasing energy of the>d¢y?) orbital. Reprinted
been isolated and characterized. A few five-coordinate, low- with permission from ref 76. Copyright 2000 American Chemical

spin iron(lll) model complexes have been reported, confined Society.
predominantly to compounds with ireftarbono-bonds, and

no low-spin, five-coordinate ferric heme protein has been
characterized.

(iii) A mid-spin state 8§ = 3/,) with the electron config-
uration diy)?d(xzy2)%d(22)'d(x*—y?)°. The ground term in the
Cy, point group is*A,. This spin state arises when the energy
gap between the &) and d&*—y?) orbitals is larger than
the spin pairing energy.

Coordination of one weak-field anionic axial ligapfef°
one neutral basic ligarfd®? two neutral weakly basic
ligands?*~*” or a combination of a weakly coordinating 2.1.2. Magnetic Properties of Spin-Admixed Ferric
anionic ligand and a weakly basic neutral ligfd can  Porphyrin Complexes: Effects of Porphyrin Structure and
induce the mid-spin configuration. Several examples of Ligation State.
almost pure mid-spin iron(lll) porphyrin model complexes
have been reportéd® The less common mid-spin config-
uration d&zy2)3d(xy)'d(z2)X(dx>—y?)° with the ground state
“E has been described for severely ruffled and sadalleso
tetraalkyl model heme®:72 There are currently no examples
of heme proteins in a pure, or “nearly pure”, mid-spin state.

When the energy separation of the mid-spin and high-
spin states approaches the magnitude of the-spibit  yom)y oriented samples appear as broad, derivative-shaped
coupling parameter, the electronic ground state of the heme ;a5
is best described as a quantum mechanical admixture of the " 16 gistribution of unpaired electron spin, as reflected in

two spin states. Many model heme complexes displaying the \r hyperfine shifts ofH and *C NMR signals, serves

guantum mechanically admixesl= 3,5, ground state are as an extremel P ; ;
y sensitive probe of spin admixture. For pure
58
klnown. ' Based on resonlanlce R’Iﬁman, %PR' er]\/IR, gmd high-spin iron(l1l) porphyrins without significant core distor-
electronic spectra, several class |ll peroxidases have beerjo the predominating mechanism of spin delocalization is
characterized asS = °, spin state admixtures; via ac pathway from d{?—y?) to the porphyrin framework.

Although assignment of th® = %,,%; spin-state admixture ¢ ‘the signals of the pyrrofH of iron(lll) tetraarylpor-
to these proteins has not, to date, provoked a debate S'm'larphyrins (F (tap)) experience large shifts downfield to
to that surrounding the cytochrome§ rigorous physico-

: ) ~ +80 ppm. Thex-CH proton signals of high-spin octaethyl-
chemical chargcterlzatlon has not been performed on all the(oep) and etio-type (etio) porphyrins are similarly shifted
class Il peroxidases.

downfield to~ +60 ppm. As the d¢—y?) orbital becomes
depopulated with the increasigg= %/, admixture, the pyrrole
proton signals of the tetraarylporphyrin shift upfield to a
limiting postion of~ —60 ppm in mid-spin complexes. The

In studies based on model complexes, the quantumsituation for signals of protons on pyrrgealkyl substituents
mechanicab = %/,,%, spin admixed ground state was initially is less straightforward. The-CH, proton signals of the
proposed to explain the magnetic properties of the moderatelyseverely saddle-distorted pentacoordinate complex iodo
acidic or neutral pH form of the ferricytochrone from 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphi-
the photosynthetic bacteri€h. vinosum®2 In a model natoiron(lll) (Fe'(oetpp)l), which has been characterized by
proposed by Maltempo, the mid- and high-spin states interact EPR and magnetic susceptibility measurements as a nearly
when their energy separation is of the same order of pure mid-spin complex, range from 47.3 to 11.9 pfSiwjth
magnitude as, or smaller than, the sporbit coupling an average shift of 30.2 ppm, only slightly upfield from the
parameterl. In C,;, symmetry, the ground state may be average shifts of the-CH, signals of high-spin F&(oetpp)F
described by a linear combination of the sexiat and (35.7 ppm) and P&(oetpp)Cl (34.0 ppm) complexes. The
quartet*A, states, resulting in a B{—Yy?) orbital occupancy  average of thea-CH, proton signals of the mid-spin
<1 and a dXy) orbital occupancy>1. According to Mitra hexacoordinate complexes [H@etpp)(thf}]™ and [Fé!'-

et al,”>the Maltempo model explains only the gross magnetic
behavior of the complexes and mixing with low-lying excited
spin states*Eg, °E, ?B,) should also be considered. As shown
diagrammatically by Figure % the relative contributions

of S= %, and S = ¥/, states to the ground state of spin-
admixed systems varies depending upon the energy of the
d(x*>—y?) orbital. As the energy of this orbital increases, the
ground state will change from predominan®/= %, to
predominantlyS = ¥/,.58

2.1.2.1. General FeaturesEffective gy values of EPR
transitions reported fo8 = 3/,,%, spin-admixed complexes
vary between 4, the theoretical value for pure mid-spin
complexes, and 6, the value for pure high-spin complékes.
Because of the approximate axial symmetry of the ligand
field of iron in mid-spin, spin-admixed, and high-spin
electronic configurationsgy lines in EPR spectra of ran-

2.1.1. Theoretical Basis for the S = 3/,,%/» Quantum
Mechanical Spin-State Admixture
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(oetpp)(MeOH)]* is shifted to a slightly higher field at20 nate planar [P&(tap)]* complexes characterized as predomi-
ppm. However, the difference betweerCH, shifts in high- nantly mid-spin, d{zyz)—3e, interaction is proposed to lead
spin and mid-spin complexes is still much less pronounced to a large upfield pyrrolex-carbon shift to~ —200 ppm
than that for the pyrrole protons of the''Hgap). The relative  and a smallemesocarbon downfield shift te~80 ppm. In
insensitivity ofa.-CH proton shifts to the proportion &= hexacoordinate spin-admixed complexes where strong ruf-
%, admixture is ascribed to a combination of rapid attenuation fling of the porphyrin core causes inversion of theyl@nd
of spin transfer through bonds and conformational effects d(xzy2) orbital energies to give the electronic configuration
relating to the orientation of th@ alkyl groups’?> The meso d(xzy2)3d(xy)'d(@)d(x*—y?°, as in the case of [M&t'Prp)]",
carbons lie in a nodal plane of teesystem, and spin transfer a decrease in dgyz)—3eg, interaction accompanied by
occurs via at-mechanism through a zfj—ay, interaction’® development of a af)—ag, interaction is proposed to lead
Thus, in high-spin complexesyesoprotons are shifted far  to large downfield shifts of both the pyrrote-carbon signal
upfield of the diamagnetic region-64 ppm in Fé& (oep)- (to 24 ppm) and themesocarbon signal (to 145 ppm).
Cl). As iron moves toward the porphyrin mean plane in spin- Saddling in [Fé& (oetpp)] allows d§>—y?)—a, interaction
admixed complexes, the df—a,, interaction becomes less in addition to 3g—d(xzy2) interaction, causing a strong
favorable, andnesoproton signals move downfield toward downfield shift of thea-carbon signal te~400 ppm and a
the diamagnetic region while protonsmésox-CH postions large mesocarbon shift upfield to-270 ppm.
move upfield toward the diamagnetic regida. 13C NMR shifts of porphyrin ring carbons have recently
The isotropic shifts of proton signals &= 3/, spin- been investigated as a probe for spin stat€or spin-
admixed complexes show an anti-Curie temperature depen-2dmixed planar complexes [fpp)L,] " and strongly ruffled
dence?*6285-83 a5 a result of the dependence of spin-state complexes [Fé(tPr)L;]*, shifts of the pyrrole H were
admixture on temperature. The non-Curie behavior of proton correlated with shifts of pyrrolex, 8, and mesocarbon
resonances has been studied in the chloro, perchlorato, bissignals. The correlations were proposed as a basis for
[4-(dimethylamino)pyridine], bis(1-methylimidazolate), and ~€stimating mid-spin content frofiC NMR spectra. Devia-
bis(cyanide) iron(lll) complexes of the sterically crowded tion of *C shifts of [Fé! (tPr)L]* from the correlation curves
B-pyrrole-substituted octamethyltetraphenylporphyrin (omt- for L = MeOH, thf, 2-Me-thf, and dioxane were attributed
pp), octaethyltetraphenylporphyrin (oetpp), octaethyltetrap- to the unusual mid-spin configurationfy2)*d(xy)'d(*)'d-
entafluorophenylporphyrin (oepfpp), and teft#-tetra- (x2—y?)°, and a separate correlation curve was constructed
methylenetetraphenylporphyrin {tep) & An expanded form fc_)r this configuration. In the case of the strongly saddle-
of the Curie law that inciudes a contribution from the distorted [F& (oetpp)L]*, a good correlation was established
Boltzmann population of a thermally accessible excited state between the”C NMR shift of the Py-G attached to the
has been developed to allow the spin multiplicities and Pyrrole and the shifts of the, £, andmesocarbons.
energy separation of ground and excited states to be These studies have shown thidtand*C NMR are useful
determined by fitting the temperature dependence of protontools for defining the spin states of complexes at ambient
resonances. The ground-state assignments based on fittingonditions and for determining whether the spin state is due
the expanded Curie-law equation were in agreement with to a thermally accessible state or a thermodynamic equilib-
assignments based on EPR, with the exception of the casegium between spin states or bdth.
of Fé'(tcstpp)Cl. While the EPR spectrum of this complex  The structural, spectroscopic, and magnetic properties of
indicated a high-spin ground state, the best fit for the quantum mechanically spin-admixed iron(lll) porphyrin
temperature dependence of the phenyl and methylene protongomplexes, particularly iron(l1l) tetraphenylporphyrin com-
was obtained based on the assumption of a mid-spin groundplexes, have been used as the basis of a “magnetochemical”
state. The authors have proposed a thermal equilibriumseries to rank ligand field strength® analogous to the
between the two spin states that makes $e 3/, state spectrochemical series. In line with expectations, the metrics
lowest in energy over the temperature range of the NMR of the spin-admixed complexes lie between the limits of pure

experiments. high-spin and pure mid-spin complexes according to the
13C NMR signals of pyrrolen- and S-carbons in planar  relative proportions of the spin states in the admixture.
hexacoordinate high-spin complexes of the type'[ftap)]" 2.1.2.2. Specific Studies on Mid-Spin and Spin-Admixed

are shifted strongly downfield, t6-1600 and 1250 ppm, Model Complexes.A large body of work has appeared
respectively, bys-donation of unpaired spin from the half- characterizing spin-admixed model compounds. Bhe
filled d(x*—y?) orbital to the porphyrin framework. Decreas- 3/,,5/, quantum mechanically admixed ground state has been
ing d(2%)—agu interaction with movement of the iron toward reported for five- and six-coordinate ferric tetraaryl- and
the porphyrin mean plane leads to a shiftreésocarbon octaalkylporphyrin complexes ligated to (i) one weak-field
signals close to the diamagnetic region~a20 ppm. On or weakly basic anionic ligand such ag8H;,,%° Sbk~,%°
strong ruffling of the porphyrin core in the hexacoordinate AsFs~,2* ClO,~,2286:87C(CN);~ 8188 CRS O, 81 8%0r B, 24
high-spin complex iron(lll)mesetetra(isopropylporphyrin) (i) one neutral ligand such as imidazole, alkyl-substituted
([FE" (tPrp)I), a small upfield shift of the pyrrole-carbon imidazoles, or benz- or halogenated imidaz&le3(iii) two
signal by 15 ppm and small downshifts of thresocarbon neutral, weakly basic ligands such as T#R-chloropyri-

by 60 ppm and the pyrrolg-carbon by 40 ppm are ascribed dine® or 3,5-dichloropyridin€®5” or (iv) one weakly

to contraction of the FeN, bonds and interaction between coordinating anionic ligand and one neutral weakly basic
the dky) and a, orbitals. Saddle distortion in hexacoordinate ligand such as N + DMF® or CRSQ;~ + H,0.88 It has
high-spin [Féd'(oetpp)]" results in pronounced upfield shifts  also been shown that the relative proportion of the mid-spin
of both a- and s-pyrrole carbon signals te-700 and 900 contribution & = %/,) to the S = %/,,%, spin-admixed state
ppm, respectively, through decreasedionation from Fe can be varied by unfavorable steric interactions between axial
d(x>-y?) and a slight downfield shift of thenesocarbon to ligands andortho substituents of ferric 2,6- and 2,4,6-
~40 ppm through d¢—y?)—ap, interaction. In hexacoordi-  substituted tetraarylporphyrin complexes that result in weak-
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ened axial coordinatioff:°*°1Magnetic susceptibility mea- The bis(4-dma-py) complex, [Fe(oetpp)(4-dma@)O,,
surements have established magnetic moments ranging fronmaintained a low-spin state over the temperature range
3.9 to 5.9us. The temperature-dependent magnetic suscep-2—300 K. The bis(py) complex was in ti&= %, spin state
tibility has been described over the range3®0 K for Fé''- at room temperature and underwent a novel spin transition
(0ep)(3-Clpy)%? Fe (tpp)(B11CHi2)-C/Hg,>° Fe (tpp)(FSb)- from mid-spin to low-spin $ = %,) at about 150 K. The
CeHsF,%2 and Fé'(oep)(2-MelmHY,** and over the range  bis(4-CNpy) complex showed similar behavior in the solid
1.9-300 K for Fé'(oep)(3,5-Clpy).ClO,.5 With the excep- state, but in solution it remained in the mid-spin state. The
tion of the mono(2-MelmH) complex, these complexes were bis(thf) complex [F& (oetpp)]” maintained a pure mid-spin
identified as spin-admixed, and the temperature-dependentstate over the temperature range3®0 K The bis(thf)
curves were characterized by a clear inflectiomd80 K. complex of strongly ruffled [P&(t'Prp)(thfy] ™ was charac-
A good fit to the experimental data was obtained by the terized as being in an essentially puse= %/, spin state
Maltempo model when weak antiferromagnetic coupling was between 50 and 300 K. The major considerations put forward
included in the calculated susceptibility values of the for the increasing stabilization of the mid-spin state in the
5-coordinate complexes. The mono(2-MelmH) complex [Fée'"(oetpp)(LY]™ complexes (L= thf, 4-CNpy, py) were
showed no spin transition and was best treated as high-spirshort Fe-N, bond distances occurring in highly nonplanar
(see section 2.2). distorted porphyrins and weak coordination of the axial
The five-coordinate iron(lll) porphyrin complexes of ligands. These results indicate that both the nonplanar
weakly coordinating anionic ligands, such as the mono- distortions of the porphyrin core and the coordination strength
(imidazole) complexes [Fe(tmp)L]CIO(L = imidazole, of the axial ligand play an important role in tuning the spin
alkyl-substituted imidazoles, or benz- or halogenated imi- states of iron(lll).
dazoles), have been studied by a variety of spectroscopic The electronic states of the pyrrgfesubstituted complexes
techniques$?708>95% As discussed in section 2.2, the degree [Fel(omtpp)(L)]™ and iron(lll) tetrag,s-tetramethylene-
of spin-state admixture could generally be rationalized by tetra(3,5-dimethylphenyl)porphyrin (tbtxp), [tebtxp)(L2)]
the relative ligand field strength estimated as a function of (L = thf, 4-CNpy, py, 4-dma-py), have also been studied in
steric bulk and electronic effects. Exceptions (also discussedjiquid and frozen solution. While the bis(4-dma-py) com-
in section 2.2) were complexes of the sterically bulky ligands plexes maintain the low-spin state, the bis(thf) derivatives
2/BulmH and 2-(1-(EtPr))ImH, which were essentially high-  exhibit an essentially pure mid-spin state over a wide range
spin. of temperature. The bis(py) and bis(4-CNpy) complexes
In addition to stabilization of df) by coordination of a  exhibit anS= 3/, — %/, spin transition as the temperature is
weak-field axial ligand, the mid-spin state may be stabilized decreased from 300 to 200 K’ Close examination of the
through raising the energy ofxd-y?) by increasing the field ~ NMR and EPR data revealed that at low temperature these
strength of the porphyrin ligand. The nearly pure mid-spin complexes adopt the less commoxzi(2)*d(xy)* low-spin
states of the chloroiron(lll) complexes of phthalocyafitig* state electronic configuration in contrast to the case df {Fe
and octamethyltetraazaporphyti3;!%are attributed to the  (oetpp)(py)] ", which shows the more common xgj’d-
smaller cavities of these ligands relative to those of the (xzy2)?2 configuration?” [Fe'" (omtpp)(py}]+ has been found
tetraaryl- and octaalkylporphyrins. The result is a substan- to behave quite differently from [E&oetpp)(py}]t in the
tially higher energy d¢—y?) orbital through the increased microcrystalline state. While the oetpp derivative was found
field strength of these tetrapyrrolic ligant#¥é1t has also been  to exhibit theS = 3, — ¥/, spin transition, the omtpp de-
shown that the relative proportion of the mid-spin state in rivative maintained a low-spin state. The difference in mag-
the S= 3,,%, admixture can be varied by electron-releasing netic behavior between [ft¢omtpp)(py}] ™ and [F¢! (oetpp)-

or -withdrawingpara-phenyl substituents of iron(llinese (py)2]* has been ascribed to the difference in the molecular
tetraarylporphyrin complexes that modulate the field strength packing of the crystals, with the former complex adopting a
of the porphyrin ligand590-°1 densely packed cubic crystal system while the latter crystal-

As discussed above, nonplanar distortions of the porphyrin lizes in a less condensed monoclinic systériihe results
ligand have recently been proposed to increase equatoriaindicate that loosely packed crystal systems and wide cavities
field strength. Based on this observation, a saddle deforma-around the axial ligands are important requirements for the
tion of the heme has been suggested to mediate the electroni@ccurrence of the spin crossover in the solid state.
structure of the bacterial ferricytochrome'si®®* EHT and More recently, magnetic properties of bis(4-CNpy) com-
INDO calculations of Cheng and Ché&hpredict that saddle plexes of iron(lll) octamethyl-, octaphenyl-, and teft#:-
deformations decrease the symmetry of the porphyrin tetramethylenetetraphenylporphyrin were analyzed by NMR
coordination sphere and can cause stronger interactionand EPR spectroscopy and the crystal structures of two
between the macrocycle and the coordinated metal with adifferent forms of [F& (oetpp)(4-CNpy)|ClO,4 and one form
net effect of elevating the energy ob&(-y?) relative to dg). of [Fe''(omtpp)(4-CNpy)]CIO, were determine® This
The S = 3/,,%/> spin-admixed chloroiron(lll) complexes of  study shows the coordination strength of the axial ligand as
the sterically crowded porphyrin dianions omtpp and oetpp well as short FeN, bond distances to be an important factor
contain porphyrins that are severely saddle shaped. Aijn tuning the ground state of the iron(lll) porphyrins. While
quantum mechanic@ = °>,%/> spin admixture with a mid-  most of the conclusions of this study are in agreement with
spin contribution of about 40% was determined by EPR the studies of Nakamuret al.®>%1%7discussed above, large
spectroscopy for the complex 'Foetpp)CI® negative phenyl H chemical shift differencés — d, and

The temperature dependence of the magnetic behavior ofdm — Jp in the *H NMR spectra indicate that the actual
six-coordinate saddle-distorted complexed'[{eetpp)(L)] electronic state of [F&(oetpp)(4-CNpy)|ClO, involves a
with weakly coordinating axial ligands & tetrahydrofuran significant, but as yet not quantified, contribution from a
(thf), 4-cyanopyridine (4-CNpy), pyridine (py), or 4-di- high-spin & = 2) iron(ll) center antiferromagnetically
methylaminopyridine (4-dma-py) has been investig&tég’ coupled to arS = Y/, porphyrinzz-cation radicaf®
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However, the importance of saddle distortion, per se, has spin state by increased occupation of theylorbital and a

been questioned in studies of fluoro- and chloroiron(lll)
(oetpp) complexe&®as well as the chloroiron(lll) com-
plexes of other pyrrolg-ethyl and phenymesetetraphe-
nylporphyrinst®119These complexes show only a weakly

corresponding decrease in the?d{y?) orbital in the direction
of the equatorial pyrrole nitrogens. For both 5- and 6-coor-
dinate complexes, the changes in the d-electron distribution
are reflected in significantly smaller average-f¢, bond

spin-admixed ground state, although the porphyrin ligands lengths and, in 5-coordinate complexes, in smaller out-of-
display very large saddle distortions and are often also plane displacementa(core). In the strongly spin-admixed
slightly ruffled. In contrast, the mid-spin contributions to the complexes, FeN, bond lengths are generallg2.00 A,
ground electronic state of the bromo and iodo complexes of compared to>2.00 A in pure high-spin complexes. In the

Fe'(oetpp), in which the field strength of the axial ligands
is weaker, have been found to be89 and 98%, respec-
tively.”® The ground state of the perchlorato iron(lll) complex
Fe' (oetpp)CIQ, with both a weak-field ligand and severe
saddle distortion, is almost pue= %,.1'1 Taken as a whole,

5-coordinate spin-admixed complexégcore) is generally
<0.3 A compared t0>0.45 A in high-spin complex-
es2289,113116,117.13921 Gimjlar observations have been reported
for the six-coordinate iron(lll) octaalkyl- and tetraarylpor-
phyrins and weakly basic axial liganffs3®:66.68.88.113.123n

these reports suggest that a weak-field ligand and saddleseyeral pyridine-ligated six-coordinate iron(l1l) porphy8n

distortion may act in combination to cause a significant mid-
spin component in ag = %/,,%/, admixture.

