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Abstract: The electronic structure of the 5-coordinate quantum-mechanically mixed-spin (sextet-quartet)
heme center in cytochrome ¢’ was investigated by electron nuclear double resonance (ENDOR), a technique
not previously applied to this mixed-spin system. Cytochrome ¢’ was obtained from overexpressing variants
of Rhodobacter sphaeroides 2.4.3. ENDOR for this study was done at the g, = 2.00 extremum where
single-crystal-like, well-resolved spectra prevail. The heme meso protons of cytochrome ¢’ showed a contact
interaction that implied spin delocalization arising from the heme (d2) orbital enhanced by iron out-of-
planarity. An exchangeable proton ENDOR feature appeared from the proximal His123 N6 hydrogen. This
NoO hydrogen, which crystallographically has no hydrogen-bonding partner and thus belongs to a neutral
imidazole, showed a larger hyperfine coupling than the corresponding hydrogen-bonded No proton from
metmyoglobin. The unique residue Phel4 occludes binding of a sixth ligand in cytochrome ¢, and ENDOR
from a proton of the functionally important Phel14 ring, ~3.3 A away from the heme iron, was detected.
ENDOR of the nitrogen ligand hyperfine structure is a direct probe into the o-antibonding (d2) and (d2-,?)
orbitals whose energies alter the relative stability and admixture of sextet and quartet states and whose
electronic details were thus elucidated. ENDOR frequencies showed for cytochrome ¢ larger hyperfine
couplings to the histidine nitrogen and smaller hyperfine couplings to the heme nitrogens than for high-
spin ferric hemes. Both of these findings followed from the mixed-spin ground state, which has less (dz-,?)
character than have fully high-spin ferric heme systems.

Introduction «—Nb Proton

Both bacterial cytochromes (cyt ¢') and more standard His 123
c-type cytochromes have covalent dicysteine conjugation to their *P MP @ r
heme! However, cytc' has a sole fifth axial histidine ligand J__“fa) ‘

and no sixth ligand because the sixth position of €yis too MP — B
crowded for ready bonding of an exogenous sixth ligérid. _ >
Figure 1 here shows important aspects ofcythere the sixth
liganding site is occluded by a phenylalanine side chain (Phel4) Heme
oriented parallel to and approximately 3.5 A distant from the

heme. The environment of the fifth axial histidine ligand
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6-coordinatec cytochrome which has potentials near 250 fnV. ferric metmyoglobin provided the most complete, existing,
Cyt ¢’ may serve in nitrite-metabolizing bacteria, such as the experimental determination of the heme and histidine nitrogen
Rhodobacter sphaeroidés4.3 from which we obtain our cyt  hyperfine and quadrupolar tensors, and from the hyperfine
¢, as an NO carriet!®where the evidence is that NO replaces tensors estimates of the unpaired spin density in valence 2s and
the proximal histidine fifth ligand:!! Spectroscopic studies of  2p nitrogen orbitals were made.Assignment of the meso
the unusual NO and CO binding of cydsshow properties that ~ proton ENDOR (see position of meso proton in Figure 1 here)
are very closely shared by the heme-based NO-sensor domairwas confirmed with X-band ENDOR through use of model
of soluble guanylate cyclagé:1.12 hemins having substitution at the meso carbbdid$ln summary,
Although ferric heme systems generally have low-s@@rR~( a body of empirical ENDOR knowledge from high-spin ferric
1/5) or high-spin 6 = 5/) charactef? the unique EPR and  heme protein and hemin model complexes exists for comparison
Mossbauer spectra of cyt$ have pointed to a ground-state  purposes to cyt'. Because the heme nitrogen hyperfine coupling
guantum mechanical mixture of quartet spin stee=( 3/,) is directly sensitive to covalent antibonding transfer of spin
[(dyy)?(dx)*(dy)X(d2)] and sextet spin stateS(= /) [(dyy)*- density from the (@-,?) orbital and because the axial histidine
(d)(dy) (dR) N (de—y2)Y]. 24718 The quartet and the sextet con- nitrogen is directly sensitive to covalent antibonding transfer
figurations lie close enough in energy to be significantly of spin density from the (g) orbital, the ENDOR technique is
spin—orbit coupled'®2° so that EPR-detectegh values (5) a useful, direct, and as yet untried method for probing the
from the cytc' differ significantly from thegs ~ 6 of high- intimate electronic details of cyt'. Although NMR studies
spin ferric hemé? The crystallographies of mixed-spin hemin aimed at mixed-spin ferric heme systems have provided contact
modelg'22 and the EXAFS of cytc?® have revealed a  hyperfine information on spin densities at outlying heme
diminished heme iron out-of-planarity and a shorter Fe-heme substituent3336-3"the detailed electronic structure at the ligan-
nitrogen bond distance than those of 5-coordinate seStet ( ding core is not reported by NMR. For such mixed-spin
5/,) ferric hemes. The shorter crystallographic distances implied systems, there may be difficulty in discerning exactly from NMR
less antibonding (@ y?) ground-state charact&?®> A magne- what the outlying proton contact interaction is because of the
tochemical ranking of weak anionic heme ligands for quantum complex temperature dependence of the ambient temperature
mechanically mixed-spin hemins has been proposed:; in this NMR spectral® a problem not encountered by ENDOR at
ranking increasing strength leads to a larger sextet contribu-2.0 K.
tion 26:27 The electronic structure of the ogtheme center, constrained
Electron nuclear double resonance (ENDOR) is a direct to have a sole fifth ligand, will play a role in controlling the
method for assessing antibonding spin delocalization from functions of redox behavidrand NO-binding. For correlation
transition metal d-orbitals to heme and axial histidine ligé#8@%.  with such functional properties ENDOR is a tool to provide
Our lab has applied ENDOR to both high-sfir?2 and low- heme-centered electronic structural information. Since its origi-
spirs334ferric heme systems. Single-crystal study of high-spin nal development to study donors in silicShENDOR has
additionally provided experimental hyperfine results to test
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Methods and Materials protein upon freezing and which allows rapid freezing of EPR tubes
without breakage. For deuteration the samples were exchanged twice
versus DO buffer at pD 7 to an approximate 95%® enrichment

and perdeuterated glycerol used as a glassing agent. Metmyoglobin
g : M ; samples (Boeringer Mannheim) were prepared in pH 6 (or pD 6) MES
the coding region for cytochrome was amplified by PCR using the at a concentration of approximately 3 miMand similarly frozen in

o!lgopu_cl_eotldesz'S_and _CyCPH'é'S and the result was the fuspn of glycerol. Chloro iron(lll) octaethylporphyrin (OEPFeCl) was purchased
six histidine-encoding triplets and a stop codon to the C-terminal end from Strem Chemical and was dissolved at approximately 3 mM
of thecycPopen reading frame. The resultant PCR product was digested .\ cantration in a 1:1 mixture of CD@CD,Cl, 3
with the restriction enzymeg&coR| and BanHI| (designed into the Methods. EPR-ENDOR Spectroscopic MethodsX-band EPR
oligonucleotides) and ligated into thecoR|l and BanH| sites of the (9.52 GHz), using the smaller Q-band sample tubes, was carried out
plasmid pYSWS35 (Téy**to construct pGHIS. pCHIS has the amplicon with an ER-200 IBM Bruker X-band spectrometer equipped with a
gncoding for the 6xHis-tagged _Cyt fused_ to the promoter for_ the standard Thy, EPR cavity and an APD Cryogenics LTR-3 Helitran
ribosomal RNA genernB, allowing for high expression ofHis. g qiom (Allentown, PA) at 15 K with absorption{tddH) EPR under
chIS was conju,gated It&. sph?e_r0|de§.4_1.3,. and the resultant nonsaturating conditions. X-band EPR data were collected with the
strain, designated 8IS, expressedHis constitutively. use of a Compaq computer using the EW Software routines (Scientific
For purification of His-tagged cyt', the CHIS strain was grown Software Sales). Q-band (34.1 GHz) ENDOR measurements were
aerobically in Sistrom's media amended withg/mL tetracycline®® performed under dispersiop’}, rapid-passage field-modulated condi-
Cells were harvested by centrifugation at 10@00ashed in 100 mL tions with a cryogenically tunable BE Q-band resonatét as
of 20 mM sodium phosphate, pH 7.0 and resuspended in 50 mL of the reviously reportet 5! using an EW data accumulation software
same buffer. Cell resuspensions were then disrupted by passage througgackage previously described. In our method of doing ENDOR we
a French pressure cell at 1280 psi. Cell extracts were obtained by anmyqnitor the radio frequency (rf)-induced change in the rapid-passage,
initial centrifugation for 30 min at 17,0@0and an additional centrifuga- 100-KHz field-modulated dispersion EPR signal as we sweep the
tion for 2 h at200,00@. His-tagged cyt’ was then purified on a Ni-  frequency of the rf field. The results of repetitive (upward or downward)
NTA agarose column according to manufacturer protocol (QIAGEN). frequency sweeps are stored in a signal averager and provide the
The resultant protein was dialyzed against 20 mM sodium phosphate ENDOR spectra shown. To account for the offset of the ENDOR signal
and 1 mM EDTA to remove adventitiously bound copper and n the direction of the frequency sweep caused by internal spin
concentrated by Centricon (Millipore) filter to an approximate con-  rg|axation times and the external time constant, we will, especially for
centration of 1 mM. broad features (see Supporting Information, Figure 6S), take an average