Hoard? has shown that B ruffling of the porphyrin core
allows the relief of strain in metalloporphyrins which require
core contraction to accommodate short-M, bond dis-
tances:3 Since core contraction increases the field strength
a ruffled core should elevate the energy of the?€f?)

orbital and therefore stabilize the mid-spin state. Neverthe-

less, despite a short F&, average distance of 2.034(9) A,
the ruffled chiroporphyrin complex Fe(tmcp)CI (tmep
tetramethylchiroporphyrid}* is high-spint'®> However, the
combination of ruffling and axial coordination by a weak-
field alcohol ligand in the six-coordinate bis(ethanol) com-
plex [Fe" (tmcp)(EtOH}]* and in three variants of the mixed
ethanot-water complex [Fé(tmcp)(EtOH)(HO)]* leads to

strong tetragonal distortions with a ground state that is either

pure mid-spin or very close to pure mid-spin. While the spin
states of the five-coordinate halide-ligated iron(Ill) complexes
of the highly ruffledmesetetraalkylporphyrins, Fé(trp)X
(r = 1-ethylpropyl (1-EtPr) or isopropylRr); X = F, Cl,
Br,) are demonstrated to be high-spin in £y solution,

= 3,5, spin-admixed compounds, the dihedral angle
formed by the plane containing two opposite pyrrole nitro-
gens and the axial ligand mean plane is close°té 0

Similar properties were observed in complexes in which
the porphyrin ligands are saddle shaped or ruffled. In the

' saddle-distorted five-coordinat8 = 3%,,%, spin-admixed

complexes Pé(omtpp)Cl, Fé'(oetpp)Cl (two crystalline
forms), and Fé(dodecaphenylporphyrin)Cl (Bédpp)Cl),

in which the mid-spin contributions are probably small,
average FeN, bond distances are 2.034(9), 2.040(6), and
2.056 A, respectively?>108.110The average FeN, bond
distance observed in the high-spin five-coordinate chloroiron-
(I11y chiroporphyrin complex, Fé&(tmcp)Cl, in which the
porphyrin dianion (tmcp) is highly ruffled, is very similar
to the values observed in 't@etpp)Cl and Pé(dpp)CILS
However, as discussed above, five- and six-coordinate iron-
(In) complexes displaying an almost pure mid-spin state have
been obtained by a combination of weak-field axial ligation
and severe porphyrin saddling or ruffling. Considerable radial
contraction takes place in such complexes. In the five-

the iodo and perchlorato complexes of these porphyrins coordinate complex Fgoetpp)CIQ the average FeN, bond

exhibit stronglyS = 3/,,%, spin-admixed states, with mid-
spin contributions of 8796%?28 On the basis of*C NMR
hyperfine shifts, which are downfield for thmesocarbons
and upfield for pyrrolea-carbons, the unusual electronic
configuration dkzy2)3d(xy)'d(z%)* { S= 3 (d(xy))} has been
proposed for th&s = 3/,,5/, admixture®® The six-coordinate
complexes of these porphyrins, such as"[fg)(thf),] ",
have virtually pure mid-spin ground staf®$® T NMR
shifts of themescand pyrrolex-carbons of the six-coordinate
complexes are also consistent with thezi(z)3d(xy)'d(z3)*
electronic configuratiori?®® The occurrence of short Fe
Np bond lengths in highly ruffled porphyrin derivatives was
confirmed by the structure of [&t'Prp)(thfp]ClO4.% The
average FeN, bond distance of 1.967(12) A observed in

distance is 1.963(7) Al In the six-coordinate species, [ie
(tmcp)(EtOH)Y]*, [F€'" (tmcp)(EtOH)(HO)]*, [FE" (tPrp)-
(thf),]*, [Fe"(omtpp)(4-CNpy)]", and [Fd'(oetpp)(4-
CNpy)]*, the Fe-N, bond lengths range from 1.950(5) to
1.978(7) Ag5104118The axial bond lengths are quite long,
ranging from 2.173(5) to 2.272(4) A in the chiroporphyrin
complexes?®

The Fe-Cl bond distances in the five-coordinate chlor-
oiron(lll) complexes, Fé(omtpp)Cl, Fé'(oetpp)Cl, F&-
(netpp)Cl 6 = 2, 4, 6), and Fé(dpp)Cl, in which the mid-
spin contributions to th& = 3/,,%/, spin-admixed ground
states are most probably small, are not significantly different
from those of the tetraphenyl-, octaethyl-, and chiroporphyrin
derivatives, F&(tpp)Cl, F¢' (oep)Cl, and Pé&(tmcp)CI. These

this compound is clearly smaller than that observed in the ro_ | hond distances range from 2.031(5) to 2.056(4) A in

guantum mechanicalyd = 3/,,%, spin-admixed bis(thf)
derivatives [F&(oep)(thf}]CIO, and [Fé& (tpp)(thf]ClO,.116117
The mesocarbons of [Fé (tPrp)(thfy]ClO,4 deviate by ca.
0.68 A above and below the porphyrin core mean plafe.

2.1.3. X-ray Structural Studies on Spin-Admixed Ferric
Porphyrin Complexes: Bond Distances, Out-of-Plane
Displacements, and Porphyrin Conformation

As observed above, the d-electron distribution in the iron-
(1) porphyrin complexes having weak-field axial ligands
and displaying a significars = 3/, contribution to theS =
%/,,51, admixed ground state differs from those in a pure high-

the S-pyrrole-substituted tetraphenylporphyrin complexes and
from 2.192 to 2.243 A in the complexes withgBHpyrrole
substituentd?>108-110.113Hgwever, in the mid-sping= ,),
six-coordinate bis(ethanol) and mixed ethanahter chi-
roporphyrin complexes, [H&tmcp)(EtOH)]CIO, and [Fé!'-
(tmcp)(EtOH)(HO)]CIO,, the axial Fe-O bond distances
are quite long, ranging from 2.173(5) to 2.272(4)%Alt
has been shown that the +H,, axial bond distances in the
six-coordinate iron(lll) porphyrin derivatives [ép)(L),]

(p = omtpp, oetpp, and §tpp), bonded axially to various
pyridines and imidazole’$3*?4increase as the spin state of
the iron center changes from the low-spin st&te, Y/, (Fe—
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Nax ~ 2.00 A), to the mid-spin stat&§= 3/, (Fe—Nax ~ 2.2 coordinating solvent, the triflate complexes are five-
A).8s coordinate. Single pre-edge peaks for the triflate complexes

Overall, the work on model porphyrin complexes indicates ©f ferric tetramesitylporphyrin and the tetramesitylporpholac-
that both the saddle and ruffle distortions destabilize the iron tone have normalized, integrated intensities of 16.6 and 19.3,
d(x>—y?) orbital and therefore stabilize the mid-spin state. respectively, indicating some enhancement through4gul
However, as shown by the studies of five-coordinate iron- Mixing. Such mixing is in accord with loss of inversion
(1) porphyrin complexes with moderately strong axial Symmetry through triflate coordination. Enhanced axial
ligands, the nonplanar distortions do not destabilize the iron coordination by triflate predicts a decreasge %, contribu-
d(x—y?) orbital to the degree of causing significé= 3,5 tion to spin admixture, supported t_)y valuegpt> .5.8 found
spin admixture. In contrast, significar® = 3,5, spin in the EPR spectra. The predomlnance. of a smgle pre-edge
admixtures have been obtained by a combination of non- Peak is in accord with the reportedlaxis selective ep
planar distortions with weak axial ligands. Thus, the net Mixing predicted for square pyramidal complexes and the
effects of the saddle and ruffle distortions of the heme in Narrow energy range expected for +s3d transitions of
the cytochromes’ cannot easily be predicted, since, ac- complexes in predominantly high-spin states. The pre-edge
cording to the model mono(imidazole) complexes of Naka- SPectra of hydroxoiron(lil) tetramesitylporphyrin and chlor-
mura et al862the axial imidazole-His ligand probably has oiron(lll) tetraphenylporphyrin complexes, assigned pire

moderately weak donor properties. = %/, spin states based o galues of 5.9, are qualitatively
similar to those of the five-coordinate triflates. However,
2.1.4. X-ray Absorption Spectroscopy integrated intensities of 30.7 and 32.7, respectively, show

substantial 3¢t4p mixing, in line with expected strong axial

X-ray absorption spectroscopy (XAS) at the iron K-edge coordination and large displacement of iron from the
has been extensively applied to investigate the environmentporphyrin mean plane. An integrated intensity of 19.8 was
of iron in model and biological complexes of porphyrifs!=’ observed for the single pre-edge feature of chloroiron(lll)
Bond lengths and coordination numbers for a large number tetramesitylporphyrin. This value lies between those obtained
of complexes have been determined from the EXAFS portion for the strongly spin-admixed bis(methanol) complexes of
of the XAS spectrum. There have been no systematic the iron(lll) triflates and those for the high-spin complexes
investigations published d®= %,/ spin-admixed systems. and suggests a sma&l= %, admixture, althougly; = 5.9
Pre-K-edge absorption features in the near-edge (XANES) (estimated from the zero crossing) is close to that of a pure
region of the spectrum, representing excitation of 1s electronshigh-spin state. As the pre-edge peak is highly sensitive to
to low-lying unoccupied orbitals with iron character, have ligand field strength, this result suggests that the field strength
received only limited attention by investigators. However, ordering Cl~ OH proposed in the magnetochemical séfies
these transitions are highly sensitive indicators of iron site might be refined to Ck OH.
symmetry, valence, and spin state. The pre-K-edge features
of iron porphyrins represent low-intensity #s3d excitations ~ 2.1.5. Electronic Spectra, Resonance Raman
arising through quadrupolar mechanists?° Dipolar Spectroscopy, Magnetic Circular Dichroism, and
mechanisms can significantly enhance transition intensities Mdssbauer Spectroscopy of Model Compounds
through 3d-4p orbital mixing resulting from distortions that
cause loss of inversion symmetry and additionally from
ligand-induced 3d orbital destabilization, which results in
closer energy matching between 3d and 4p orbitals. Recen

investigation of a series of iron(lll) porphyrin complek®&s porphyrin complexes. In acetone, the absorption spectrum
indicates that th i int ted int iti f th ) )
indicates that the energies and integrated intensities o emc Fel (0ep)CIQ shows bands at 392 (Soret), 497, and 628

pre-edge transitions correlate with spin state. The pre—edgenm In contrast, in dichloromethane the bands appear at 380
features of the bis(methanol) complexes of iron(lll) tet- (Soret). 500, émd 633 nm. with the Soret band being

ramesityl chlorint*! porpholactoné$? and porphyrin triflates . .

can be ?/esolved intrz) tv?/o low-intensity fgatl?reys. Normalized ?roadened and slightly spfit"*In dichloromethane at 25
to the edge jump, the total integrated intensities range .C: the optical spectra of [F%trtnp)L]C_:IO4 (L = ImH,
between 7.4 and 9.5, only slightly exceeding the intensities 2-RIMH; R= Me, Et, ‘Pr, 1-EtPr,Bu) dlspéay four bands
expected for purely quadrupolar mechanisms. The absencé®PPearing around 413, 511, 570, ?nd 691%ihe absorp-
of dipolar enhancement is consistent with the location of the tion spectra of F'é(tpp)CIO4_and Fé (tpp)Cl have a!so been
iron in or near the porphyrin mean plane, conferring inversion CMpared in toluene solution and found to be sinfitar.
symmetry. It is interesting to note that hyperfine structure ~ Mixed-spin iron(lll) complexes have been studied by
observed at the pre-edge represents splitting of the 3dresonance Raman spectroscéffAlthough the By skeletal
manifold. Based on the calculated energies of the allowed Mmode vy of the perchloratoiron(lll) octaethylporphyrin
transitions, the lower energy peak is assigned to the meancomplex F€(0ep)CIQ was observed at an anomalously high
of the 1s— 3d(#), 3d(r), and 3dky) transitions, and the ~ frequency of 1645 cmt, there did not appear to be a
higher energy peak to the s 3d(x*—y?) transition. Weak  correlation betweemso and magnetic moment, leading to
coordination of the methanol ligands stabilizes the?d(z the conclusion that this band was not an appropriate marker
orbital and also strongly enhances in-plane bonding, which, for spin state:®

in turn, destabilizes the g{—y?) atomic orbital. The net effect Magnetic circular dichroism (MCD) spectra of five- and
of these changes allows resolution of the-£s3dx>—Yy?) six-coordinate mixed-spin ferric octaethylporphyrin com-
transition and induces partial depopulation of 3d{y?) to plexes, F#(oep)X (X = CIO;~, SO,CK™, Sbk™) and
give the S = 3,53 spin-state admixture, confirmed by [Fe"(oep)(3,5-Cl-py)]ClO,4, have been investigated in the
solution EPR transitions a5 = 5.6-5.7 (estimated from  Soret-visible (300-700 nm) and near-IR (7662000 nm)
the zero crossing of the low-field line). In the absence of regions?” MCD spectra of the iron(lll) octaethylporphyrin

The UV—visible absorption spectra of the five-coordinate
spin-admixed iron(lll) porphyrin complexes with one weakly
iasic axial ligand have been recorded and found to show
strong similarities to those of known high-spin iron(lll)
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model complexes showed distinctive features in the NIR
range and displayed characteristics similar to those of
ferricytochromes' from Ach xylosoxidansNCIMB 11015.
This result provides evidence for the utility of MCD

Weiss et al.

a monoimidazole complex were not provided. Subsequently,
the oep complex, [F&oep)(2-MelmH)]CIQ, has been
crystallized from chloroform or dibromomethane by mixing
equimolar quantities of 2-MelmH and 'Fep)CIQ. Struc-

spectroscopy, especially in the near-IR region, as a probe oftures of the chloroform and dibromomethane monosolvates

spin state in ferric heme systeffs.
A large number ofS = 3,5, spin-admixed iron(lll)

have been determined by X-ray crystallograghi#®and in
addition, the magnetic susceptibility and ddauer spectra

porphyrin model complexes have been studied bgdbauer  of the chloroform solvate have been investigated in the solid
spectroscopy?3* The spectra of such complexes are in state. As discussed in section 2.1.3, the displacement of iron
general characterized by narrow-line symmetric doublets at from the porphyrin mean plana(core), and the FeN, bond

all temperatures. In general, no gross line broadenings ordistances of [Fé(oep)(2-MelmH)} lie between those of
resolution of separate quadrupole doublets is observed. Thesigh-spin ands = %/,,%/, spin-admixed ferric porphyrin model
observations confirm the presence of only a single spin statecomplexes. The magnetic momemix of [Fe(oep)(2-Me-

in these compounds rather than a thermal equilibrium ImH)]* and its temperature dependence are consistent with
between unperturbed high-spin and low-spin states. Table 1a high-spin state. However, a fit of the temperature-dependent
shows that the model complexes are characterized by largesusceptibility data required inclusion of weak antiferromag-

quadrupole splittings AEg). Variation of AEqg between
compounds undoubtedly reflects varying quartet/sextg¥ (A
A% ratios in the spin admixtures. The origin of the
temperature dependence SEq (Table 1) is not yet clear.
Relaxation effects, thermal population of higher energy
orbitals, and dynamic admixtures at different temperatures
have been suggested as possible explanatféfsi*somer
shifts of spin-admixed complexes (Table 1) differ little from
those of high-spin and low-spin ferric porphyrins. No relation
is apparent between the Msbauer parameters and the
position of iron relative to the porphyrin core mean plane,
with both five- and six-coordinate complexes having com-
parabled and AEq values!®*

2.2. Mono(imidazole) Iron(lll) Porphyrin
Complexes as Models for Cytochromes ¢

Five-coordinate mono(imidazole) iron(lll) porphyrin com-
plexes have been of interest as models for the investigation
of the properties of a variety of proteins containing 5-coor-
dinate hemes with histidine axial ligands. Initial efforts to
study (mono)imidazole complexes were frustrated by the
tendency of imidazoles to form bis-addu&tin the earliest
report of 5-coordination of ferric porphyrins with imidazoles,
these difficulties were overcome by titrating the ferric tpp
complex of the weakly coordinating axial ligand, Sbkn
toluene with imidazole or 4-methylimidazole to give [Fe
(tpp)(L)]SbKs (L = ImH, 4-MelmH)13” Treatment of Fé-
(tpp)Cl or Fd'(tpp)Sbk in toluene with the potassium
imidazolate salts in a low ligand-to-porphyrin ratieZ:1)
yielded the corresponding mono(imidazolate) complexes. The
5-coordinated imidazole and imidazolate complexes were
characterized as high-spin by comparison of their electronic
spectra with those of a large number of ferric tetraphenylpor-
phyrin complexes known to be high-spin. The imidazolate
complexes were also determined to be high-spin by EPR
spectroscopy®” However, assignments based on electronic

netic interactions between face-to-face dimers in the solid
state?® Mdssbauer data were obtained in both the presence
and absence of an applied magnetic field at 4.2 K. In zero
field, a symmetric quadrupole doublet was observed with
AEq = 1.39 mm s and an isomer shifd of 0.40 mm s™.

The value of the isomer shift was that expected for a high-
spin ferric porphyrin complex. The quadrupole splitting was
slightly larger than those observed for known high-spin,
5-coordinate ferric porphyrins with anionic ligands, but it
was smaller than the quadrupole splittings generally observed
for S= 3/,,%, spin-admixed species with an appreciable

3/, contribution (Table 1). At neutral to acidic pH and low
temperature, the quadrupole splitting (Table 11) Ré
rubrumferricytochromec’, classified as predominantly high-
spin, is somewhat larger than that of [Reep)(2-MelmH)f.