A non-His-tagged cytt’ expression system was developed. The frequency from separate sets of sweeps which are done from low to
rationale for development of the non-His-tagged protein was our concern high frequency and from high to low frequency.

over potential perturbing effects of the C-terminal His-tag. The )

drawback of the non-His-tagged system was the necessity of eliminating Theoretical Background

“”‘é"‘?ﬂted p?tr]arga%gnet:_c protﬁins.t;he non-Htis;jtagged expreision stystem The Mixed Sextet-Quartet Ferric Ground State. The
and the method for eiminating the unwanted paramagnetic proteins \,oempg formulatiod12 provided ground-state spig:!/;

are provided in the Supporting Information. The EPR spectra and proton doublet functi 3+ i binati f th
and nitrogen ENDOR spectra from the non-His-taggedctgind His- ou : et wave functionsg=, as a linear combination ot the
multielectron sextet and quartet states:

tagged cy’ were similar, and a comparison of these is also shown in
the Supporting Information. The spectra shown in the body of this paper n 6 1 12 4 1
are from His-tagged cyt’. The amino acid sequences of @ytfrom ¢ =KPA £ 0+ (1 - kz) I"A, £ 7,0 1)
R. sphaeroide®.4.3 and of the cyt’ of R. sphaeroidedR26® are
compared in the Supporting Information; the additional His-tag where [8A; £+ Y,0denotes theS, = £/, doublet of the
sequence is also shown. [(dxy)*(d)*(dy)*(d2)Y(d—y2)1] sextet and*A; + Yo[Henotes the
Overexpressed non-His-tagged cytwas found to be reduced in S, = +1/, doublet of the [(d)?(dx)*(dy,)*(d2)Y] quartet config-
cells grown under low oxygen conditions where nitrite was available; ration. Thergr= 6k2 + 4(1 — Kk?). For a pure high-spin ferric
the EPR spectrum from ferric cgt became detectable from within - gaytetk = 1 andgp = 6; for a pure ferric quartet = 0 andg
these cells after ferricyanide oxidant was added. As previously noted _ 4.gs = 5 is appropriate for cyt’, and therk? = %/, and the

for cyt ¢’ of R. capsulatug® the implication is that cyt’ is contained . o o .
inside the cells but stays reduced under the anaerobic, reducinggrou_nd state Is 50/0 sextet and 5_0/0 quarte_t. An estimagg of
provides an estimate &f, andgy itself is estimated from the

conditions where NO is produced as an internal metabolite. . . ) .
ENDOR samples of approximate & volume were concentrated ~ 2€r0 Crossing of the low field EPR first derivative extremum.

to approximately 1 mM in heme in pH 7.0, 0.05 M phosphate buffer, A MOre precise estimate @f; can be obtained by simulation
and then frozen within precision 2.0 mm i.d., 2.4 mm o.d. sample tubes Of the mixed-spin ferric cyt’ EPR signal and comparison to
(Vitrodynamics, Rahway, NJ) by plunging into liquid nitrogen. Before the experimental spectrum, as we have done in the Supporting
freezing, glycerol was added to 40 vol % to enable formation of a glass, Information, Figure 5S. Regardless of the valu&,ajj = 2.00.
which has been sho#*’to prevent aggregation of the paramagnetic Proton ENDOR Frequencies and Hyperfine Analyses.
Proton ENDOR frequencieSyenpor, center to first order at
the free proton nuclear Zeeman frequengyand are split away

Materials. His-Tagged cyt c'. cycP, which encodes cyt', was
cloned from the denitrifyindR. sphaeroide®.4.3142and then sequenced
to verify its identity*® For construction of the His-tagged ayt(c'His),

(41) Bartnikas, T. B.; Wang, Y.; Bobo, T.; Veselov, A.; Scholes, C. P.; Shapleigh,
J. P.Microbiology 2002 148 825-833.
(42) Tosques, I. E.; Kwiatkowski, A. V.; Shi, J.; Shapleigh, JJPBacteriol.

1997 179, 1090-1095. (47) Scholes, C. P.; Isaacson, R. A.; FeherB&chim. Biophys. Actd972
(43) Choi, P. S.-T. Insights into nitric oxide metabolism by the denitrifier 263 448-452.

Rhodobacter sphaeroides4.3. Ph.D. Dissertation, Cornell, 2004. (48) Sienkiewicz, A.; Smith, B. G.; Veselov, A.; Scholes, CRRu. Sci. Instrum.
(44) Laratta, W. P.; Choi, P. S.; Tosques, I. E.; Shapleigh, J. Bacteriol. 1996 67, 2134-2138.

2002 184, 3521-3529. (49) Veselov, A.; Olesen, K.; Sienkiewicz, A.; Shapleigh, J. P.; Scholes, C. P.
(45) Leuking, D. R.; Fraley, R. T.; Kaplan, 3. Biol. Chem1978 253 451— Biochemistry1998 37, 6095-6105.

457. (50) Veselov, A.V.; Osborne, J. P.; Gennis, R. B.; Scholes, G. Rm. Chem.
(46) Monkara, F.; Bingham, S. J.; Kadir, F. H.; McEwan, A. G.; Thomson, A. So0c.200Q 122, 8712-8716.

J.; Thurgood, A. G.; Moore, G. RBiochim. Biophys. Actd992 110Q (51) Zhao, Y.; Lukoyanov, D. A.; Toropov, Y. V.; Wu, K.; Shapleigh, J. P;

184—188. Scholes, C. PBiochemistry2002 41, 7464-7474.
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Scheme 1 to the immediate iron ligands is considerably less than the
1 di distance to the proton, on the iron plus its immediate ligands.
Z The covalent hyperfine term in eq 3 depends on unpaired
/ electron spin density which is transferred through bonds to the
N carbon or nitrogen adjacent to the proton of intebédtor a

distant proton such as that on Phel4, where covalent transfer
H of electron is extremely unlikely, the dipolar coupling alone is
T8 \/ the hyperfine coupling. For the meso proton, which iscan
R
~

proton with respect to its adjacent mescaarbon, a covalent
contact interaction arises from spin polarization from the
N FeszN adjacent p spin density on the meso carbon (pp-&B of ref
N N 53). The strength of the contact interaction is proportional to
the spin density on the-carbon, where 100% of an electron

from ve by /A for protons coupled to the effective spih would account for a-63 MHz coupling (p 4534 of ref 13). In
electron. (The Maltempo mixed-spin ground state describes anprinciple there can be dipolar coupling from the unpaired
effective spin'/, electron!®) A is the hyperfine coupling. Thus,  electron in the adjacentmporbital of thea-carbon, but parallel

proton ENDOR frequencies, occurring as™or as “—* Zeeman to the direction of ther electron axis and parallel to the normal
branches, aré?3° to the heme, there is essentially no dipolar contribution from
- spin on the adjacent meso carbon (pp @86 of ref 53).
V enpor = [Vp £ A2 (2) Protons on the histidine may have hyperfine couplings from
dipolar coupling and from spin delocalization in both thand

First-order expressions hold whep > A/2 or when the
magnetic field is along a principle hyperfine axis. One or both
of these conditions hold at Q-band (34.1 GHg),= 2.00,H
= 1.218 T, andvp = 51.85 MHz. Under rapid passage

conditions the intensity of theé- and the— branches need not /| removed from the region of proton ENDOR. The first-

be the same24950:52 , , order expressions fdfN ENDOR frequencies are*%*expor
The hyperfine coupling for protons will typically have a _ IA2 + 3/2P + 14| and M —enpor = |A2 + 3/2P — 14|