The weak antiferromagnetic interactions excepted! (6ep)-
(2-MelmH)]CIO, appears, on the whole, to share the quad-
rupole splitting, temperature-dependence of magnetic be-
havior, and structural characteristics of the group of
ferricytochromeg' that are considered to be predominantly
high-spin.

In an investigation specifically directed towards modeling
the spin states of the cytochromgsmono(imidazole) iron-
(Il porphyrin complexes were prepared in solution by
addition of 2-alkyl- and 5-methyl-substituted imidazoles to
iron(Ill) mesetetramesitylporphyrin perchlorate, [fFemp)]-
ClOy, in methylened,-chloride$* Effects of 2-alkyl substit-
uents of increasing steric bulk, such as Me, Et, drdon
spin state were determined. A spin-admixed ground state for
the complexes was established'syand*C NMR and EPR
spectra. Consistent with the admixed spin state, a solution
magnetic moment of 5.0g at 25°C was reported for the
2-MelmH complex, [F& (tmp)(2-MelmH)]CIQ.. Overall, the
mid-spin contribution to the spin-state admixture was much
smaller for the mono(imidazole) complexes than fol'Fe
(tmp)CIOy. However, the mid-spin contribution increased

spectra must be regarded with some caution. As describedwith the steric bulk of the 2-substituent of the axial imidazole

in detail in section 3.5 (Optical Spectroscopy), Ywuis
spectra of iron(Ill) porphyrin complexes displaying a quan-
tum mechanical spin admixture in the ground state are very
similar to those in which the ground state is purely high-
spin. In a study published contemporaneously with the work
of Maltempo, the microcrystalline species obtained after
treatment of a suspension of protohemin with imidazole in
benzene was characterized as high-spin, based on a magnet
moment of 5.75z at 300 K and the Mssbauer parameters
AEq = 0.783 mm s andd = 0.52 mm st at 77 K13
Analytical data unequivocally establishing the compound as

ligand®® In a later publication, these authors extended the
series of mono-imidazole complexes [Hemp)L]CIO, to
systematically investigate the factors affecting spin state.
Complexes with L= HIm, 2-RImH (R= Me, Et,'Pr, 1-EtPr,
Bu), 1-Me-2-RIm (R= H, Me, Et, and'Pr), 4,5-CHmH,
BzlmH, 2-MeBzImH, 1,2-MeBzlm, and 5,6-M&BzImH
were formed by treating F&tmp)CIO, with the appropriate
izase in methylene chloridé The series of complexes were
characterized in solution by UWisible and'H and 3C
NMR spectroscopy and in frozen solution by EPR spectro-
scopy. While the ground states contained &= %/,,%,
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quantum mechanical admixture, the magnitude of3$he by the authors. The generally larggr= %/, contribution to

3/, component varied in a complex way with different axial the spin admixture in mono(benzimidazole) complexes was
ligands. Using'H NMR shifts of the pyrrole protons as a not considered either but could be explained by a combina-
probe for the proportion of mid-spin state, the 2-alkyl tion of increased steric hindrance and decreased ligand field
imidazole complexes were ordered according to increasingstrength resulting from fusion of the benzo ring. The authors
S =3/, contribution: 2BulmH < 2-(1-EtPr)ImH < 2-Me- reasonably attribute the large mid-spin component of the 4,5-
ImH < 2-EtlImH < 5-MelmH = 2-PrImH. Although the ClaiImH complex to decreased ligand field strength resulting
2-Me-, 2-Et-, and 2Pr-substituted mono-alkyl(imidazole) from the electron-withdrawing effect of the chloro substit-
complexes are ordered according to steric size, the twouents.

bulkiest substituents showed the least mid-spin contribution;  Effective magnetic moments were determined by the
in fact, the 2BulmH complex was classified as high-spin  Evans method in CkCl, solution at 25°C. Because of
using the criteria of pyrrole proton hyperfine shift and Curie dijfficulties with contamination by bis(imidazole) adducts and/
law behavior. Unsubstituted imidazole, ImH, however, had or uncomplexed [F&(tmp)]CIOs, only three solution mo-

a largerS= 3/, spin component in the ground-state admixture ments were reported: 5/ for [Fe' (tmp)2:BulmH]CIO,,

than any of the mono-alkyl(imidazole) complexes. The mid- 5.2 45 for [F€" (tmp)5,6-MeBzImH]CIO,, and 5.0ug for

spin contribution to the spin-state admixture of the dialkyl- [Fel(tmp)(2-MelmH)]CIQ,. The ordering of these moments
substituted imidazoles, 1,2-diMelm, 1-Me-2-Etim, and 1-Me- parallels that based ol and*3C NMR shifts. TheS = 3/,
2-'Prim, increases with the increasing steric bulk of the contributions (%S = 3) to the S = 3/,,5, admixture
substituents at C-2, and all the complexes in this seriesestimated by the®; values{ % S= 3, = 100(3— g*"/2)}
contain a largelS = 3, component than the mono-alkyl-  observed in the EPR spectra of frozen methylene chloride
substituted imidazoles. In order of increasing mid-spin solutions at 4.2 K were significantly smaller than those
contribution to thes= %,,%/ spin-admixed ground state, the determined by NMR spectrometry. An exception was the
mono(benzimidazole)complexes ranked as follows: 5,6- case of the 2BulmH complex, which showed little or no
diMeBzIm < Bzlm < 2-MeBzIm < 1,2-diMeBzIM. Overall, admixture by either technique.

the S= %, spin contribution to the spin-state admixture in  ynfortunately, the authors did not report an estimate for
mono(benzimidazole) pomplexes is midway bet}Ngen thosehe 4,5-CiimH complex, which had the largest mid-spin
of the mono- and di-alkyl-substituted mono(imidazole) component of all the mono(imidazole) complexes. All other
complexes. Coordination of the electron-deficient 4,5- 5qmixtures contained between 5 and 15% 3, by EPR.
dichloroimidazole, 4,5-GImH, yielded a ground state with  The guthors ascribe the discrepancy between NMR and EPR
the largestS = ¥, contribution (68%) of all the mono-  egtimates of mid-spin contribution to the effect of temper-
(imidazole) complexe®: Using *C NMR shifts as a probe  atyre. At low temperature, they suggest that the axial bond
of spin-state admixture, the authors found that pyrco#d || contract, increasing ligand field strength and inducing
p carbon shifts correlated closely with the pyrrole proton 5 gpin transition. They cite the contraction of thé!' F&l(py)
shifts (correlat|on_ coefficients 0.98 and 0.99, respectively), axial bond distance with decreasing temperature in the
whereas Qorrelatlon between theesocarbon and pyrrole  hexacoordinate complex [léoep)py]CIO. to support this
proton shifts was poor. hypothesis. Nevertheless, in spin-admixed complexes with
The authors rationalize the global effect of bulky mono- a quartet ground state, the opposing tendency to populate
(imidazole) ligands as inducing &= %/,,%, admixture in the ground state with decreasing temperature should also be
the five-coordinate [F&(tmp)L]" complexes by weakening considered, and thus the net effect of temperature may not
axial ligation through unfavorable ligangborphyrin steric be uniform between complexes.
interactions. An increasing magnitude®# %/, contribution Solvent polarity was reported to affect spin state. Addition
for the 2-alkyl substituents Me< Et < 'Pr parallels an  of increasing amounts of the polar solvents methanol and
increase in steric bulk and was ascribed to an off-axis tilt acetonitrile to a methylene chloride solution of [Remp)-
resulting from increasingly unfavorable steric interactions (2-MelmH)]CIO, increased theS = 3/, contribution, and
between the alkyl groups and the mesitymethyls. As  addition of increasing amounts of the nonpolar solvent
discussed above, in the absence of a crystal structure, thehenzene decreased tBe= 2/, contributiont2 Methanol and
substantiatiecreasen S= ¥, contribution to the admixture  acetonitrile compete with 2-MelmH for axial coordination
in the case of the very bulky ‘Bu and 2-(1-EtPr) substituents  sijtes. Although both are weaker field ligands than 2-MelmH,
was attributed to movement of iron out of the plane of the they occupy an increasing proportion of axial sites with
pyrrole nitrogens to avoid too pronounced a lengthening of increasing concentration, effectively lowering the ligand field
the Fe-Nax bond caused by severe steric interactions of thesestrength experienced by iron and increasing the proportion
substituents with the porphyrin. However, the authors might of mid-spin state. Addition of benzene has the opposite effect
also have considered a combination of saddling and ruffling because the positive charge on iron is destabilized as the
of the porphyrin core with attendant rotating of theeso polarity of the bulk solvent decreases, resulting in tighter
mesityl groups into the porphyrin plane in response to steric coordination of 2-MelmH.
strain, allowing closer approach of the imidazole to iron. This  Reactions [F8(tpp)]CIO, with various imidazoles have
possibility is suggested by the observation that the chemicalyeen examined bjH NMR in methylened,-chloride solu-
shift of the mesityim-H signal is significantly upfield from i 140 pepending on the ligand and relative ligand/[Fe

the position expected for a high-spin complex. (tpp)]CIO, ratio, variable proportions gf-oxo dimer and
A reason for the larg& = 3/, component in the unsub-  mono- and bis(imidazole) complexes were detected. Forma-
stituted parent (mono)imidazole complex'famp)ImH* is tion of u-oxo dimers was shown to occur when the

not evident from the hypothesis offered to explain the imidazoles functioned as bases to abstract protons from
ordering of the mid-spin contributions in alkylated mono- coordinated water present in trace amounts in methylene-
(imidazole) complexes, and this problem was not consideredd,-chloride. In the presence of sterically demanding 1,2-
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Table 3. Crystal Structures of Cytochromesc' (monomer) per asymmetric unit whereas those frGim

vinosum Rb. sphaeroidesRs molischianumRs rubrum,

PDB  resolution ) 2 : _
bacterial source code A temp (K) and R. gelatinosugontain one independent dimer or two
Rs molischianuri 2CCY 1.67  ambient* subunits.
Rp palustris 1A7V 2.3 ambient® The subunits or monomers show a similar folding pattern,
Eﬁ fuiﬁ'(r)usrlzf‘m 1BBH i-g gfbiemh constituted by a classic four-helix bundle, determined by the
. U . H H H H

Ach denitrificansNCTC 85829 1CGN 215  ambienpr  Packing of hydrophobic side chains around the heme group.
Ach xylosoxidan\CIMB 11018  1CGO 18 ambient* However, the modes of association in the crystals of these
Rb. capsulatus 1CPQ 1.72 ambient subunits have led to a classification of the resulting dimers

(strain M110, form B) _ as at least two types, types 1 an@28149This aspect of
E- ?19|a}'”0314§ SCIME 11015 iJE/g'; g'gs al%"g'em the protein structure lies outside of the scope of this review;

ch Xylosoxiaan . inti imi
Rh sphaeroides 1GOA 18 ambient we shall not analyze the associations and types, but limit

our description to the results related to the heme geometries
2 Reference 153 Ambient* indicates that, where crystallographic  and direct environment.

data collection temperatures were not specified, they are assumed to . .

have been collected at or near ambient temperatiReference 25. The crystal structural studies confirm the presence of the

d Reference 22 Reference 28 Reference 1419 Isostructural with c-type heme protein binding sequence €ys-X—Cys—

Ach xylosoxidanscytochromec'. " Reference 148.Reference 152. His and heme attachment near the C-terminal region of the

' Reference 143 and 144Reference 149. protein. In all known cytochrome structures, the iron atoms
are five-coordinate, bonded to the heme unit and axially to

dialkyl imidazoles and 2-alkyl and 2-aryl benzimidazoles, the imidazole ring of the His residue in the cytochrome
u-0xo dimer was the only product observed. While mono- Pinding sequence. FeN, bond distances range from 1.93
(imidazole) complexes were detected with less sterically t0 2.17 A, with an overall average bond distance of 2.02 A,

for spin states observed in the cytochronge corresponding to the FeN, bond distance in the high-
spin five-coordinate model complex, [H@ep)(2-MelmH)}.

The Fe-N(His) axial bond lengths vary between 1.93 and
2.18 A, with an overall average distance of 1.98 A that is
clearly smaller than the FeN(2-MelmH) bond distance of

2.07 A observed in the model complex, where there is an
unfavorable steric interaction between the 2-methyl group

¢ listed in Table 3 have been published. As indicated in and the porphyrin ring. As expected, the five-coordinate iron
this table, the structure of the cytochromefrom Ach atoms of the cytochromé structures are displaced out of
denitrificans(NCTC 8582) is isomorphous and essentially the four pyrrole nitrogen (4}y and porphyrin core (P(core))
identical to that ofAch xylosoxidang*! Consequently, only ~ mean planes toward the proximal His ligand. The,4Nd
the structure of the latter protein will be discussed here. In P(core) mean planes are not generally superimposed; thus,
addition, as indicated in Table 3, where crystallographic data most heme units are slightly domed.
collection temperatures were not specified, they are assumed In addition, the heme units show some saddle and ruffle
to have been collected at or near ambient temperature fordistortions in almost all ferricytochron structures. These
the reports. Several structures of cytochrordebound to saddle and ruffle distortions are indicated, respectively, by
small molecule ligands have also been determined to studyalternate displacement of thgpyrrole (ACz) and meso
the energetics, mechanism, and structural rearrangementsarbon ACy) atoms above and below the heme core mean
accompanying occupation of the sixth axial position. The plane. The mean values of the average displacen®@js
ambient-temperature structure of théutylisocyanide ad-  range from 0.06 to 0.14 A. ThAC,, values, which vary
duct of ferrocytochromec’ from Rb. capsulatus(2.4 A between 0.02 and 0.17 A, indicate that ruffling of the heme
resolution, PDB accession code 1NBB) has been deter-units can become significant. Saddle and ruffle distortions
mined!2 and the structures of the NO (1.35 A resolution, of the prosthetic groups observed in the crystal structures of
PDB accession code 1E85) and CO (1.95 A resolution, PDB the ferricytochromes’ from Ch. vinosum Rb. sphaeroides
accession code 1E86) adducts of the ferrocytochrdritem Ach xylosoxidangNCIMB 11015), andRs molischianum
Ach xylosoxidanshave been determined, at 100'4&144 have also been detected and characterized by the normal
An NMR-validated structural model of the oxidized state coordinate structural decomposition method (NSD) (see
of a cytochromec' homologue, cytochromesss from Rp. below)150.151
palustris has been published recentfy.In contrast to the The axial histidine ligands are exposed to the solvent, and
ferricytochromesc’, which are five coordinate with a well ordered water molecules are often present in the
protoheme covalently bound to two cysteine residues andproximal cavities of the proteins. Thus, the imidazole-His
an adjacent histidine serving as the fifth ligand, the cyto- Ns;H (referred to as ND1H in the protein structures) is
chromescsss andcsse homologues are six-coordinate with a  hydrogen bonded to a solvent molecule in the ferricyto-

3. Cytochromes ¢
3.1. Crystal Structures

Crystal structures of the five-coordinate ferricytochromes

methionine residue as the sixth ligaH&4”

chromes fromRp. palustris Rb. capsulatus and Ach

As described in section 1.1, these proteins, with the xylosoxidansnd in one subunit of th€h. vinosumprotein.

exception of cytochrome' from Rp. palustris are usually

In these proteins the /M- - -OH, distances range from 2.81

isolated as soluble homodimers, composed of two identical to 2.95 A252814314Q0rdered water molecules are also present

subunits of approximately 130 residues containirgtgpe
heme. However, the crystals of the cytochrordeésom Rh.
capsulatusndAch xylosoxidangnd the isostructural protein
from Ach denitrificanscontain only one independent subunit

in the structures of the ferricytochromg&grom Rhodocyclus
gelatinosugR. gelatinosuk'*? Rs molischianunt®3andRh
sphaeroides$*® However, the corresponding sN—OH,
distances are larger than 3.25 A, so that these bonds must
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be very weak or absent. One subunit (chain A) of dimeric Q2CWD7, Q2W9CO, Q480K8, Q4FLBO0, Q5LQ02, and
ferricytochromec’ from Ch. vinosumcontains no ordered Q8EBS9.) We classify cytochromes in which the basic
water molecule in the proximal cavif. group is Arg as group (i) proteins. These include proteins

Porphyrin model compound studies have shown that aisolated fromCh. vinosum Rp. palustris Rb capsulatus
hydrogen bond between ND1H=(NsH) of an imidazole =~ Ach xylosoxidans(NCIMB 11015), Rb. sphaeroidesRs
axial ligand and a basic residue or a water molecule increasegenuis Rs photometricumRs salexigensRhodopseudomo-
the strength of the FeN(ImH) axial bond36:154 Similar nas sp. strain TJ12, anéaracoccussp. We classify the
observations have been made in heme proteins such agytochromes' in which the basic group is Lys as group (ii)
metMb, and a series of peroxidage&s!sg values and redox  Proteins. These include proteins frdRs molischianumRs
potentials were demonstrated to be a function of the field rubrum Rc gelatinosusandRs fuloum At weakly acidic
strength of the proximal histidine, which in turn was to neutral pH, the guanidine-Arg and amino-Lys side chains
correlated with the BH hydrogen bond strength measured are most probably protonated, and in the available crystal
by the NH NMR hyperfine shiftls5 structures, the positively charged moieties are located in close

It has been suggested that in heme proteins the ligand fieldProXimity to the imidazole-His ring of the axial ligand. In
strength of the axial histidine is largely determined by the the group (i) proteins fronth. vinosumandRh sphaeroides

strength of the hydrogen bond formed by the proximal the guanidinium of the Arg side chain is stacked against the
histidine N\H and a neighboring protein group or water Hls—|m|dazole ring. Inyhe two independent molecules present
molecule!®saThus, the hydrogen bonds of the - -OH, in the asymmetric unit of the crystals of these proteins, the
type which are often present in the cytochronesould ~ INterplanar anglesa between the mean planes of the
influence the axial field of the heme iron and therefore the guanidinium-Arg and the imidazole-His moieties are 18.4
quartet/sextet (#/A.9) ratio of this atoms” However, as ~ +2:0 (Ch. vinosun) and 9.8, 8.7 (Rb. sphaeroidep®14°
observed above, in the known ferricytochromzsX-ray The distance® b_etween the_ gyanldlnlum central carbon CZ
structures, the correspondingi - -OH, distances range  and the centroid of the imidazole-His rin@ [= CZ-
from 2.81 to 3.25 A and no correlation could be established (Quanidinium-Arg)- - -centroid(ImHHis)] are 3.54, 3.64 A

between these distances and th&A:° ratio determined by (Ch. vinosum) and 3.51, 3.64 A Rb  sphaero-
EPR spectroscopy. ide9.?81%° These values ofo. and D indicate that the

The electrostatic environment of the axial ligand may also guanidinium-Arg cations are stacked anfashion against

play a role in mediating the strength of the-Ré(His) axial the |m|dsi3z30Ie ring, making energetically favorable catian
bond and has been cited as a factor in the activity of contacts: ] ) ]
mutagenized peroxidases and globins as well as in the In contrast, in the ferricytochromesfrom Rp palustris
behavior of peroxidases and cytochromes P45Cation— Ach xylosoxidans and Rb capsulatus the values of the
m-electron interactions occur often within a protein between interplanar anglex are 34.7, 45.2 (Rp palustrig, 53.6
metal cations or protonated side chains of Arg or Lys residues (Ach xylosoxidank and 70.4 (Rhb capsulatuy?*4+14in
and classical aromatic side chains of residues such as Phethese proteins, the values observeddare larger than 30
Tyr, and Trp!%815The imidazole side chain of a His (ImH-  indicating naz-stacking between the guanidinium-Arg cation
His) residue can also participate in catiem interactions, ~ and the imidazole-His ring* However, one of the guani-
either as ar-system or, when protonated, as a cafign.  dinium-Arg NH groups lies over the axial imidazole ring at
Coordinated to a metal, the ImH-His remainsrasystem  distances of 3.56, 3.79 ARQ palustrig, 3.66 A (Ach
and can, in principle, participate in catiow interactions.  Xylosoxidany and 3.79 A Rb. capsulatu} from the ImH-
It has also been suggested that the aromatic rings of PheHis centroid. These distances are compatible with weak
Tyr, and Trp can act as hydrogen bond accept®rd®3The =~ amino—aromatic hydrogen bond&?16
7-system of the coordinated ImH-His should behave in a A reorientation of the guanidinium-Arg mean plane takes
similar manner. As suggested by Dobdsal.,**! cation—x place relative to the imidazole-His mean plane when the
interactions and aminearomatic hydrogen bonding of a crystals are cooled from ambient temperature to 100 K. In
positively charged group with the ImH-His axial ligand the 100 K structure of the ferricytochromeé of Ach
stabilize the negative charge on this ligand and, consequently xylosoxidansthe interplanar angle increases to 78°tfrom
may reduce its ability to donate electrons to iron. Thus, 53.6 at ambient temperatuté® Moreover, the distance
guanidinium catior-z interactions or hydrogen bonding between the guanidinium-Arg NH lying over the ImH-His
would reduce the field strength of the ImH-His axial ligand ring and the ImH-His centroid increases significantly from
relative to an unperturbed ligand, a situation shown to lead 3.66 to 3.79 A. Thus, cooling to 100 K appears to reduce
to quantum mechanic&® = ¥,/ spin-state admixtures. the interaction between the guanidinium-Arg moiety and the
The known amino acid sequences of cytochromé¥ imidazole-His axial ligand in this protein. The significance
indicate that a basic residue, either Arg or Lys, is present in of the change as reflected in the electronic parameters of
the helix containing the cytochrome binding sequence  Ach xylosoxidansias not been exploreAch xylosoxidans
Cys—X—X—Cys—His, four residues toward the C-terminal belongs to the group of cytochromeghat is predominantly
from His. (With the availability of rapid DNA sequencing high-spin by all measurements, suggesting that the structural
technigues, a number of bacterial genomes have beerrearrangement does not have an important impact on the spin
sequenced in which cytochrom& proteins have been state of this protein. Nevertheless, the presence of effects of
identified. Only protein sequences have been reported withtemperature on structure in the immediate environment of
no additional data. For this reason, these proteins are notthe heme suggests that the impact on spin state could be
addressed further in this review, other than to note that the consequential for other cytochrordeproteins and that subtle
motif Cys—X—X—Cys—His—X—X—X—(Arg/Lys) is scru- structural changes need to be considered in comparing spin-
pulously conserved. Accession numbers in the Swiss-Prot/state assignments obtained by various techniques under
TrEMBL database (accessible through www.expasy.org) aredifferent conditions.
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At weakly acidic to neutral pH, the amino side chain of = The crystal structure of the-butylisocyanide adduct of
the Lys residue in the group (ii) proteins is also protonated the ferrous cytochrome' from Rb capsulatushas been
and the corresponding ammonium cation is located near thedetermined and refined to a resolution of 2.4*AThis study
imidazole-His ring of the axial ligand. In the ferricyto- provided the first example of a ligand-bound structure of a
chromesc’ from R. gelatinosusand Rs molischianumthe cytochromec'. Significant conformational changes of amino
Lys e-ammonium is bent away from the axial imidazole- acid residues in the heme vicinity relative to the case of the
His ring plane, and the distances betwearitrogen NZ and native ferricytochromec’ were observed. The isocyanide
the centroid of imidazole-His in the two molecules of the adduct is coordinated in slightly bent form, with an-Fe
asymmetric unit are 5.61, 5.60 A and 5.63, 5.82 A, C—N angle of 169 in subunit A and 16®in subunit B.
respectively:*2153However, the C(CE) carbon of cationic ~ The n-butyl group was sandwiched between the heme and
Lys bears a substantial positive charge, so that CE tends tothe phenyl ring of Tyr 13 which is reoriented approximately
be positioned closer to aromatic rings than NZ when perpendicular to its position in the native ferrocytochrome
cation— interactions with aromatic residues are preséfit.  ¢’. Due to the binding of the sixth ligand, iron is displaced
Consistent with this picture, the distances between CE andg.3 A toward the mean plane of the heme. This movement
the centroid of the imidazole-His axial ligand are 4.41, 4.39 induces large conformational changes of side chains and
A (R gelatinosupand 4.87, 5.23 ARs molischianum®21%8  gigplacements of several amino acid resid4é3his work

Analysis of the crystallographic data shows that strong illustrates how the binding of a large sixth ligand can result
guanidinium-Arg- - -imidazole-His interactions are probably in a series of concerted repositionings of side chains that

present in the ferricytochromesfrom Ch. vinosumandRh. connects internal alterations at the heme center to the
sphaeroidesAssuming that such interactions reduce the axial molecular surfacét®
field of the ImH-His ligand;* these two proteins would be  The modes of association of the subunits, which have led

subject to the greatest effect. This seems to be _borne out iNtg two groups of cytochrome crystal structures, have been
an NMR study by La Maret al'® of the Ch. vinosum  proposed to account, in part, for the differences observed in
ferricytochromec’ along with other reported spectroscopic  carhon monoxide binding of the proteif8The recent X-ray
data, which suggest that this protein does indeed contain ansirycture determinations at 100 K of the reduced cytochrome

appreciable spin-state admixture at acidic to neutral pH and ¢ from Ach xylosoxidang1.90 A resolution) also shed some
ambient temperature. The spin state of the protein RN jight on the reasons for the low affinities for CO and
sphaeroidesas recently been studied by ENDOR and EPR N 143144 The distal face of the heme is shielded from the

at 15 K This study has determined thBb sphaeroides  gqyent, and the size of the distal cavity is unusually small

. 1S St S . : : _ /
contains a significan§ = *, component, in accord with iy poth the reduced and oxidized states of this protein. One

expectation based on the imidazole-His- - -guanidinium-Arg mathy| group (CD2) of the Leu 16 residue lies directly under
mr-stacking. Unfortunately, there are no data availabl&bn the heme iron, with the FeCH, separation being 3.66 A.

sphaeroidesghat have a bearing on spin state in solution at . .
physiological pH and ambient temperature. The NMR study _Reduction of the heme iron from Feto F&* leads to a
of La Mar et al.Xé further indicates that the heme iron is in  M&jor repositioning and rotation about the-R. (CD—NE)
the high-spin state at ambient temperature in the group (i) bond of the guamdln!um—Arg cation. In the oxidized form
ferricytochromec’ from Rp. palustris and the group (i) & 100 K, as described above, the mean plane of the
proteins fromRs molischianum R. gelatinosus and Rs guanidinium-Arg is nearly perpendicular to the mean plane
rubrum Our structural analyses are compatible with these Of the axial ImH-His ligand, witho. = 78.1° and with the
results, since they indicate that the interactions of the NH(guanidinium-Arg)- - -centroid(ImH-His) distance being
guanidinium-Arg and ammonium-Lys cations with the axial 3.66 A. In the ferro_u_s form, the guanidinium-Arg mean plane
ImH-His ring are probably weaker in these proteins than in rotates into a position nearly parallel to the mean plane of
the proteins fronCh. vinosumand Rh. sphaeroides the ImH-His ligand, with an interplanar angleof 8.5° and
Cytochromes’ are able to bind small neutral ligands such the_NHi(guanidinium-Arg)- - -centroid (ImH-His) distance
as CO and NO and several larger alkylisocyan- 3.57 Al%3144 z_Stacking is now possible between the
ideSS4'36’37'39’4l’14—2144’166'1673,5 We” as anIOI’]IC |IgandS SUCh guanld'nlum'Arg and ImH‘H'S,Wthh mlght be eXpeCted tO
as cyanidd?45158The low affinity of the ferrous and ferric  '€SUlLin strongr-cation aromatic interactiort&? This large
proteins fo.r CO NO. and CN has been attributed to variation of the orientation of the Arg residue by a simple
hindered access®3 The sixth coordination position is reduction of F&" to F&" may also induce changes in other

blocked by hydrophobic side chains of aromatic or nonaro- regions of this protein.

matic residues, which limits the entry of solvent molecules, ~ The crystal structures of the CO- (1.95 A resolution) and
although the higher affinity for the alkyl isocyanides is NO- (1.35 A resolution) bound forms of the reduced
sufficient to overcome the steric effects. ©h. vinosum  cytochromec’ from Ach xylosoxidansat low temperature
ferricytochromec’, the aromatic residue is Tyr, and in the (100 K) have also been report&d:**As in the case of
cytochromes’ from R. gelatinosusRb. capsulatusandRh. n-butylisocyanide, CO binds to the distal side of the heme
sphaeroidesit is a Phe. The rings of the aromatic residues in a slightly bent form (Fe C—O angle of 167), yielding a

are nearly parallel to the heme mean plane at distancessix-coordinate heme. However, upon CO binding, the distal
between 3.5 and 3.7 A. The nonaromatic hydrophobic pocket undergoes a significant structural rearrangement. The
residues are Leu in the cytochromgdrom Rp palustris Leu 16 residue located under the iron atom rotates around
Ach xylosoxidansandRs. rubrumand Met in the protein  the G,—Cg bond and induces flattening of the porphyrin ring.
from Rs molischianumIn the former cytochromes, one The oxygen atom of the carbonyl group comes into close
Leu methyl lies about 3.7 A under the heme iron whereas, contact with carbon £of Leu 16 and also with a carbon

in the latter, the sulfur atom of the Met side chain lies in the atom of Trp 56, with the corresponding distances being 3.23
distal cavity, about 3.7 A from the heme iron. and 3.66 Al43.144The kinetic barrier associated with this
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rearrangement has been assigned responsibility for thebeen analyzed by NSB%'"* Unlike the mitochondrial
particularly low rates of CO and NO binding of the reduced ferricytochromes, which are primarily ruffled, the ferricy-
form of this protein. The X-ray structure of the stable nitrosyl tochromes' show both saddling and ruffling. However, the
adduct (end product) reveals that NO disrupts the axial Fe saddling component of the deformations of all four cyto-
His bond and binds to the proximal face of the heme in two chromeg' is small and is dominant only for the protein from
alternative bent conformations (F&l—O angles of 124 and  Rs molischianum

132), each with half occupatiotf=14 The absolute NSD displacements characterizing the saddle
, and ruffle deformations of the hemes in the cytochroies
3.2. EXAFS Studies from Ch. vinosumandRp. spaeroidesthe proteins in which

- trong catior-sr interactions may be present, are 61635
An EXAFS study of the oxidized and reduced forms of S .

the cytochromes’ from Rs rubrumandRs molischianum  (Sad and~0.39 A uf) (Ch. vinosun) angl().14—0:21 ad
was performed at room temperature in pH 7 phosphate 219 0.18-0.27 A uf) (Rp sphaeroide}s '* The distortions
buffered solutiort® The spectra indicated a coordination &ré small, and saddling alone does not appear to be a critical
number of 5 in both oxidation states. By assuming-Fe determinant of spin-state admixtu@®>*1 However, as
N(His) axial bond distances of 2.07 and 2.10 A from model indicated previously, the effects of a combination of small
mono(imidazole) ferric and ferrous heme structures, respec-s,addle and ruffle distortions of the hemes in the cytochromes
tively, the EXAFS studies yielded an average-fig bond ¢’ are not clear at present.
distance of 2.0H 0.03 A for the oxidized cytochromes _ _
and 2.05+ 0.03 A for the reduced cytochromes Using 3.4. Magnetic Properties
estimated out-of-mean-plane displacemeXfsore)= 0.27 . .
and 0.3 A for iron based on model ferric and ferrous ‘2:4'1' EPZ and Magnetic Susceptibility of Model
porphyrin complexes, respectively,+€; bond distances of ompounas
1.99 and 2.03t 0.03 A have been calculated for the oxidized Iron(Ill) porphyrin complexes with weakly basic axial
and reduced protein forms. The structural parameters of theligands displaying anS = 3%, quantum mechanical

ferric proteins are similar to those known for iron(lll)  5qmixed spin state have been characterized. Excluding any
porphyrin complexes with weakly basic axial ligands dis- ossiple solid-state effects, the magnetic moments lie

playing quantum mechanical spin-admixed ground states. oqyeen 3.9 and 58s at 300 K and the EPR spectra show
They are also consistent with results obtained by resonanCeyffective g, values between 4 and 6, indicative of varying
Raman spectroscopy of thp. palustrisferricytochromec degrees of mid- and high-spin contributions to the ground
in which the macrocycle was found to be more planar and gi,rec224 Mono(imidazole)iron(lll) tetramesitylporphyrin

closer in conformation to six-coordinate low-spin rather than perchlorate complexes ([E&mp)L]CIO,) have been pre-

five-coordinate high-spin ferric heme proteifisThus, the pared with bulky axial ligands and studied as models for
structural results obtained by EXAFS spectroscopy are the cytochromes’. At 25 °C in CH,Cl,, complexes with L

compatible with the presence of &= %%, quantum  _% yoimH 5 6.BzimH, or 2BulmH had magnetic mo-

mechanical spin-admixed ground state of the heme iron in ments of 5.0, 5.2, or 5 8, respectively. EPR studies yielded

the ferricytochrome<g’ from Rs rubrum and Rs molis- S .

chianumgUnfortunately these studies do not present any go values from 5.7 to 6 for an extended series including

data on the edge or pre’-edge portion of the XAS spectra cpmplexes of dialkyl imidazoles, benzimidazoles, and 4,5-
" dichloroimidazolé?

3.3. Normal-Coordinate Structural Decomposition 3.4.1.1. Magnetic Studies Leading to Development of
(NSD) a Theoretical Basis for Quantum Mechanical SpirState

Admixture in Cytochromes c'. Prior to the synthesis and
3.3.1. NSD of Heme Distortion in Model Compounds characterization of mixed-spin iron(lll) porphyrin model
17 complexes, unusual magnetic properties had been reported
Shelnutt and co-worker&172 have recently shown that  for several ferricytochromes. Bulk magnetic susceptibility
the out-of plane distortions of a porphyrin or a heme measyrements were reported on solution samples of several
prosthetic group correspond to displacements along theferricytochromesc’ at room temperatureor in the range

lowest frequency out-of-plane normal coordinates g 1.2-4.2 K8 in fields of 0.5 anl 1 T and on solid samples

symmetric macrocycle. Analysis by normal-coordinate struc- gptained by precipitation with ammonium sulfate [(NH

tural decomposition (NSD) has been developed for classi- SOy at 4.2 and 150 K and different pH valu&&.The bulk
fying and quantifying distortions. The macrocyclic distortions magnetic susceptibility of the ferricytochronee from Rs

can be described adequately by a linear combination of a,,h-um at pH 6.5 and 10 in 50 mM NaCl was also
set of orthonormal deformations including saddiimgd — jetermined by the NMR methd@ The susceptibility data
Ba), ruffling (ruf, By), doming dom Az, waving (Wav- — gpiaineq by these measurements yielded the effective
(¥, wav(y), B), and propelleringro, Av,). NSD has been  aqnetic moments collected in Table 4, which shows that,

gsed to clgsb5|f3>/( and quant”‘y the r:jlst?rtlolns In strugture? at physiological pH, mostex values are between those of

etermined by X-ray crystallography of a large number o high- and low-spin ferric heme proteins. The intermediate
synthetic and protein-bound porphyrin macrocycles. values were largely interpreted in terms of a low-spin/high-
3.3.2. NSD Applied to Cytochromes ¢ spin thermal equilibriunﬁv,_mwhich appeared consistent with

the observed changes in the electronic spectra of some of

The heme conformations in cytochrome’s from the these proteins in variable-temperature stulliebowever,
photosynthetic bacterig@s molischianumand Ch. zinosum Mdssbauer and resonance Raman spectra of some proteins
and in the two polymorphs present in the denitrifying bacteria indicated that the electron distribution in the heme iron
Ach xylosoxidan®NCIMB 11015 andAch denitrificanshave corresponds to a single d-electron configurafidh!
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Table 4. Effective Magnetic Momentsu.r (#g) Observed for unusual. Simulations of the spectra using a Lorentzian line
Several Ferricytochromesc' shape gave ¢ (g°" = effectiveg), g, and line widthl*
bacterial source pH 293K 150K 100K 42K 28K (103 T = mT) values of 4.75, 1.99, and 35.0 mT for A
Rs rubrun®c 7.0 5.15 and 5.27, 1.99, and 7.5 mT fsz/‘Table 5)

Ch. sinosumte 7.0 5.03 Magnetic moments of 3.4 and 5.@§ were observed for

Ch vinosunke  12.0 2.96 Ch. vinosumat 2.8 and 293 K (Table 4). Maltem al.®

;2 ﬂﬁﬂf Z{g 513 - 380 explained the small magnetic moment of {B&. vinosum

Rs rubrunfe 11 6.4 4.9 protein by a quantum mechanical admixture of mid- and
Rs rubruni 3.8 high-spin states, rather than a thermal mixture of the
Ch. vinosuns"  7.0-10.8 3.4-4.7 34 unperturbed low- and high-spin states. The Maltempo
Ch.vinosumy  7.2-10.5 6.0 representation postulated that the quantum mechanical
Rs rubrunt! 6.5-10.1 5.4-5.9 ; . o J .