distant dipolar component from electron spin localized near the \; ho o is the hyperfine coupling® the quadrupolar coupling,
iron and a local covalent component due to transfer of spin 4,414, (= 3.75 MHz at 1.218 T) is th&N nuclear Zeeman
density through bonds. ENDOR will measure the magnitude of frequency. With Q-band rapid-passage ENDOR, & enoor

the hyperfine coupling. That is: branch is often the only branch observed . (For heme
— A nitrogens neag; = 2.00, whereA/l2 ~ 1% ~ 3.75 MHz, the
Perotorl = 1Aoip + Acovaten 3 cancellation OW‘Z by 4y in the expression fof—gnpor Makes
The dipolar interaction of protons with electron spin centered *v—enpor close to zero, makes first-order theory invalid for
at the heme iron is the major contribution to the proton hyperfine “—enpor and would cause broadening and loss of intensity
coupling in this present work. We measure proton signals at Of **—enpor features) For both heme and histidine the
the g, extremum, and thg direction has been determined to  €lements of the quadrupolar tensor have typical magnitiijes
be normal to the plane of the four heme nitrogens for high-spin = 1.1 MHz35%
ferric heme® The distance-dependent dipolar coupling is given ~ The analysis of the heme and histidine hyperfine tensors from

o bonds.

Nitrogen ENDOR Frequencies and Hyperfine Analyses.
ENDOR from heme and histidine nitrogen of ferric heme
systems occurs in the=20 MHz region, which at Q-band is

by eq 4 for which the magnetic field is along theaxis normal ~ the single-crystal ENDOR of sextet ferric metmyoglobiis

to the heme: highly relevant to explaining heme and histidine nitrogen
hyperfine couplings of mixed-spin ferric cgt We recount the

Apip (MHZ) = 1076[fpeg”g,ﬁ96n/hR3] (3cofH —1)= salient points here, particularly as they relate to the component

1y — 3 _ of the nitrogen hyperfine tensor, which we céll, along the
Aaa (3 cos6 — 1) (79.01:/R%) (3 cos 0 — H(MH2) (4) normal to the heme, i.e., along tigg = 2.00 direction. In the

initial analysis of data in the single-crystal metmyoglobin wérk

whereg, = 2.00 and g is the nucleag-value & 5.585 for a : IO ! )
spin Hamiltonian parameters were obtained. For metmyoglobin

proton).R is the distance from the electron spin source primarily ] ’ > WE )
on the iron to the proton of interedt.is the angle between the ~ the major hyperfine contribution to the overall hyperfine

vectorR and the external magnetic field direction which here C€OUPling tensors for both heme and histidine was the isotropic

is normal to the heme, as shown in Scheme 1. The normal and™&Mi contact interaction. For heme nitrogkn = 7.11 MHz
the Fe-N, (His123) bond are coincident withir’ 8 and so in and the Fermi contaci contribution #g, was 7.95 MHz. For
our calculations we také as the angle between the relevant histidine nitrogenA;; = 11.35 MHz and the Fermi contact
Fe—H proton vector and the FeN. bond. Distances and angles contribution toA;;was 9.31 MHz. Subsequently in the standard
have been determined from PDB data, and placement of protondigand field analysig>“°this Fermi coupling was explained by
was dor_'n(_e e|_ther by Swiss PdB Viewer or thrOUQh the_use of (53) Carrington, A.; McLachlan, A. Ontroduction to Magnetic Resonance with
the rectification tool of CS Chem 3D PR@. is the fraction Appilications to Chemistry and Chemical Physitfarper & Row: New

i i ; H York, 1967.
of the total electron spin on the iron, or provided that the distance (54) Hoffian. B. M. Gurbiel, R. . Magn. Reson1989 82, 309-317.
(55) McDowell, C. A.; Naito, A.; Sastry, D. L.; Cui, Y. U.; Sha, K.; Yu, S. X.

(52) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Sod.991 J. Mol. Struct.1989 195 361—381.
113 1533-1538. (56) Owen, J.; Thornley, J. H. MRep. Prog. Phys1966 29, 675-728.
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electron spin in the nitrogen 2s orbital. This 2s contribution
emanated from the-bonding nitrogen hybrid orbital pointing
at the metal. For histidine nitrogen thisbonding orbital over-
lapped with the metal (g orbital. For heme nitrogen this
o-bonding orbital overlapped primarily with the metal(g?)
orbital and secondarily with the in-plane lobe of theg)(drbital.
(Theseo-bonding hybrid orbitals are nitrogen valence orbitals
which in the absence of the metal would contain a lone pair of
electrons.) For both heme and histidine the remaining anisotropic
hyperfine coupling largely arose from the sum of dipolar
coupling with electron spin in the 2p part of tlebonding
orbital and with electron spin still on the iron. The hyperfine
coupling with anyr components of electron spin density arising
from covalent transfer from the metakgdand (d,) orbitals to
nitro-
gen was small and, within experimental error, practically zero.