Rh capsulatus” 57-6.0 admixture represents a situation in which a pure spin state

Al dRs rubrum h tein (RHPRB fibilit does not adequately account for electronic properties. In the
SO namedrs rubrum neme protein . By suscepupility : H
measurements in solution at room temperattReference 5¢ By case of m.Odelsh()fr?ytochrome a Sat'STaCtory wave funCtlc;nh
susceptibility measurements between 4.2 K and room temperature onf€Presenting the heme iron(lll) requires components of the
samples precipitated from solution by adding ammonium sulfate. A; and®A; states. Ferric proteins or iron porphyrin model

¢ Reference 173.Reference 2219 By susceptibility measurements in - complexes displaying a spin-state admixture correspond to
%’é‘;gz?er?]‘ztmgﬁﬂ Slc-)lzut%”nd a?'gokaigf%r&g?n;'tﬁg ;ﬁ;‘ﬁ‘g;‘% a single magnetic species with magnetic properties distinct
I Reference 17 By susceptibility measurements at 26 in 50 mM fro_m those of glther pure species. In contrast, when a thermal
NaCl solution using the NMR methotiReference 177" By suscep- ~ Mixture of spin states occurs, the protein molecules or the
tibility measurements in solution betweé K and room temperature  iron porphyrin model complexes can be monitored in two
in two magnetic fields of 0.5 ahl T using a SQUID" Reference 20. magnetically pure spin statéd? Conditions under which

guantum mechanical rather than thermal mixing of spin states

In EPR studies of the ferricytochrone from the Ch. occurs in ferric heme proteins were define8pin—orbit
vinosum Maltempo et al® describe four magnetically interaction is the most likely mechanism for admixing. Even
distinguishable states labeled,B\ (= A; + A)), and B when allowed by the selection rules for the sporbit

between pH 1 and 11. At physiological pH the EPR trace is interaction between heme iron spin states, however,-spin
represented by A, which is a superposition of two spectral orbit interaction between mid-spin and high-spin states will
components A and A (Table 5) with a temperature- occur only if the energy separation is comparable to or less
independent weight factor ratio of 407IMMaltempoet al. than the spir-orbit coupling constant, which was found to
showed that reversible transitions between/& and B are be close to 300 cnt for the ferric heme complexés:

induced by changing the pH of the protein solution. At pH  In most ferric heme proteins and iron porphyrin complexes,
1 (state B) or pH 11 (state B) the EPR spectra were similar an energy separationA] of several thousand inverse

to those of other high-spin heme proteins. However, at centimeters between the pure spin multiplets precludes any
physiological pH (state A+ A,) the EPR spectra were substantial mixing of spin states. The mid-spin state is the

Table 5. Experimental and Simulated EPR Parameters of Ferricytochromeg’ from Photosynthetic, Obligate Methylotroph
Methylococcus CapsulatuBath, Denitrifying, and Non-denitrifying Bacteria, at pH 7.2 unless Otherwise Indicated

bacterial source exp/sim T (K) Ox Oy g [N Le(mT) Ty(mT) T(mT) % S=3)
Ch. vinosuni (ATCC 17899) exp 4.2 532 467 499 197 50.5
sim 532 440 486 200 8.0 40.0 35 57
Ch. vinosund exp 7 477 199 61.5
sim Aq 475 199 35.0 62.5
sim A, 527 1.99 7.5 36.5
Rb. capsulatus(ATCC 11166) exp 4.2 568 459 519 200 40.5
sim 5,68 458 513 2.00 5.5 18.0 1.3 435
Rb capsulatug(37 b4) (pH 6.1) exp 10 570 497 533 1.99 33.2
Rh. capsulatus(MT 1141) exp 4 573 462 517 41.5
Rp. palustrig (ATCC 17001) exp 42 571 471 521 200 39.5
sim 5.71 4.52 5.12 2.00 55 22.0 1.1 44
Rs molischianuf(ATCC 14031) exp 4.2 596 551 574 200 13
sim | 596 570 5.83 2.00 5.0 20.0 2.0 8.5
sim Il 565 545 555 2.00 5.0 20.0 2.0 22.5
Rs rubrunf (ATCC 11170) exp 4.2 6.00 548 574 1.99 13
sim | 6.00 575 588 1.99 4.0 20.0 1.0 6
sim Il 5.70 5.45 5.58 1.99 4.0 20.0 1.0 21
M. capsulatuBati? (pH 8.2) exp 6 629 534 581 2 9.5
(major species)
M. capsulatuBatt? (pH 4) exp 6 6.06 534 570 2 15

(major species)

Ach xylosixidang (NCIMB 11015) exp 6 6.18 534 576 1.99 12
Ach xylosixidan8 (GIFU 543) exp 6 6.23 536 580 1.99 10
Ach xylosixidang (GIFU 1048) exp 6 6.19 535 577 198 115
sim 6.19 5.35 5.77 1.95 5.0 7.0 2.5 11.5
Ach xylosixidans(GIFU 1051) exp 6 6.18 545 582 1.99 9
Ach xylosixidans(GIFU 1764) exp 6 6.17 547 582 1.99 9

:gg = [gx + gJ/2. P T(mT), Fyh(mT), andI'(mT) = line widths in mT of thegy, gy, andg; signals.c Reference 10¢ Reference 6¢ Reference
9. "Reference 20¢ Reference 15" Reference 11.
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Figure 2. Effective magnetic momeni.s plotted as a function of
T/A, for different parametric values df/A. Reprinted with permis-
sion from ref 7. Copyright 1974 American Institute of Physics.

lowest energy state whet > 0, and the high-spin state is
the lowest whem\ < 0. The separation is a function of
both electrostatic and crystal field interactions. Since the
magnitude of the electrostatic interaction is fixed for tAg

and ®A; states,A is directly related to the crystal field
strength.

Maltempoet al. also showed that the effective spin-only
magnetic momeni.s, of a paramagnetic species in a powder
distribution can be obtained with the Van Vleck equafibn,
with the orientation average assuming fourfold symmetry.
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Figure 3. Effective magnetic moment. plotted as a function of
A for different parametric values df and the constant value of
the free ion spir-orbit coupling constant = 300 cnt!. Reprinted
with permission from ref 7. Copyright 1974 American Institute of
Physics.

Consequently, for the ground Kramers doublet of a spin-
admixed species of axial symmetiy,is close to 2 andjn
varies from a minimum of 4 to a maximum of 6, with =
6(a5)? + 4(bsp)? (where @, and by, are the relative
contributions of the unperturbesl= %, and?/, spin states,
respectively, to the admixed ground state). Sineg)tat
(b32)?2 = 1, ()% = (go — 4)/2 and the percentage &b
spin admixture was found to be 100¢3Y,gr). An additional

A double functional dependence has been found for the complication can be introduced by a small rhombic crystal
effective magnetic moment of a spin-admixed species, with field component splitting thgy signal into a more complex

Uest being a function of botf/A andA/A. In a moderate field,
the spin-only magnetic momenys, should correspond
closely to the total effective magnetic momegg of a spin-

signal with g, and g, symmetrically spaced (to first order)
aboutg for a pure axial field. To the first order, in a rhombic
field, the effectivegn = Y2(gx + gy).

admixed species. The double functional dependence is 3.4.1.2. Magnetic Susceptibility and EPR Studies of

depicted in Figure 2 by the family of curves fagx plotted
as a function ofl/A with different values of\/A. This figure
indicates that, in a quantum mechanicaly= %,,%, spin-
admixed ferric heme protein or ferric porphyrin complex,
the value ofuer can vary from a lower limit of 3.Qug for
A4 > 1 andT/A < A/A to an upper limit of 5.92 for A/1

< —1 andT/A ~ 1. Figure 3 shows the magnetic moment,
Uet, plotted as a function ok for different parametric values
of T and the constant value of the free ion sparbit
coupling constani = 300 cm..”

For the ferricytochrome&’ from Ch. vinosum A = 250
cm! provides the best theoretical fit to the experimental
values ofuer = 3.4 ug at 2.8 K andgy = 4.75 at pH 7.0
between 7 and 100 K antd= 300 cm™. These calculations

Cytochromesc' Following the Maltempo Theory. Since

the initial publication of studies on ferricytochromggrom

Ch. vinosumandRs rubrumby Maltempoet al.®817®work

on these two proteins has been repeated and the EPR
properties of additional ferricytochromes from the pho-
tosynthetic bacteri&b. capsulatus Rp. palustris and Rs
molischianunhave been investigatéd®1420177.17Hata from

the studies cited above are summarized in Table 5. The EPR
properties of the ferricytochromes recently isolated from

the methanotropM. capsulatusBatht> and from five strains

of the chemoheterotrophic denitrifying bacteriach xy-
losoxidansNCIMB 1101517° Ach xylosoxidansGIFU 543,
GIFU 1048, GIFU 1051}*®and the nondenitrifying strain
GIFU 17641418 are also summarized in Table 5.

also indicate that the unperturbed state of lowest energy has At pH ~ 7, EPR studies of the ferricytochromeésfrom

a spin of S = 3%, (A > 0). A value of A for the
ferricytochromec’ from Rs rubrumhas been derived based
on the experimental parameters: = 3.92 and 5.05¢ at
2.8 and 150 K, respectively, with= 300 cnt?! (Table 4).
The best computer fit was obtained far= —170 cn1?,
indicating a ground state e£62% high-spin and-38% mid-
spin, with the high-spin state lower in energy than the mid-
spin stat€. Maltempo and Mossalso proposed that the
degree of quantum mechani&i= %/,,%, spin admixture in

a ferric heme may be deduced directly from th€ in the
frozen solution EPR spectrum. For axially symmetric ferric
species, paramagnetic resonance within ke = £/,
Kramers doublet is observed gt = 2 andgn = 6 for a
purefA; state and af) = 2 andgp = 4 for a pure*A; state.

the photosynthetic bacteria show that the electronic ground
state of all these proteins is a quantum mechanical admixture
of mid- and high-spin states, while, at p#11, the electronic
ground state of the heme iron is purely high-spin. In addition,
at pH~ 7, the mid-spin state contribution to the admixed
ground state varies with the bacterial source of the protein.
EPR spectra indicate mid-spin contributions of about 50%
for Ch. vinosum 40% forRhb. capsulatusandRp. palustris

and 10% forRs molischianunandRs. rubrum(Table 5)014

As indicated by Table 5, computer simulations of the EPR
spectra are in accord with this diversity of admixtures. The
basically high-spin electronic configuration determined in
the later work on th&s rubrumprotein is in contrast to the
results of Maltempd.The EPR study of the ferricytochrome
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A small rhombicity,E = 1.3 cm?, was determined with
the pure high-spin model (i); rhombicity was not introduced
into the Maltempo model (ii). The values Dfderived from

the magnetic moment models (i) and (ii) are consistent with
the ZFSD = 12 cn1 ! reported recently in aHH NMR study

of the five-coordinate ferricytochrome& from Rb. palus-
tris.18! The parameters generating the fit for the Maltempo
model (ii) were®A; — 4A, = energy separatioh = —726
cm ! and spir-orbit coupling constant = 228 cm®. These
parameters correspond to a mid-spin contribution of 10% or
less to the ground state. Using model (ii) with a 40% mid-
spin/60% high-spin admixture based on the EPR data (Table

Figure 4. Temperature dependence of the molar effective magnetic 9) t0 fit the susceptibility curves gave a very poor fit, with

moment of theRh capsulatuderricytochromec’ for two values of

an unreasonably low spiforbit coupling constant of =

the magnetic field: open circles, 0.5 T; open squares, 1 T. The 62 cn1! and a very large residual. Figure 4 also shows the
dashed line through the data is the magnetic moment curve temperature dependence of the magnetic moma_nta'_

calculated using the model of Maltempa & 726 cnTt andi =

228 cnmt) corresponding to a (90%%,, 10%°%/,) quantum-admixed
spin state. The full circles and full triangles correspond to the molar
effective magnetic moment of either a (40 60%3/,) or a (60%

5/, 40%3/,) quantum-admixed spin state, respectively. Reprinted
with permission from ref 20. Copyright 2001 American Chemical
Society.

¢’ from the methanotrophl. capsulatusBath indicated that
the ground states of the two slightly different forms present
in the protein at pH 8 are predominantly high-spin, although,
at pH 4, thegs values are in accord with a8 = 3/,
contribution to the admixture of&15% (Table 5)-° Pre-
dominantly high-spin ground states with mid-spin contribu-
tions of only 9.5-12% have also been found for the five
strains of the denitrifying and nondenitrifying bactefiah
xylosoxidans(Table 5) In intact cells grown photohet-
erotrophically, theRh. capsulatusprotein is almost EPR
silent. Appearance of EPR activity upon addition of the
oxidizing agent [F(CN)g]*~ to the viable cells reveals that
the in-situ cytochrome' from this bacteria probably exists
largely in the ferrous state. The mid-spin contribution to the

culated with model (ii) using a 60% mid-spin/40% high-
spin admixture?® Both strong spin-state admixtures grossly
underestimate the room-temperature effective magnetic mo-
mentues, giving values of 5.2 and 4.8, respectively, al

> 200 K. The discrepancy in the magnitude of ®e= ¥/,
spin-state contribution to the ground state determined from
EPR and magnetic susceptibility data clearly shows that
additional work is necessary to explain the electronic
structure of a number of ferricytochrome's

The spin state oRb. sphaeroidesat the nominal pH 7
has recently been studied by ENDOR at 1%&Spin density
was probed by measuring proton and nitrogen-14 splittings
and comparison to splittings measured for high-spin hexa-
coordinate metmyoglobin and high-spin pentacoordinalte Fe
(oep)Cl. The results were rationalized by assignment of a
significantS= %/,,%/, spin-state admixture to the cytochrome
c'. Splitting of themesoprotons was ordered f¢oep)Cl>
Rb. sphaeroides> metmyoglobin, in accord with the
theoretical considerations discussed above that spin density
at the meso carbon decreases as iron approaches the

admixed ground state in a frozen, deuterated buffer mixture POrphyrin mean plane, with iron in the spin-admixed complex

at pH 6.9 at 10 K was found by EPR spectroscopy to be
close to 40% (Table 5).

The magnetic susceptibility 8H,0 solutions of samples
of ferricytochromec' from Rb. capsulatusas recently been

having an out-of-plane displacement intermediate between
those of the 5- and 6-coordinate high-spin hemes and also
in accord with crystal data. Larger splitting of the proximal
imidazole NH in Rb. sphaeroideshan in metmyoglobin was

investigated between 6 and 293 K, at magnetic fields of 0.5 interpreted as an indication, also consistent with crystal data,

and 1 T using a SQUID susceptometékVhile this study

that spin transfer from the neutral His axial ligand Fif.

reports EPR spectral properties that are similar to those foundsphaeroidess more efficient because of the tighter-1M
by other investigators (Table 5), the temperature dependencéond than in the case of metmyoglobin, where H-bonding

of uer reproduced in Figure 4 showed an effective magnetic
moment between 5.7 and 6 above 100 K, with no
indication of a spin transition at lower temperatures.

The value ofues, which is very close to 5.92s and
corresponds to a purely high-spin ferric heme protein,
supports predominantly high-spin character for the iron

with the Leu89 carbonyl imparts partial imidazolate char-
acter. This situation is in accord with the stabilization of the
high-spin configuration in metmyoglobin relative ®b
sphaeroides Smaller nitrogen hyperfine coupling iRh
sphaeroidesthan in metmyoglobin reflects the expected
decrease i spin transfer to the heme from thexéy?)

center. The temperature dependence is very close to thaorbital in the spin-admixed cytochronee Hyperfine coup-

previously observed in a six-coordinate iron(lll) porphyrin
model complex, P&(tyypp)(CRSOs)(H20) (tivpp = “picket-
fence” porphyrin dianion), in which the mid-spin contribution
to the admixed spin ground state was also found to be $fnall.
The magnetic susceptibility data of tRé. capsulatugprotein
was fitted assuming (i) a pure high-spin ground state or (ii)
two neighboringS = ¥, and %, spin states, quantum
mechanically spin admixed through spiarbit interaction,

as developed by Maltempdoth models provide good fits
to the experimental data (Figure 4) with small residuals. Axial
zero-field-splitting (ZFS) parameterf, = 12.3 and 14.3
cm 1, were calculated from models (i) and (ii), respectively.

ling to the coordinated Hig2 nitrogen inRh. sphaeroides

is larger than that in metmyoglobin because coupling to the
d(z%) component of a quartet state®iglarger than coupling

to d(2), which is a component of the sextet state. A fit to
the EPR spectrum gave a value@f= 5.15. The authors
concluded that ENDOR and EPR data support an admixed
spin state, although the relative proportionS# %/, andS

= 5/, components was not estimated. As discussed in section
3.2 on crystal structure®b. sphaeroidesin common with

Ch. zinosum has an Arg-guanidinium cation in close
proximity and favorable orientation for stacking against
the proximal His. On this basi®h sphaeroidesnight also
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be expected to show significant spin-state admixture. How- mid-spin state in the admixture with decreasing tempera-
ever, ENDOR and EPR are low-temperature spectroscopiesture>®
A critical void is the absence of an ambient-temperature study  3.4.2.2. Proteins!H NMR spectrometry is a frequently

by *H or *C NMR. As in the case ofCh. vinosum a  applied technique for solution studies of functionally relevant
temperature-dependent magnetic susceptibility study would structural properties of the heme cavity in heme-containing
also be critical in arriVing at a more conclusive characteriza- proteinS, particu|ar|y in the case of paramagnetic com-
tion of spin state. plexest® Thus, a large number of results not directly related
The complexity of the magnetic behavior of spin-admixed to the electronic structure of the heme iron in cytochromes
hemes is evident in the finding that, in contrast to the model ¢’ have been reported by this technique. These studies and
studies described in section 2.2, estimates of mid-spin their results have been reviewed in detail in Bhaphyrin
contribution to arS = %/,,%, admixture in the cytochromes Handbook(Vol. 5, Chapter 378*and will not be discussed
¢ by EPR are larger rather than smaller than estimateshere.

obtained by NMR. However, the variable-temperature mag-  Consistent with observations reported for the pyrrole
netic susceptibility study orRb capsulatu®’ described  g-substituted model compoundsgsaproton resonances of
above, which covers the range-B93 K and represents the  the high-spin ferric hemes in proteins appear at high field.
single published example of such a study on a cytochromeBased on the analysis of tHél NMR spectrum of the

¢’ protein, yields results in direct opposition to estimates of cytochromec’ protein of Ch. vinosum for which there are

a large mid-spin contribution by EPR. Thus, in the case of strong indications of ais = 3,5, spin-state admixture at
Rhb capsulatustemperature effects appear to be ruled out ambient temperaturenesoprotons of the cytochrome’

as an explanation for the discrepancy between EPR andhemes would be anticipated to shift downfield near the
magnetic susceptibility results. In the study Bh capsu-  diamagnetic envelope on admixture of the mid-spin state,
latus, subtle differences in the environment of the heme in consistent with the modet§.At pH above the ionization of
samples used for EPR and magnetic susceptibility measurethe proximal His ligand, there is universal agreement that
ments are possible. Changes in heme environment might bethe proteins exist in the high-spin form, in accord with an
explained by differences in protein concentration (the protein increased ligand field strength of His on deprotonation. In
concentration of the magnetic susceptibility sample was addition to assignment of the proton signals, the NMR studies
higher by 6-fold than that of the EPR sample) and by the of the cytochromes' have characterized the prosthetic hemes
method of sample preparation. For susceptibility measure-with regard to the pH profiles of peak width and hyperfine
ments, the protein was dialyzed against phosphate buffer atshifts in order to gain insights into electronic structure.

pH 6, and then lyophilized and dissolvec?t,0. Thus, the 3.4.2.2.1. Chyinosum Cytochrome'cin the 360 MHz

amount of a mid-spin contribution to an admixture is 1H NMR spectrum ofCh. zinosumferricytochromec’ at 25
probably a delicate balance of heme geometry and substituent,C in D,O at weakly écidic to neutral pH, theesoH

pattern, ligand field strength, and external heme environment, .o ances have been tentatively identified by La &6
which may have to be considered uniquely for each poyyeen 0 and-5 ppm. At pH 10, these resonances are
investigation. replaced by broad peaks upfield of the diamagnetic envelope
between—15 and—30 ppm. These observations are con-
3.4.2. NMR Spectroscopy sistent with conversion from &= %,,%, quantum mechan-
3.4.2.1. Model ComplexesNMR spectrometry serves as  ical, spin-admixed ground state at acidic pH to a high-spin
a sensitive probe of spin state for paramagnetic hemestate in alkaline solution. The appearance of the hlgh-spln

complexes. Pyrrole H signals of high-spin iron(Ihese species is associated with a deprotonation havinéaob
tetraary|porphyrin Comp|exes Wp|ca”y appear downfield at 9.13, attributed to ionization of the prOX_ImaI hlS_tldlne |Igand.
~80 ppm. In'S = 3,5, spin-admixed iron(lll) meso La Mar et al have concluded that, in acidic to neutral

tetraary|porphyrin model Comp]exesy pyrro|e protons show SOlUtlon at ambient temperature, a Spin—admixed grOUnd State
isotropic chemical shifts upfield relative to those of the S possible'®

corresponding high-spin complexes, with marked anti-Curie  In a contemporaneousi NMR study of thisCh. vinosum
temperature dependent¥é?218meseH resonances of five-  ferricytochromec’ at 200 and 300 MHz over the pH range
coordinate, high-spin iron(lll) porphyrins bearing pyrrole 4—11, Bertiniet al. reported the ground state to be essentially
[-substituents generally appear at high field in th&6 to high-spin over the entire pH range investigatédrhis

—35 ppm range, while pyrrolgg-methyl resonances are conclusion was based on the determination that the bulk
shifted downfield, in the 58690 ppm rangé’ FewerS = magnetic susceptibility, measured by the Evans method, was
315,51, spin-admixed iron(lll) pyrrolgs-substituted complexes identical at pH values of 7.2 and 10.5. Thmeso H

than mesetetraarylporphyrins have been thoroughly char- resonances of the prosthetic heme were not identified in this
acterized. ThemesoH resonances of the spin-admixed work. The NMR trace at pH 4 is identical to that reported
[-substituted models appear at lower fields than those of theby La Mar for the acid form of th&€h. vinosumferricyto-
corresponding high-spin complexes and are close to thechromec’; thus, the differing interpretation rests on the Evans
diamagnetic envelop®&:82183 For both mesetetraaryl and measurement rather than the NMR spectrum. At pH 10.7,
B-alkyl substitution patterns, the differences in isotropic shifts the methyl resonances show broadening and an upfield shift
between high-spin and spin-admixed complexes can berelative to the methyl signals in the spectrum recorded at
ascribed to decreasedcontact shift contribution accompa- pH 10 by La Maret al. This difference would be expected
nying partial depopulation of the xf-y?) iron orbital. As for more complete conversion to a high-spin protein with
in the case of the pyrrole protons wiesetetraarylporphyrin increasing pH, in accord with the behavior of the model
complexes, thenesoH resonances of pyrrolé-substituted complex Fé (etio)Cl0,.8° While the temperature dependence
complexes display anti-Curie temperature depend&i@e, of the resonances identified by Bertitial. was linear over
which can be ascribed to an increase in the proportion of the range investigated, the intercepts of several of the signals
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fell considerably outside the diamagnetic limits. This be- ation with distance from the porphyrin ring, consistent with
havior has been observed for other proteins in studies o-spin delocalization from a partially occupied@&{y?) iron
discussed below and has been interpreted as evidence of arbital indicative of a high-spin configuration. However, a
thermally accessible excited-state Kramers doublet with broad signal at-14 ppm was tentatively attributed tavaeso
appreciableS = ¥, charactef® On the whole, the data proton. As the pH was raised, this signal disappeared and
derived from the NMR studies of théh. vinosumprotein three broad signals appeared further upfield in +#0 to
present a picture consistent with spin admixture at ambient —35 ppm region. This pH dependence is qualitatively similar
temperature and acid-to-neutral pH, and this protein can to that observed for th€h. zinosumferricytochromec’ meso
tentatively be assigned & %,,% spin-state admixed state. protons and, along with global broadening and upfield
However, the magnetic susceptibility measurements per-shifting of the methyl resonances with increasing pH through
formed by the Evans method at pH 7.2 and 10.5 do not showthe His imidazole K, suggests that the NMR data might
any change in the bulk magnetic susceptibility of this protein be interpreted to support a spin-state admixture at acid pH.
at the temperatures of 20 and 3@, and a temperature- The authors considered this possibility, but despite a qualita-
dependent magnetic susceptibility study performed with a tive similarity in the pH dependence of the upfield signal to
SQUID susceptometer would be critical to a definitive themesacsignals of theCh. vinosumprotein, they concluded

conclusion. that they had not definitively assigned the upfield signals of
3.4.2.2.2. Rb. capsulatus Cytochromelit an early NMR Rb. capsulatusas mesoproton resonances. On this basis,

and EPR investigation of the ferricytochrorefrom Rb, the authors speculate that the NMR spectrum might not be

capsulatusin the pH range 7.510.5, Monkaraet al. indicative of a spin-state admixture. The authors also cite as

concluded that this protein exists in & 3/,,5, admixed evidence against the spin-state admixture the observation that
spin state at neutral pH and becomes predominantly high-the line width of the methyl protons of tieh capsulatus
spin at pH values above9, corresponding to the ionization ~ Protein, distinct from that observed in the NMR spectra of
of the proximal histidine ligand with a measureid,of 8.6° the Ch. vinosumprotein, passes through a maximum at the
NMR evidence for this conclusion was based on the PKa However, it might be noted that the origin of line
observation of the increasing line width of the most down- broadening is not definitively established and at pHO it
field heme methyl signal with increasing pH as expected for iS possible for equilibration with the low-spin form to result
a greater high-spin contribution to &~ 3¥,,%, admixture. in narrowing of the signals. A linear dependence of chemical
The changes in methyl line width correlated with a change shifts with 17 was observed for thRhb. capsulatusprotein
in g®"; from 5.34 at pH 6.1 to 5.95 at pH 9.8, supporting Proton signals assigned to the macrocycle ring substituents,
the investigators’ conclusion. However, La Maral8have ~ which suggests that, in the temperature range considered,
reported that broadening of the methyl signals may result no variation of spin-state population takes place. This result
from both exchange and relaxation effects not directly iS consistent with the temperature-dependent magnetic
correlated with spin state. Unfortunately, no features of the susceptibility data, albeit over a small temperature range,
Rh capsulatugprotein NMR spectrum were described upfield and is cited by the authors as further support for a
of the diamagnetic envelope, wharesosignals would be predominantly high-spin state. Nevertheless, a number of
expected to appear, and thus, thesoproton shifts are not ~ signals (not including those tentatively assignednteso
considered as probes of spin state for this study. protons) have infinite-temperature intercepts considerably
In a more recent and comprehensive study, Tesaal.20 outside the diamagnetic envelope. At this juncture, NMR

determined the orientation and anisotropy of the magnetic 21d EPR data do not rule out & = %, spin-state
susceptibility tensor of the ferric form of thieh capsulatus ~ 2dMixture, but a serious argument against the admixture is
protein and, as well as the temperature dependence of thdN€ temperature-dependent magnetic susceptibility study,
magnetic susceptibility, estimated the contact shifts of the Which shows, at most, a min&= /> component. Until the
heme protons and also the EPR spectrum in frozen solution.Magnetic susceptibility data can be explained, a conclusion
The NMR and EPR spectra were recorded at a nominal pH regardlng_the presenC(’e of a spin-state admlxture in the case
= 6.0. While not explicitly stated, the magnetic susceptibility ©f the ferricytochrome’ from Rb. capsulatuss precluded.
curve was presumably also obtained at pH 6, so that the 3.4.2.2.3. Rp. palustris, Rs. molischianum, Rs. rubrum, and
protein should have been in the acid/neutral form where spin-R. gelatinosus cytochromes. dcewer data have been
state admixture, if any, would be present. As discussed in published for these proteins than for those frGém vinosum
section 3.4.1.2, the EPR and temperature dependence of thand Rb. capsulatusNMR characterization of cytochromes
magnetic susceptibility reported in this study led to incongru- ¢ from Rp. palustris Rs molischianumandRs rubrumwas

ent estimates of mid-spin contribution, with a mid-spin included as part of the study on tk#. vinosumprotein by
content of<10% estimated from the magnetic susceptibility La Mar et al. cited above. Thenesoproton signals of these
experiments and an admixture witi0% mid-spin content  ferricytochromes’ were identified betweer-15 and—30
estimated from EPR. The large8 = 3,5, admixture ppm at physiological pH. Based on the relative upfield shifts
determined by EPR is in agreement with the Monkara Study of the mesoproton signals of these three proteins, La Mar
cited above. The NMR data likewise led to divergent et al concluded that, in weakly acidic to neutral solution at
conclusions regarding a spin-state admixture. The suscepti-25 °C, the five-coordinate iron centers of these proteins must
bility tensor was perpendicular to the porphyrin plane and be primarily in a high-spin§ = °) state. However, at pH
axially symmetric, in agreement with results obtained from 10, the high-fieldnesaoproton signals seem to disappear. In
a determination based oWy dipolar coupling®” and in contrast to the predictable behavior of thesgproton signals
accord with expectation for a predominantly high-spin ferric of the Ch. winosum protein, this observation is rather
iron configuration. The pyrrole methyl signals showed strong puzzling, and there is currently no explanation for the
downfield shifts. Downfield shifts of thet and 3 proton reported behavior, unless th@meso resonances become
resonances of the thioether links showed increasing attenu-broadened beyond detection.
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Table 6. Electronic Spectral Data at Several pH Values for the Ferricytochromesg' from Rs. Rubrum, Ch. Vinosum, and M. Capsulatus
Bath

bacterial source pH Amadnm (B2 (x 1079)) Soret of CT1
Rs rubrun? 6—7 390 (159) 497 (21.5) 638 (5.86)
8.0 396 (151) 500 (19.7) 638 (7.39)
9.0 400 (153) 503 (18.9) 638 (8.26)
10 368 (122) 402 (158) 505 (17.6) 638 (9.44)
12 351 (53.5) 407 (225) 535 (18.1)
bacterial source pH Ama/nm Soret o p CT1
Rs rubrunf 5.2 388 500 643
Rs rubrunt 7.0 390
10.0 368 402
12,5 ~350 407
Ch. vinosun§ 1-10.5 ~375 396-408 500 535 635
Ch. vinosun (T = 77, 293 K) 7.0 400 490 632
M. capsulatuBath? 8 ~380 (sh) 401 502 ~535 (sh) 638

aE = molar extinction? Reference 193 Reference 40¢ Reference 194 Reference 6f Reference 195 Reference 15.

The pH dependences of the hyperfine shifts of the heme either a high-spin state or only a minimal contribution of
substituents of theRp palustris and Rs molischianum mid-spin state to ai® = 3/,,%, admixture. At this juncture
cytochromeg’ are similar and differ slightly from those of  the apparent inconsistencies rule out assignment of spin-state
theRs rubrumandCh. vinosumspecies, for which the lowest  admixture. There is insufficient data available on any of the
field methyl shows a distinct maximum between pH 7 and remaining cytochromes to warrant speculation regarding
8. The significance, if any, of this behavior has not been the spin state of the proteins, at physiological pH and ambient
noted or explained. The pH profiles of methyl line widths temperature, although the proton shifts at acid pH suggest
are qualitatively similar for the ferricytochromesfrom Rs predominance of high-spin states for these proteins.
rubrum'®® andRs palustris®***displaying a maximum in The active site structures of some ferrocytochromhésve
the vicinity of the ionization at high pH, in contrast to the  ajso been studied by NMR, and molecular structural studies
case ofCh. vinosum ferricytochromec’, for which line have been reported for both oxidized and reduced
broadening plateaus and remains constant. stated8l 184,187,189192

The objectives of an NMR study oR. gelatinosus
ferricytochromec’ by Bertini et al*® were to identify the 35 Qptical Spectroscopy
ionizing groups and to make definitive assignments to
paramagnetically shifted signals of the oxidized form. Spin 3.5.1. Model Complexes
state, per se, was not discussed. The pH dependence of the
hyperfine shifts of the heme substituents is similar to those
of the Rp. palustrisand Rs molischianunyproteins.

Curie law studies have been reported for the proton signals
of the ferricytochromes' from Rp palustris Rs molis-
chianum Rs. rubrum andR. gelatinosusOver the narrow
temperature range accessible, shifts appear to vary linearl
with 1/T, as described above for ttgh. vinosumand Rh.
capsulatugproteins. As in the case of these latter species, a
number of the infinite-temperature intercepts fall outside the
diamagnetic limits for all of the proteins.

3.4.2.3. Summary of NMR Results!H NMR studies on

As previously indicated, the absorption spectra of iron-
(1N porphyrin model compounds with well characterized
spin-admixed ground states are similar in appearance to those
of high-spin ferric porphyrin complexes. The absorption
spectra of high-spis = 5, Fe" (tpp)Cl andS = 3/,,%/, spin-
admixed F# (tpp)CIO, complexes have been compared in
Ytoluene and found to be simildIn dichloromethane at 25
°C, the optical spectra of tt&= 3/,,%, spin-admixed (mono)-
imidazole complexes, [Fgtmp)L]CIO, (L = ImH, 2-RImH;

R = Me, Et,'Pr) are very similar to those of the 1-EtPr and
Bu derivatives, which are predominantly high-spinin

. , ; > addition, the absorption spectra of'Heep)CIQ in dichlo-

the ferricytochromes’ have revealed a heme-linked ioniza- romethane and in the solid state were found to be virtually

; ; 9,16-18,177,18 ; : A -
tion, with a K, between 8 and 9 at 2&, Wwhich ijentical to that of the ferricytochrome from Rs rubrum
has been assigned to the deprotonation of the axial h'St'd'neobserved at pH 5.2:119

ligand. For the ferricytochrome fronCh. vinosum the

behavior of themesoproton shifts associated with this 355 proteins

ionization is consistent with a spin-state transition froid a

= 3/,,%, spin-admixed state to a pure high-spin state. The Tables 6-8 summarize the optical spectroscopic data
NMR studies on the€h. vinosumcytochromec' along with available for various ferricytochromes The first absorption
other reported spectroscopic data suggest that this proteirspectrum reported for a ferricytochrorgewas that of the
does contain an appreciable spin-state admixture at acid toRs rubrum proteini®® Table 6 gives thélnax values of the
neutral pH and ambient temperature. However, to establishoptical spectra of this protein over the pH range from 5.2 to
spin admixture definitively, the temperature dependence of 12.520.193.194maj et al. have shown that over the pH range
the magnetic susceptibility would be important. Tineso 7.0—12.5 the Soret bands of thigs rubrumferricytochrome
proton signals of th&b. capsulatugprotein show behavior ¢’ appear as three distinct forms, designated type | (neutral,
similar to that of theCh. vinosumcytochromec’, but other pH ~ 7.0), type Il (intermediate, pH= 10.0), and type Il
data, particularly the orientation of the magnetic susceptibility (alkaline, pH~ 12.5). The type | Soret is a broad band
tensor and the temperature dependence of the magnetipeaking around 390 nm, the type Il Soret band has a
susceptibility (both determined at nominal pH 6), support maximum at 402 nm with a shoulder around 368 nm, and
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Table 7. Electronic Spectral Data for the Ferricytochromec’ from Rb. Capsulatug (B100) at pH 7.2 and 11.0
pH Amax (€ iIn MM~t cm1)P
7.2 375 sh (60) 400 (85.3) 465 sh (8.4) 500 (10.1) 535 sh (6.4) 635 (2.6)
11.0 370 sh (55) 405.5 (94.4) 455 sh (8.8) 500 (8.9) 535 sh (7.3) 637.5 (4.1)

aReference 178 Millimolar extinction coefficient expressed per heme.

Table 8. Electronic Spectral Data for the Ferricytochromec’ from Ach. Xylosoxidans(NCIMB 11015) at Various pH Valuest

pH Amax (€ iIn MM~ cm1)°
1.5 395.5 (128) 498 (7.1) 530 sh (5) 621 (2.9)
5.3 396 (76) 470 sh (9) 500 (10.6) 540 sh (7) 643 (2.9)
7.2 380 sh (70) 401.5 (80.0) 460 sh (8) 500 (10.0) 535 sh (8) 643 (3.8)
11.0 374 sh (60) 400 (82.9) 460 sh (9) 508 (9.1) 535 sh (8) 643 (4.9)
13.# 374 sh 407 460 sh 508 535 sh 642
13.4 355 (36) 410 (118) 540 (10.3) 570 sh (7) 635 sh (1)

a Reference 179 Millimolar extinction coefficient expressed per heni&pectrum obtained immediately after sample preparati@pectrum

obtained after keeping the sample one week in a frozen state.

Table 9. Porphyrin Skeletal Mode Frequencies (cm?) for
Iron(l1l) Porphyrin Model Compounds in Different
Coordination and Spin States (c= Coordination, HS = High
Spin, LS = Low Spin, and QS = Spin-Admixed States)

compound Va V3 11 V2 V37 V10

Table 7 lists thd.mad€) values of the bands present in the
optical spectra observed at pH 7.0 and 11.0, of the ferricy-
tochromec' from the photosynthetic bacteriuRb. capsu-
latus B100178 Spectra of the ferricytochrome from the
chemoheterotrophic denitrifying bacterivkeh xylosoxidans

[6':t9"|'_|(gl;>slX)(&,’l?'\/lso)z]+a 1370 1480 1545 1560 1580 1610 NCIMB 11015, in the pH range 1-513.4, have also been

C, HS,5= "2 79

Fél! (ppIX)CF 1373 1491 1553 1570 1s01 1626 'eported (Table 8)° _ _

Sc, |||48,s=5/2 ) Taken together, the solution spectra of the ferricyto-
[Fe (pDOGmH) ™ 1378 1502 1562 1579 1602 1640  chromest from different bacterial sources are, between pH
,:é’u(oép)Sbéb 1377 1513 1558 1581 1646 7 and 10, closely similar and, moreover, resemble those of
5¢, QS,S= %5/, high-spin heme proteind>1%in accord with expectations
gg"gg@glg}gm K) 1377 1629 based on iron(l1l) porphyrin model compouridddowever,
Fé’u(oe’p)C|ch’(§7 Ky 1378 1635 with an increase of pH from 7 ta 12, the bands originating

50, QS,S= 3/2,5/2
aReference 222 Reference 206 Reference 133.

from the porphyrint — s* transitions exhibit a bathochro-
matic shift and the charge-transfer, CT1, band also present
in spin admixed specié¥ disappears completely. The
absorption spectra of the ferricytochromgsare at pH=

the type Ill Soret band is characterized by a further 13 cosely related to those of low-spin heme proteins, such
bathochromic shift to 407 nm with a shoulder close to 350 a5 the cytochromes of class | (Tables 57).

nm. Changes in the UVvisible spectra of th&ks rubrum

protein in the presence of sodium, potassium hydroxylamine,

and hydrazine salts and molecules such a®,\NO, and

CO have also been studied over the pH range from 5.2 to
12.0%° As previously indicated, only small mainly uncharged

molecules were found to be able to penetrate the distal cavity.
Temperature difference spectra between 283 and 310 K,

recorded by Ehrenberg and Kamefgr Ch. vinosum Rp.

palustris andRs rubrumshowed characteristic maxima and
minima and were the basis for the initial proposal that the
proteins were equilibrium mixtures of high-spin and low-

spin forms.