Since we directly build on them in discussing heme and
histidine nitrogen hyperfine couplings for mixed-spin cytvee
provide in detail the expressions féy, in terms of Fermi
coupling, anisotropic dipolar coupling with electrons in the
nitrogen 2pr and 2pr orbitals, and the direct dipolar term with
spin on the Fe.

For histidine of high-spin ferric metmyoglobf:

Ay pis = (AFermi +2A, - An)/28+ 2Ayq

In units of MHz,

®)

Acormi=46.60- 0.50,A, = 3.75+ 0.35,A_= 0.40+
0.20,Ay = 0.41. f,;=0.029,f,, = 0.076/f,, = 0.009

For heme of high-spin ferric metmyoglobip4°

Aseme= (AFermi —At ZAT)/(ZS -(1-3 Slr‘zﬂ)Add (6)
In units of MHz,

Acomi=39.75+ 0.75,A, = 2.65+ 0.80,A, = 0.40+
0.12,A,,=0.47,=17.6".
f,=0.025,f,, = 0.056,f,, = 0.009

Here Arermiy As, andA,; are the intrinsic hyperfine interactions
for ligand orbitals being singly occupied with a spity
electron® The factor of 1/(8) relates these intrinsic hyperfine
couplings to the hyperfine coupling measured in a multielectron
configuration with spinS which here equal$/,. Arermi is
proportional to the fraction of unpaired electron spin density,
fos, in the nitrogen 2s orbit&l A, and A, covalent dipolar
couplings proportional to the respective electron 2p spin density,
fos @andfp, in the pr and pr orbitals® Ayq is the dipolar coupling

of the nitrogen nucleus with spin on the nearby irdgg was
calculated (see eq 4 here) usigg= 0.403 for“N, R = 2.04

A for heme, and 2.14 A for histidine, arfe. estimated at 0.7
from theory and’Fe Massbauer information available in 1982.

(57) The Fermi coupling in MHz is related to the fraction of unpaired spin in
a 2s orbital as followsArermi (MHz) = (16 x 1076)f,908eBnl1024%7/(3h)
= (1.59 x 10%) fs (MHZz), wherefys is the fraction of unpaired electron
spin in the nitrogen 2s orbitad), is the 1N nuclearg-value &0.40347),
Be andp, are the electron and nuclear Bohr magnetopszd? = 33.4 x
10?4 cm3 (Hartree, D. R.; Hartree, WProc. R. Soc. London, Ser. 2949,
193, 299-304) is the 2s wave function at the nitrogen nucleus, famsl
Planck’s constant.

g value

i

X-Band Absorption dx"/dH

-

1000

2000 3000
Magnetic field, G

Figure 2. Comparison of the absorptiond/dH) X-band EPR spectra of
His-tagged cyt' (a) and metmyoglobin (b). These spectra were obtained
at 15 K, 6 G field modulation, 200 s signal averaging over a 4000 G range,
2 mWatt poweryepr = 9.52 GHz.

B = 7.6° was taken as the metmyoglobin out-of planarity angle,
although more recent estimates indicAte: 20.5°

Results

EPR Results.In Figure 2 the X-band EPR spectrum of cyt
¢’ is compared with that of metmyoglobin, a known high-spin
ferric heme protein having both fifth and sixth axial ligands.
The cytc' shows evidence of a lowervalue than 6 in itgg
region* and itsg-value at the derivative zero crossing is 5.0
+ 0.1, a value which we take as an estimatedarThe EPR
spectral comparison of the His-tagged and non-His-tagged cyt
' is provided in the Supporting Information Figure 1S, and for
the non-His-tagged cyt the zero crossing-value was slightly
lower at 4.8+ 0.1 than for the His-tagged cygt. The fit to the
EPR line shape provided in the Supporting Information as Figure
5S gave an averagy = (gx + gy)/2 of 5.15. So, overall we
takegp for our sample to be in the range 4.8.2.