The room-temperature optical absorption spectra of the
Ch. vinosumferricytochromec’ were obtained by Maltempo
et al®in the pH range £10.5. Over this pH range, the Soret
band appears between 396 and 408 nm, with a shoulder a
about 375 nm. Secondary maxima are present at BRO (
535 (@), and 635 nm. At pH 7.0, the spectra, which show

A study of the electronic absorption spectra of b-type heme
proteins, such as the peroxidases, has shown that five- and
six-coordinate, high-spin hemes can be distinguished by
optical spectroscop¥?’ It was found that the extinction
coefficients of the Soret bands of the six-coordinate, high-
spin hemes are about 40% larger than those of the five-
coordinate complexes and that the shoulder on the blue edge
of the Soret band, which is prominent in five-coordinate
heme, shows a concomitant decrease in intensity in the six-
coordinate specig’§® Moreover, for proteins having a His
residue as the fifth ligand, the wavelength of the charge-
transfer CT1 band is sensitive to the coordination number
of the heme iron. The wavelengths of the CT1 bands have
been found to range from 600 to 637 nm in six-coordinate

proteins and from 640 to 652 nm in five-coordinate

proteins!?7.198
As indicated previously, the optical spectra of the ferri-

bands at 400 (Soret), 500, and 632 nm, are very similar atcytochromes' often show markedly asymmetric Soret bands

77 and 293 K (Table 6)°° The Amax values of the bands

present in the spectrum of ferricytochronee from the
obligate methylotroptiM. capsulatusBath at pH 8 are also

of lowered absorptivity at neutral pH.Moreover, the
wavelengths of the CT1 bands of these species (Tabl@$,5
which are c-type heme proteins, range from 635 to 643 nm.

given in Table 6. As indicated by these values, the optical The presence of asymmetric Soret bands of low absorptivities

spectra of this cytochrome&' and those of the other

and red-shifted CT1 bands is consistent with the character-

cytochromes’ (Tables 8 and 9) are very similar despite the ization of the ferricytochromes’ as five-coordinate in
differences in molecular mass, midpoint redox potentials, or Solution, as well as in the solid state.

structural changes resulting from reaction with carbon

monoxide.'®

Studies of the electronic absorption spectra of several plant
peroxidases have shown that the wavelength of the CT1 band
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Table 10. Comparison of High-Frequency Resonance Raman Modes, (cm™) in Weakly Acidic to Neutral Media for Various
Ferricytochromes ¢’ and High-Spin (HS) and Low-Spin (LS) Heme Proteins

pH  dex®(nm) Va V3 Vag Vi1 V19 2 Va7 V1o

bacterial source

R. palustrig! 6.9 488 1372 1500 1559 1578 1581 1637

R. rubrunt 7.3 514 1373 1558 1577 1582 1637

C. vinosum 7.0 407 1371 1502 1580 1637

R. molishianurf 6.8 407413 1371 1494+ 1501 1553 1581 1605 1627 1635

R. sphaeroide% 7.2 407413 1371 1496+ 1502 1551 1558 1582 1628 1635
HS and LS heme proteins

metmyoglobif 1373 1483 1544 1603 1563 1583 1614

cyt cPi 1375 1504 1563 1637

cyt ¢ 1500 1547 1559 1582 1595 1633

cyt co 1501 1539 1557 1583 1596 1634

2 exc = excitation wavelength? Cytochromec from horse heart: Cytochromec from yeast.? Reference 12¢ Reference 202.Reference 203.
9 Reference 204! Reference 223.Reference 224.Reference 225.

is affected by the field strength of the sixth axial ligand coordinateS = 3,,%, spin-admixed complexes Eéoep)-
through involvement in hydrogen bonding with water or an (L)CIO,4 (L = pyridine (py), 4-CHO-py, or 4-CNpy) have
amino acid residue of the distal heme cavity. It has been been recorded in the solid state and in various solvents at
observed that, when the axial ligand acts as a hydrogen bondvarying temperature’$® The frequency of the RR spin-state
acceptor, the CT1 band undergoes a red shift with increasingmarker band ;o varies with temperature and solvent (Table
hydrogen bond strength and, when the axial ligand is a 9). In the solid state, the;o frequencies of the five- and
hydrogen bond donor, increasing hydrogen bond strengthsix-coordinate perchlorato complexes,"feep)(L)CIQ, (L
causes a blue shift”1%° The X-ray structures of several = none, pyridine (py), 4-CHO-py, or 4-CNpy), range from
ferricytochromeg' (see section 3), have shown that no distal 1629 to 1630 cm! at 275 K and from 1634 to 1635 crhat
ligand is present but that the proximal axial histidine 77 K. No correlation was found between the frequencies of
imidazole ligand is often hydrogen bonded to a proximal v;o and the magnetic moments of these five- and six-
water molecule. However, as yet, the effect of this proximal coordinate perchloratoiron(lll) porphyrin complexes (vide
hydrogen bond on the wavelength of the CT1 band has notsupra). However, the frequency ofo, was empirically

been studied. correlated with the coordination number and the nature of
axial ligands. On this basis, the unusual RR spectra at neutral

3.6. Resonance Raman Spectroscopy pH (type 1) of the ferricytochromes<’, showing high
frequencies in the core-size marker band region (vide infra),

3.6.1. Model Complexes were attributed to the coordination of carbonyl or carbonyl

1 raminn oxygen to the sixth position of the heme iron with a histidine
The 1300-1700 cm” region in the resonance Raman (RR) dmidazole as the fifth ligané® In light of subsequent

spectra of hemes contains skeletal modes giving rise to band o

assigned as core-size and spin-state markers. The core-sizgUctural characterizations of a number of cytochronies
dependence of these marker bands reflects changes in th&iS conclusion can be modified. As noted above;Ng
methine-bridge force constants as the porphyrin expands or°0nd distances in spin-admixed ferric heme proteins or model
contract€® such that these core-size marker bands can beS0MPOunds are shortened so that the porphyrin core is about
correlated with heme coordination and spin states. For six- the same size as that in low-spin ferric complexes. As a

coordinate, planar ferric heme units, a variation of the core "€SUlt, the resonance Raman frequencies of the core-size
size of 0.01 A produces a change of abotcnT * in the markers are comparable to those of the low-spin derivatives

frequencies of the marker bands. In six-coordinate, high- or and, t.herefore, the sp'in-admi'xe.d fef”c porphyrins and her_ne
low-spin complexes, iron lies close to the heme mean p|anelpr0te|ns cannot readily be distinguished from the low-spin

whereas, in five-coordinate complexes, iron is displaced out SPECies by RR spectroscopy alcfie.

of the heme mean plane toward the fifth ligand—Rg bond 36.2. Proteins

distances indicate a slight expansion of the porphyrin core =~

in six-coordinate, high-spin iron(lll) complexes relative to Table 10 summarizes the RR spectroscopic data available
six-coordinate, low-spin complexes. Out-of-porphyrin-mean- for various cytochromes', high-spin met-myoglobin, and
plane displacement of iron toward the fifth ligand in five- low-spin ferricytochromec. The earliest RR study of a
coordinate high-spin ferric porphyrins results in core con- ferricytochromec’ was done on the protein isolated from
traction relative to the case of six-coordinate, low-spin ferric Rp palustrisat pH 6.9, 10.0, and 12.0 with laser excitation
complexes in which iron is situated in or close to the atboth the Soret band and the- band frequencie®. The
porphyrin mean plane. Table 9 shows that five-coordinate, spectra were compared with those of other ferric heme
high-spin and six-coordinate, high- and low-spin ferric proteins in well defined spin states. At pH 6.9, the ferric
porphyrin model compounds in well-defined coordination protein exhibited an anomalous RR spectrum, with core-size
and spin states can be distinguished on the basis of skeletahnd spin-state marker band frequencies closer to values
mode frequencies. However, Table 9 also shows thati#he expected for low-spin rather than high-spin species, although
marker band of five-coordinate ferric porphyrin models in a magnetic moments, while intermediate, were closer to high-
guantum mechanically spin-admix&a= %,,%, ground state spin values. The presence of only a single set of marker bands
does not fit into this scheme. RR spectra of the five- ruled out a mixture of spin states to account for the apparent
coordinate S = 3/,,%, spin-admixed perchloratoiron(lll)  discrepancy, which was therefore attributed to a mid-spin
octaethylporphyrin model, Mgoep)CIQ, and the six- state. As the pH was increased to 10.3, marker band
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frequencies shifted toward high-spin values, indicative of a relative to the orientation in the solid state; and (iii) a direct

less planar structure. In strongly alkaline solution (pH
11.5), the ferric form ofRp palustris ferricytochromec’

electrostatic interaction between the proximal histidine and
a basic protein residue, stabilizing the axial His in the

showed resonance Raman spectra with band frequenciesmidazolate form. This last suggestion was favored by the

similar to those of low-spin heme proteins.

Three forms of the ferricytochrome from Rs rubrum
correlated with the types |, I, and IIl defined by optical
spectroscopy?* were observed in RR spectra with 514.5 nm
excitation at pH 6.9, 10.3, and 12.0, respecti&iThe type

investigators. Such an electrostatic interaction has been
suggested as playing a crucial role in the modulation of the
magnetic properties of cytochromes?® The only crystal
structure of a reduced cytochrortigs that of the denitrifying
bacteriumAch xylosoxidang1.90 A resolution}*3 In both

| spectrum (pH 6.9) showed unusual features, similar to thosethe oxidized and reduced states of this protein, the proximal

of the Rp. palustrisprotein, with the band corresponding to
v1o identified at 1637 cmt, a high value relative to those

for high-spin proteins and model complexes. The investiga-

tors concluded that the anomalously high frequencyef

His ligand is hydrogen bonded throughHt\to an ordered
water molecule that is accessible to bulk solvent. No basic
protein residue is within Van der Waals distance gfiN*143

More recently, Smulevichkt al'® proposed that combined

resulted from strain caused by the protein backbone ratheranalysis of the electronic and vibrational spectra allows the

than an intermediate 6¥,,%, admixed spin stat®, despite
the low magnetic moment of 5:2;. This study also reported
the conversion of type | directly to type Ill by addition of

distinction between low-spin and spin-admixed states to be
made. Purified peroxidase preparations are frequently ob-
tained as spin-state admixtures, as indicated by broadened

sodium dodecy! sulfate (SDS) or 2-propanol. However, the or multiple resonance Raman peaks in the skeletal mode

conversion accomplished by titration with NaOH occurred

region from 1470 to 1640 cm.?’® Resonance Raman

via the type Il intermediate when the pH was increased from spectroscopy shows different temperature-dependent coor-

6.9 to 12.(20%2

Resonance Raman spectra of fel@. vinosumferricy-
tochromec’ were also obtained at pH 7 (type I), pH 10 (type
II), and pH 12 (type Ill) using Soret band excitation

dination equilibria for native horseradish and cytochrame
peroxidasé® The Soret-enhanced,Amode, denoted as,
proves useful for identifying individual components of spin-
state mixtures. Though sometimes wealgccurs in a region

frequencie2® The core-size and spin-state marker bands where there is no overlap with other fundamentals, in contrast

were observed at 13714, 1502 ¢3), 1580 §), and 1637
(v10) cmL. As in the case of thBp palustrisandRs rubrum
proteins, thev,, v3, andvy frequencies at pH 7 are close to

those of heme proteins well characterized as low-spin.

Following the pattern of th&p. palustrisand Rs rubrum

to bandsv,, vio, v11, and v, wWhich, though spin-state
sensitive, occur in more congested spectral regithhas a
spin-state markew;; frequencies occur in heme proteins near
1480 cmit for 6-coordinate, high-spin; near 1490 chfor
5-coordinate, high-spin; and in the range 150810 cn1?

proteins, the spectrum of the type Il form was consistent for 6-coordinate, low-spin specie¥? An abnormally high

with a high-spin state and the spectrum of type Il was
consistent with a low-spin staté® Soret-excited resonance
Raman spectra of solutions of the ferricytochromesom

Rs molischianumand Rb. sphaeroidesvere also obtained
as a function of pH and compared with those from the
proteins derived fronRp. palustris Rs rubrum, and Ch.
vinosum(Table 10). In the spectra of the type | form of the
proteins fromRs molischianumand Rb. sphaeroidestwo
sets of bands were resolved in tigandv,o regions (Table

v3 frequency of 1499 cnit for HRP isozyme C, and similar
high values near 1500 crh(depending on pH) for ferricy-
tochromec’ from Rp. palustriswere originally considered

to be “anomalous” since the; frequency (denoted as band

E in early publications}-2°82%gccurred closer to the low-
spin than the high-spin range despite magnetic properties
approaching high-spin character for both hemes. At the time,
the anomalous nature Bfp. palustrisferricytochromec’ was
concluded to be due to intermediate spin, while the heme

10). One set was attributed to a normal high-spin form, and structure of HRP-C was still felt to be “anomalodd?The

the second was attributed to 8n= %/,,%/, spin-admixed form,

v3 band region of the HRP A-1 and A-2 isozymes showed

suggesting that, at physiological pH, these proteins exist asbehavior comparable to the unusually high frequency (1499

equilibrium mixtures of high-spin and spin-admixed st&tés.

In the RR spectra of the high-spin ferrous forms of the
cytochromes’ from Ch. vinosum Rs molishianumandRh.
sphaeroidesbands between 228 and 231 ¢rwere assigned
to the Fé-His stretching vibrationy(Fe'-His).293294|n the
absence of H-bonding of M of the proximal histidine
imidazole with a water molecule inferred from the crystal
structure of theRs molischianunferricytochromec’,'3 the
observed frequencies assigned(B€'-His) appeared to be
outside the expected range (X305 cn1?). To account for
the high frequency of(Fe'-His), several possibilities were
considered?®2%(i) hydrogen bonding between the proximal
histidine imidazole and a water molecule in solution (while
the axial histidine imidazole is not hydrogen bonded in the
crystal structure of th&®s molischianunprotein, a role for

cm1) observed forvz of HRP-C. HRP A-1 exhibited an
easily resolvable splitting af; into two components, at 1491
and 1505 cm?, which is reproducibly observed in purified
preparations at neutral pHC Virtually identical behavior is
exhibited by HRP isozyme A-Z! Since the HRP-A
isozymes are predominantly 5-coordinate, high spin, the 1491
cm! band was assigned as being characteristic of the
5-coordinate, high-spin heme, but the 1505 égpomponent
frequency was initially interpreted as being due either to the
presence of a resonantly enhanced 6-coordinate, low spin
component or to a Fermi resonariééSubsequently, Smu-
levich et al. (1991) observed for HRP C at low temperature
that thev; band became resolved into two components at
180 K (three components with glycerol), which shifted to
higher frequencies with further lowering of the temperature

this interaction could not be ruled out in solution, since such to 1503 cn?, indicative of a 6-coordinate, low-spin heme,
hydrogen bonding to the axial ligand has been observed inand 1511 cm?, attributed to an intermediate spin state. Upon

crystal structures of other ferricytochromes); (i) a
hydrogen bonding interaction of the proximal histidine
imidazole with a change in orientation of this imidazole ring

reinvestigating the 1491, 1505 cfws doublet of HRP A-2
(now noted to have a third component at 1485~&m
characteristic of a 6-coordinate high-spin heme), Eea.?'!
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noted that preparations containing a 6-coordinate, low-spin Table 11. Mosshauer Parameters Observed for theks. rubrum
component would be expected to exhibit al@and at 570  and Ch. zinosum Cytochromesc
nm as well as a red-shifted Soret band (4d24 nm) as bacterial source pH T (K) o (mms?) (/Fe:Cu) AEq(mms)

observed for the 6-coordinate, low-spin complex of soybean " rg ruprun 205 0.06+ 0.02 156+ 0.02
seed coat peroxidas¥.Maltempoet al?**had obtained EPR 77 0.08+ 0.02 1.78+ 0.02
data for HRP A-2 and C-2, for which @, = 5 component _ 63 0.08+ 0.02 1.9440.02
was detected and assigned to a quantum mechanically Ch vinosunt 29575 g-gﬁ 8-85 %g;i 8-85
i =3/,5 I 1 Y 74,211 . . . .
admixedS = %/,,°/, component. On this basis, Fe&ital. 63 0141 0.02 53¢ 0.02

reassigned the 1505 crhvz band of HRP isozymes A-1
and A-2 to this quantum mechanical admixed spin compo- bacterial source  pH T(K) o (mms?) (JaFe) AEq(mms?)

nent. It was noted that a quantum mechanically spin-admixed, rs ryprunt 7.0 210 0.34t 0.04 151001
5-coordinate heme was a common feature of all class Ill Ch sinosuni 7.8 150 0.35: 0.01 2.31+0.02
secretory plant peroxidasés.A 6-coordinate, quantum 78 42 0.29+ 0.01 2.91+0.01
mechanically spin-admixed component has recently been 10 42 0.39:001 0.82+0.01

proposed for a peroxidase from artichoke floweEgnara 10.5 4.2 0.39£0.01 0.79+0.01
scolymus L as suggested by comparison with 6-coordinate 2 Reference 167 Reference 14: Reference 176.
benzohydroxamic-complexed peroxidades.

As noted above, the optical spectra of ferricytochromes 3.7.2. Proteins

¢ are gimilar to thqse of high-spin heme proteins. In contrast,  pgq ferric, ferrous, and ferrous carbonylated states of the
core-size and spin-state marker bands of most ferricyto- cytochromec, and cytochromec’ (RHP, c¢) from the
chromesc’ appear at frequencies higher than those of the jhqtosynthetic bacteri®s rubrum, as well as those of
pure hlgh—spm_spe_ues and comparable to those of IOW'_Sp'”cytochrome css2 and cytochromec from strain D of
ferric heme derivatives (Table 9). Taken together, a combined Chromatium(Ch. zinosun), have been studied by Msbauer
analysis of the electronic and vibrational spectra of various spectroscopy between 6 and 205! The Missbauer
ferricytochromeg’ shows that these proteins are neither high- parameters observed over this temperature range for both

nor low-spin and thus are likely to b8 = %% spin- ferricytochromes:’ are listed in Table 11.

admixed, as indicated by their EPR spectra. Since the magnetic moments of the ferricytochroche
proteins determined by magnetic susceptibility measurements

3.7. Musshauer Spectroscopy were found to be clearly smaller than the high-spin value of
5.9 ug,® a thermal equilibrium between high- and low-spin

3.7.1. Model Compounds states was initially proposed for these protéitféHowever,

o ; ; h “thermally mixed” spin states could be resolved by
Mossbauer spectroscopy has shown that only a single spin|1© SUch "t . by
state is present in the ferric quantum mechanicaly 35,5, :Ee earlyﬂl\]/lcssbaéj_er ,[Stgci;]est of .Mofy‘tal' Nﬁ_\lljertpeless, i
spin-admixed porphyrin model compounds (Table 1) rather -¢S€ authors indicated that spin states equilibrating rapidly

than a thermal equilibrium between two species in unper- ©1 the time scale of the Msbauer experiment could be
turbed high-spin and low-spin states. The spin-admixed masked by the apparent large temperature dependence of the

: s quadrupole splitting of these proteitf<.
complexes are characterized by quadrupole splittings that are The Messbauer characteristics of the cytochrorideom

larger than those of pure high-spin complexes, increasing in . .
magnitude with the relative size of the mid-spin contribution wgg%:gng)gg;%% dlégljlgr)ngggfagl fln::;%gﬁgtrigz
to the admlxture. The magnitude of quadrupole spllt'gln_gs t al. 198 respectively. Spectra of thEé rubrum (ATCC
shows an inverse dependence on temperature. The origin 0?1176) ferricytochrome’, buffered at pH 7, were obtained
the observed temperature dependencé is not clear; in a magnetic field of 0.6 T parallel to the direction of the

relaxation effects, thermal population of higher energy States’incidenty-ray beam at 25 and 210 K and at 4.2 K in fields

_and dynamic admlxtl_JreS at different temperatures have beenof 0.6 and 30 T parallel and of 0.6 T transverse to the incident
invoked as explanations.

beam!* The spectrum obtained at 210 K consists of a
Mdssbauer spectra of ¥pep)ClQ-2H.0, Fé'(oep)CIQ, quadrupole doublet with/aFe= 0.34 andAE, = 1.5 mm
and Fe(tpp)CI@0.5 m-xylene recorded at varying temper- s, The quadrupole lines of the 25 K spectrum were
atures and external fields have been analyzed quantita-broadened, and a reliable value fafEq could not be
tively.87.135 The applicability of Maltempo’s theory of  obtained. The investigators point out that when relaxation
quantum mechanical spin admixing Fe'(tpp)CIO; has  effects are taken into account, fits to the spectra at 4.2 and
been studied. This model reproduces the sign, anisotropy,210 K can be obtained with the samé&, values reported
and temperature dependence of the internal fielft. by Mosset al.1%” Thus, the apparent temperature dependence
However, it does not satisfactorily reproduce the magnitude. of AEq reported in these early studies can be explained by
To fit the data using Maltempo’s model, the contact field, failure to consider relaxation effects. According to Emptage
Bok, which is close to 21.6 T in high- and low-spin iron(lll) et al.4 reliable values of quadrupole splittings cannot be
porphyrins, has to be reduced to the unacceptably low valueobtained in the temperature range-3(0 K, unless relax-
of ~10.8 T. The low value suggests that some modification ation effects are properly taken into account. The external
of Maltempo’s theory on quantum mechanical spin admixing field spectra obtained at 4.2 K indicated the presence of two
is needed® In contrast, a value of 24 T has been reported species, designated | and II, which could not be resolved at
for the effective internal field at théFe nucleus of F&oep)- high temperature. The parameters for +60%) were
ClO4.87 Currently, no theoretical interpretation of quantum estimated to bed = 15(2) cnt?, 6 = 0.37 mm s?, and
mechanicab = 3/,,%, spin admixture other than Maltempo’s AEg = 1.35 (15) mm st, and those for species 140%)
model has been proposed. were estimated to bB > 20 cmt, 6 = 0.37 mm s?, and
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Figure 5. Mossbauer spectra of ferricytochronee from Ch.
vinosumat pH 7.8 and 4.2 K in an applied field f0.2 T: (a)
longitudinal field; (b) transverse field. Reprinted with permission
from ref 176. Copyright 1980 American Institute of Physics.