Proton ENDOR. At the g extremum, single-crystal-like
ENDOR patterns are observé&d’ The hyperfine couplings for
proton features and their assignments are provided in Table 1.
We show in Figure 3 here well-resolved proton features (labeled
“meso”) within +£1 MHz of vp, which for 6-coordinate met-
myoglobirt® and 5-coordinate OEPFeCl have been assigned with
X-band ENDOR to heme meso protoisThe meso proton,
denoted in Figure 1, is about 4.5 A distant from the heme iron;
the narrowness of its ENDOR feature is a signature thagthe
= 2.00 direction is perpendicular to the Fe-meso proton vector.
The features of cyt’ assigned as meso protons are intermediate
in hyperfine frequency between the meso proton features of the
6-coordinate and the 5-coordinate high-spin ferric heme com-

(58) The anisotropic contribution from a 2p electron in MHz is related to the
fraction of unpaired spin in that orbital as followsy, =(MHz) (4 x 1076)
fzrg,ﬁe(inl]*ﬂ,/(Sh) = (48.1Y,5(MHz) Wherefy, is the fraction of unpaired
electron spin in a particular nitrogen 2p orbitaf, 3, = 21.1x 10”*cm3
(Hartree, D. R.; Hartree, WRroc. R. Soc. London, Ser. 2949,193, 299~
304) is the expectation value of? for a nitrogen 2p orbitalh is Planck’s
constant. For the same percentage of unpaired electron, the Fermi interaction
will be 30-fold times larger, so the Fermi interaction will predominate if
there are comparable percentages of unpaired electron in 2s and 2p orbitals.

(59) Vojtechovsky, J.; Chu, K.; Berendzen, J.; Sweet, R. M.; Schlichting, I.
Biophys. J.1999 77, 2153-2174.
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Table 1. Proton ENDOR Frequencies and Assignments H.O
2
proton hyperfine
heme system coupling (MHz)? assignment
cytc' 0.90+ 0.02 (meso) heme meso proton
metmyoglobin 0.8Gt 0.02 (meso) heme meso proton Hzo
OEPFeCl 1.04t 0.05 (meso) heme meso proton a
cytc 1.7+£014,p8) No-H His123 ©
(exchangeable) [
metmyoglobin 1.35: 0.05 @,o') No-H His93 Ry
(exchangeable) 2] b
cytc 3.5+ 0.4 AA) nearest H on Phel4 ring o
metmyoglobin 6.1 0.1 (HO) axial water ligand @)
]
aCouplings determined from splitting of relevant features in Figures 3 =z
and 4. L
T T T T T T T
-6 -4 -2 0 2 4 6
V-V, MHz

ENDOR Signal

v-v, MHz
p

Figure 3. Hyperfine coupled proton features from metmyoglobin, €yt

and OEPFeCl as they occur withiail MHz of Pvywr. The spectra are as
follows: Metmyoglobin in protonated solvent (a), metmyoglobin in
deuterated solvent (b), cgt in protonated solvent (c), cyf in deuterated
solvent (d), and OEPFeCl in deuterated chloroform/methylene chloride (e).

Figure 4. Comparison of strongly coupled proton features from metmyo-
globin and cytc'. The spectra are as follows: Metmyoglobin in protonated
solvent (a), metmyoglobin in deuterated solvent (b), €yin protonated
solvent (c), and cyt’ in deuterated solvent (d). Exchangeable water features
from metmyoglobin and nonexchangeable featukg® from cyt c' are
indicated. The conditions for data collections are as follows: Proton ENDOR
spectra centered ap = 51.85 MHz H = 12 180 G) were obtained under
adiabatic rapid passage conditions at 2.0 K with G 100 kHz field
modulation,~0.254W microwave power, and-20 W rf (radio frequency)
pulsed with a 10@:s/900us duty cycle and swept with a rate of 2 MHz/s.
Each spectrum was compiled #15 min.