AEqg = 1.65(15) mm 5.4 The parameters observed for the
ferric cytochromee’ from Rs rubrummost closely resemble
those of ferric horseradish peroxidase (HRP). The wild-type
HRP enzyme has subsequently been characterized as
mixture of several isozyméed® As noted above, the HRP
isozymes, like the ferricytochrome’s can exist in a quantum
mechanical spin-admixed stat§.

The oxidized form of cytochrome' from Ch. vinosum
was also studied by Mgsbauer spectroscopy over the pH
range 1.6-10.5 by Maltempoet all’® in the temperature
range 4.2-150 K in the absence of an external field and at
4.2 K in magnetic fields of about 0.2 T applied longitudinally
and transverse to theray beam. At 4.2 K and pH 1.0 and
10.5, the external magnetic field Mdsbauer spectra consist,
as expected, of a six-line hyperfine pattern typical of high-
spin ferric heme proteins, while, at neutral pH, a four-line
spectrum with a smaller overall width was observed (Figure
5). At 150 K and neutral pH in the absence of an external
magnetic field, the protein showed a symmetric doublet with
AEg = 2.31+ 0.02 mm s! and an isomer shift)) relative
to aFe of 0.35 mm s

At 150K, the spectra of samples at high and low pH were
characterized by strongly asymmetric, diffuse doublets. Good
fits have been obtained for the six-line spectra recorded at
4.2 K at high and low pH with a Hamiltonian having an
effective spin ofS = %,. The four-line hyperfine spectrum
recorded at 4.2 K could be fitted using the quantum
mechanicab = 3/,,%, spin-admixed model (Figure 3)yith
the parameterdEqg = 2.91 mm s, = 0.29 mm s, line
width T' = 0.43 mm s?, and a small value of the contact
field Box of 12.4 T176 Again, as in the spin-admixed ferric
porphyrin model complex F&tpp)ClOy,-0.5m-xylene, the
value of 12.4 T found for the contact field is significantly
smaller than 21.6 T, which is typical for high- and low-spin
ferric porphyrin complexes. The investigatgfgecognized
that their description of the internal field for the spin-admixed
species may be incomplete and that the value of 12.4 T,

Weiss et al.

The AEq values (Table 11) of the ferricytochromes from
Rs rubrum and Ch. vinosum follow the same trend of
increasing magnitude when the temperature decreases, as
observed in model iron(lll) porphyrin complexes (Table 1).
However, as in the case of the model complexes, spin
relaxation effects have not been taken into consideration and
such effects have been shown to be important in obtaining
reliable values for the quadrupole splitting#\s in the model
compounds, thé\Eq values also appear to increase as the
4AL/°A 1 ratio of the S = 3/,,%/, spin-admixed ground state
increases. NMR and EPR studies have shown that, at neutral
pH, theRs rubrumferricytochromec' belongs to the group
of proteins that can be classified as predominantly high-
spinl11 Accordingly, between 63 and 205 K, this protein
shows a smalleAEq than that of the ferricytochrone from
Ch. vinosum (Table 11). In contrast, th&h. vinosum
ferricytochromec’, which is believed to have a substantial
mid-spin contribution to a® = 3,,%, spin-admixed ground
state even at ambient temperattfe® has aAEq ranging
from 1.97 to 2.53 mm§ between 4.2 and 150 K, in line
with the temperature dependence observed for the quadrupole
splittings for model ferric porphyrin complexes known to
be substantiallys = %5,5/, spin admixec?°3

3.8. CD and MCD Spectroscopy
3.8.1. Model Complexes

a Kintner and Dawsdif have investigated ferric octaeth-
ylporphyrin complexes by MCD spectroscopy as models
for the various species of cytochromg®bserved at differ-
ent pH values. The MCD spectra of tlge= 3/,,5, spin-
admixed F# (oep)X (X= ClI, CIO,~, SO,CFR;, Sbk™) and
[Fe" (0ep)(3,5-Clpyridine}]ClO,, the high-spin Fé(oep)-

Cl, and the low-spin [Fé&(oep)(Ly]* (L = ImH, 1-Melm)
complexes were compared. Over the Serésible range
(300—700 nm), the MCD spectra of the low-spin complexes
were distinctive, but the MCD spectra of the high-spin and
S=3/,,%, spin-admixed complexes were closely similar and
not readily distinguished. By contrast, in the near-IR range
(700—2000 nm), the MCD trace of each spin-state type was
distinctive. High-spin F&(oep)Cl gave a derivative-shaped
feature with a crossover at1000 nm, in line with reports
for high-spin, five-coordinate ferric protoporphyrin IX
complexes. The near-IR MCD trace of low-spin [Feep)-
(1-Melm)] ™ was positive, with a broad shoulder on the blue
side of a maximum at 1557 nm. All of the spin-admixed
complexes showed a broad, distinctive negatipesitive—
negative trace extending over nearly the entire near-IR range.
Thus, the spectra of the spin-admixed species are easily
distinguished from those of the high- and low-spin deriva-
tives, and complexes reported to be in a high-spin/low-spin
equilibrium appear as a composite of the high-spin and low-
spin traces. This work strongly supports near-IR MCD
spectroscopy as a sensitive probe of spin state.

3.8.2. Proteins

Unfortunately, the MCD studies of ferricytochrome's
preceded the studies on model complexes. Room-temperature
near-IR MCD and CD spectra of the ferricytochroroefsom
Rs rubrum Ch. vinosum and Rp. palustris have been
investigated!” Over the pD range of 1 to 13, four distinct

required by their data, should be viewed as a parametrizationspecies were identified and labeled-A. The spectrum of

accounting for mechanisms not included in their electronic
model of S = %/,,5/, spin admixing3®

B, the species present over the pD range-1B, was
assigned to be in a high-spin state by comparison with the
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MCD spectra of known high-spin heme proteins. Similarly, 6.9, 10.4, and 12.3 were all close in appearance. In light of
species C and D at pbt 12 were unambiguously assigned subsequent developments discussed in this and preceding
to be in low-spin states. The spin-state assignmert®B  sections, pure high- and low-spin forms with readily distin-
are consistent with spectroscopic evidence from other guishable CD traces could be anticipated at pH 10.3 and 12.3,
techniques discussed in previous sections. In the absence atespectively. At pH 7, th& = 3/,,5, spin admixture would

that time of anyS = 9,5, spin-admixed model for likely be difficult to demonstrate over the spectral range
comparison, the MCD spectra of species A in the acidic to examined. The data reported for tiRs rubrum ferricy-
neutral pH range were judged to be consistent with a high- chrome €are in accord with this expectation. In the absence
spin state for all three ferricytochromes examined. of reference models, no significance can be assigned to
However, as pointed out by Kintner and Daw$6the MCD results for theRp. palustris protein. MCD and CD studies
traces A are virtually identical to those subsequently reportedto date indicate that bands in the near-IR region of the
for the spin-admixed models. Thus, in light of the more electronic spectrum can provide information regarding spin
recent work by Kintner and Dawson on model complexes, State. MCD appears to offer an advantage over CD because
the MCD spectra of species A may be reinterpreted asan asymmetric chromophore is not prerequisite for spectro-
supporting a spin-admixed ground state. The near-IR CD Scopic activity, simplifying the use of model complexes.
spectra were also recorded by Rawlirggsal?” but were

used to investigate ligation state, with no attempt to examine 4, Summary of Evidence on the Spin-State of

correlation with spin state. Nevertheless, the CD traces of Cytochromes c': Proposals for Additional Work
species A, reproduced in the publication for Be rubrum,

Ch. vinosum and Rp palustris ferricytochromesc', are : < , )
distinctly different from the CD spectra of B shown for the 40 Y&ars, since recognition of the unusual magnetic properties
of the proteins. The earliest studies on the magnetic properties

Rs rubrum and Rp. palustris cytochromesc'. This result . X .
suggests that near-IR CD could also serve to probe the spin®f these proteins were reported without the benefit of the
Maltempo theory of quantum mechanical spin-state admix-

states of the ferricytochromes A distinct disadvantage of h ive body of K Il ch fed
CD as a spectroscopic probe is the need to identify models'Ur€ OF the extensive body of work on well characteri
= 3,5, spin-admixed model complexes that was subse-

with asymm_etlr ° ghromehgres, , guently developed. However, despite progress in understand-
_The remaining investigations of the ferricytochron®s  jy4 the mechanisms of spin-state admixture, the picture
dichroism covered only the UWvisible range. Yoshimura  hrasented by the totality of data accumulated on the cyto-
et all” recorded the CD and MCD spectra of the ferricy- chromesc is not yet complete enough to support the
tochrome from the denitrifying bacteriuAth xylosoxidans  gefinitive characterization of any of the proteins asSx
NCIMB 11015 in the UV-visible region at pH 7.2. The CD 3/, 5/, spin-state admixture. A major problem encountered
spectrum (trace not reproduced in the citation) was describedin preparation of this review was that, despite application of
as similar to that of th&s rubrumprotein reported earlié® a wide variety of physicochemical methods to studies of the
and discussed below. The MCD trace was described ascytochromes, no single technique has been applied to all

differing slightly from those of high-spin myoglobin and  the proteins encompassed in this review. Thus, there are
HRP and on this basis was considered to be inconclusivecritical gaps in the characterization of the proteins. In

with respect to making an assignment of spin state. Com- aqdition, comparison of physicochemical properties under

Interest in the spin state of the cytochronsespans nearly

parison of the MCD spectrum of the ferricytochroniérom similar conditions across the entire family of cytochromes
Ach xylosoxidanspublished by Yoshimurat al.1"® with ¢ is difficult or impossible. Even for X-ray structures,
those reported by Dawsat al®’ for the high-spin an = temperatures at which data were collected were specified in

%2,°l> spin-admixed models in the UWisible region favors  only four of ten published studies, ruling out the assessment
the spin-admixed assignment. However, the observation thatof temperature effects on structural features that might be
the MCD traces of high-spin anl = %, spin-admixed  related to spin state. In the single instance where structural
complexes vary only slightly in the UWvvisible range  data acquired at ambient and cryogenic temperatures is
demands caution in making such a spin-state assignmentavailable, comparison of structures Ath xylosoxidans
Ferricytochromeg’ isolated from the photosynthetic bacte- indicates that temperature has a significant effect on structure
rium Rb capsulatus3100 were reported to give UWisible and, by implication, on spin state. However, as discussed
range MCD spectra similar to those of theh xylosoxidans  above Ach xylosoxidansippears to be predominantly high-
NCIMB 11015 protein'’® No additional description of the  spin under all conditions, and lack of a companion temper-
MCD spectrum was provided by the authors, nor was the ature-dependent magnetic susceptibility study rules out the
trace reproduced in the citation or used to support a spin-observation of even minor perturbations resulting from
state assignment. In a study preceding both the Maltempostructural reorientation. In general, effects of temperature,
postulate of spin admixtutend the KintnerDawson study  crystal packing in the solid state, or protein and/or buffer
on model compound$! CD spectra of the ferricytochromes  concentration on physicochemical properties in solution are
¢’ from Rs rubrum and Rp. palustriswere examined over  unknown.

the range 205500 nm at pH 7.0, 10.3, and 128.The Measurements directly yielding information on spin state
authors did not analyze the CD data with respect to include EPR, Mssbauer (through spectral simulation),
information on spin state. Chromophores from the protein magnetic susceptibility, and NMR spectroscopy. Studies of
residues are probably major contributors to the CD spectrathe ferricytochromes’ by EPR and Mesbauer spectroscopy
below 300 nm. Within the 306500 nm range, traces support the presence of &= %,,%, quantum mechanical
recorded for theRs rubrum ferricytochromec' at pH 7.0 spin-admixed ground state in frozen solutions of most
and 10.3 corresponded closely to each other, and below 400cytochrome<'. In particular, EPR spectroscopy of ferricy-
nm, they were distinctly different from the trace at pH 12.3. tochromesc' at weakly acidic to neutral pH is consistent
In the case of thép. palustris protein, CD spectra at pH  with mid-spin contributions to the ground-state ranging from
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~10 to ~50%. Mtssbauer studies of ferricytochrome's admixed pentacoordinate hemes and are thus not informative
from Ch. vinosumandRs rubrum at varying temperatures  with regard to spin admixture.

yielded quadrupole splitting valuesEg compatible with a UV —visible spectra of spin-admixed and high-spin model
spin-admixed ground state. Magnetic susceptibility measure-complexes are closely similar, and in line with this observa-
ments yield conflicting results. Effective magnetic moments tion, spectra of the cytochrome'srecorded in weakly acidic
reported at ambient temperature in solution at neutral pH to neutral solutions are also similar to those of high-spin
and at low temperature on solids precipitated from slightly model complexes and proteins. As a consequence, the
acidic solution gave magnetic moments @in. vinosum Rp. electronic spectra alone do not provide support for spin-state
palustris and Rs rubrum uniformly lower than those  assignment.

expected for purely high-spin proteins (Table 4). The single A comparison of the near-IR region (76Q000 nm)
temperature-dependent magnetic susceptibility study on aambient-temperature MCD spectra of ferricytochrorses
cytochromec’, recorded with a SQUID susceptometer on from Rs rubrum, Rp palustris andCh. vinosumwith those

the ferricytochrome’ from Rh. capsulatusyielded a curve  of well characterizedS = 3/,,5/, spin-admixed porphyrin
consistent with a spin state having 00%S= 3, admixture ~ model compounds supports & = ¥, spin-admixed
and no evidence of a spin transition. The curve was ground state for these proteins by virtue of a negative
qualitatively different from temperature-dependent curves positive-negative trace extending over the near-IR range.
over a similar range of temperatures reported for spin- This feature was unique to the spin-admixed models on
admixed model complexes. In contrast, EPR spectroscopyWhich the analysis was based; however, it must be recalled
in frozen solution determined by the same investigators led that the ambient-temperatutid NMR spectra oRs rubrum

to an estimate 0f-40%S= ¥, admixture. The inconsistency ~andRp palustrisseem to favor the high-spin state for these
between the results of magnetic susceptibility curve and EPRPrOteins.

measurements may ultimately be explained by medium While the structural features of the po.r.phyrir)s determined
effects attributable to sample preparation, but this inconsis- by X-ray crystallography are not definitive with regard to
tency cannot be understood in terms of the current state ofthe presence of spin-state admixture, crystallographically
research!H NMR spectroscopy of cytochromesfrom Rp. determined relationships between the axial His ligand and
palustris Rs molischianumRs rubrum, andCh. vinosum the protein environment are potentially more informative.
at room temperature and physiological pH indicates pre- While .several. class Il plant peroxidases are consdered to
dominantly high-spin ground states with the possible excep- P& SPin admixed, the cytochromes are unique in the
tion of the cytochrome’ from Ch. vinosum The evidence ~ Presence of ammonium-Lys or guanidinium-Arg cations

for spin-state admixture at weakly acidic to neutral pH in Within the distal pocket. In the structure @fh. vinosum
the Ch. sinosum protein is based on the small upfield Which is most likely to be spin admixed by the measures

hyperfine shifts of thenesoH signals, which appear in the applied to date, the mean plane of an guanidinium-Arg cation
Oth()) —5 ppm region. Such smgll shifts are ir?%ccord with 1S within ~3.5 A of the His-ImH and is optimally 0_r|ented
; AN ; : for zr-stacking against the axial His-ImH plane, which could
shifts observed i8="%,,%, spin-admixed model complexes. . - : )
The large upfield hyperfine shifts of threesoH signals of WC? aken theTIrllgaP d strer?gthhsufftljmently tohlnduc;g a SE]nr-]state
: : d ! admixture. This feature is shared wiih sphaeroideswhic
Lheemoethpergtgirr?g ;irélﬁzodccglrggnn?f)gfegp'cal for high-spin - contains significantS = 3,,%, admixture by EPR and

ENDOR analysis, and hence, it is tempting to suggest the
Measurements indirectly related to spin state include importance of this interaction in spin-state admixture.
resonance Raman, normal-coordinate structural decomposiwhether ther-stacking is indeed crucial is at the moment
tion, EXAFS and XAS, optical spectroscopy, MCD and CD, uncertain, because there are no measurements to support spin-
and X-ray crystallography. Structural metrics inferred from state admixture ifRb. sphaeroidesit ambient temperature.
application of these techniques considered individually are  |n conclusion, the physicochemical characterization of the
intrinsically inconclusive regarding spin state but, when cytochromesc presents a mixed picture regarding the
compared with data from model complexes and other importance of anS = 3,5, spin-state admixture in the
proteins, may be useful in providing support for spin-state ground state. Only in the case of the cytochrochdérom
assignment. Evidence on spin state from resonance RamarCh. vinosumdo published studies, incomplete though they
spectroscopy is based on the observation that core-size and@nay be, consistently support the presence oBan %,,%,
spin-state marker band frequencies of spin-admixed modelsspin-state admixture.
appear in the range expected for low-spin complexes, To ascertain the presence of a quantum mechafieal
whereas by other measurements, e.g., magnetic moments¥, 5, spin-admixed ground state in the cytochronseand
the models are clearly not low-spin. On this basis, the to clarify the significance and possible involvement of Arg/
resonance Raman spectra of proteins fl@mwinosum Rs Lys-ImH interactions in these properties, additional studies
rubrum, Rp palustris Rs molischianumandRh sphaeroides  are necessary. One might propose the following:
in neutral to slightly acidic medium are compatible with the (i) Studies of the X-ray structures of several of Nakamura’s
presence of spin-admixed forms. NSD analysis shows hememodel cytochrome' compounds and the synthesis, structure,
ruffling and saddling in the cytochromes but the macro-  and spectroscopic properties of other novel five-coordinate
cycle distortions are within the ranges found for models and ferric complexes of3-pyrrole alkyl-substituted porphyrins
proteins in pure spin states and, in the absence of studiesand sterically hindered imidazoles to address ambiguities in
that correlate effects of combined macrocycle distortions and Nakamura’s models.
axial ligation on spin state, this analysis also is not diagnostic  (ii) The role of the basic residue (Arg or Lys) in the
for spin-state admixture. Likewise, the structural metrics ground-state spin states of the cytochronseshould be
estimated from EXAFS studies oRs rubrum and Rs probed (a) by examination of novel site directed mutants of
molischianunencompass values of both high-spin and spin- the proteins isolated from théh. sinosumandRh sphaeroi-
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des bacteria, mutants in which residues Arg 126h(
vinosun) and Arg 127 Rh. sphaeroideshave been replaced
by residues not able to undergo cation interactions with
the ImH-His axial ligand of iron present in both proteins;
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