Using larger modulation to enhance strongly coupled, broader
proton features, we compared the proton ENDOR features of
cyt ¢’ and metmyoglobin (Figure 4). The obvious strongly
coupled proton feature of metmyoglobin is the exchangeable
feature labeled kD with coupling of 6.1+ 0.1 MHz, due to
protons of the sixth water ligaridwhose’O ENDOR we have
also previously resolved. There is no such water ligand on
cyt ¢'. However, there is a unique nonexchangeable large
coupling of about 3.5 MHz, evidenced by features Afrom

The meso proton features are indicated and compared via the vertical dottedCyt ¢’ which we assigned to a proton of Phel4. Because the

line. Exchangeable featuresa' for metmyoglobin angB,s’ for cyt ¢’ are
indicated. The conditions for data collections were as follows: Proton
ENDOR spectra centered@at= 51.85 MHz H = 12,180 G) were obtained
under adiabatic rapid passage conditions at 2.0 K with smdllg G) 100
kHz field modulation,~0.254W microwave power, anec20 W rf (radio
frequency) pulsed with a 100s/900us duty cycle and swept with a rate
of 0.4 MHz/s. Each spectrum was compiled~+#20 min.

plexes as indicated by the data in Table 1. Sharp proton feature

information simply from the internal frequency difference
between the two peaks. A comparison of protonated and
deuterated forms of both metmyoglobin and cyshowed that
the exchangeable features marked' have coupling of 1.35
MHz in metmyoglobin and those label@g’ have coupling of

1.7 MHz in cytc'. For metmyoglobin the proton with 1.35 MHz

s
such as those from meso protons provide the necessary hyperfing

features A,Afrom cytc' were broadened, and the feature A in
particular distorted in the direction of the frequency sweep, we
provide in the Supporting Information, Figure 6S, the relevant
proton ENDOR spectra separately swept both upward and
downward in frequency.

Nitrogen ENDOR. We show the nitrogen ENDOR region
in Figure 5 from the heme and histidine nitrogens of metmyo-
lobin, cytc’, and OEPFeCl. The features, their frequencies,
and the resultant hyperfine and quadrupolar couplings are
provided in Table 2. Thé*+gnpor branch is observed at
Q-band?®%0 The assignment of specifié¢v-+enpor features of
metmyoglobin in Figure 5a to histidine and to heme is based
on known nitrogen hyperfine and quadrupolar couplings from
single crystal work® The 5-coordinate OEPFeCl, having no
axial histidine, simply shows heme nitrogEn+enpor features

coupling was previously assigned as the proton bonded to the(Figure 5¢c) whose quadrupolar couplings are approximately the

more distant N nitrogen of the liganding proximal histidirf&33

We likewise assign the feature labelgh’ to the proton on
the N nitrogen of the proximal histidine of cyt because the
NO proton is the closest position for an exchangeable proton in
cyt ¢’ consistent with the crystal structure.
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same as those of the heme nitrogen in metmyoglobin but whose
hyperfine coupling is about 1 MHz largér32 The features
(Figure 5b) from cytc' occur in the same general frequency
range as the heme and histidine nitrogen features of the high-
spin ferric hemes (Figures 5a and 5c) but are broader. The
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o Heme + His
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Figure 5. Nitrogen ENDOR is shown from metmyoglobin (a), yt(b),
and OEPFeCI (c). Assignment of features to heme or to histidine nitrogen,

peaks at 9.75 and 13.0 MHz.) There are no other liganding
nitrogens besides heme nitrogen, and there are no other naturally
abundant nuclei which would cause such an ENDOR signal in
the range below 30 MHz. We assign the feature at 6.75 MHz
to heme; its hyperfine coupling is thus 6.0 MHz, as compared
to 7.3 MHz for the heme nitrogen of 6-coordinate high-spin
ferric heme in metmyoglobin and 8.32 MHz for the heme
nitrogen of 5-coordinate high-spin ferric heme of OEPFeCl. The
directly measured first-order heme nitrogen hyperfine coupling
for cyt ¢’ is 82% of that in metmyoglobin and 72% of that in
OEPFeCI.

Discussion

Proton ENDOR. As indicated in Theoretical Background,
the hyperfine coupling for the meso protons will typically have
a dipolar component and a contact compon€hat is: |Aprotor
= |Apip + Acontact|. If there is positive spin density covalently
arriving on as orbital at the adjacent meso carbon, the meso
proton (ana proton) will have a negative contact hyperfine
interaction because of the spin polarization mechanisnufor
protons (pp 8183 of ref 53). The negative contact interaction
adds to the negative dipolar interactiongatso as to increase

as discussed in the Results section of the text, is indicated. The conditionsthe ENDOR-measured magnitude of the meso proton hyperfine

for data collections were as follows: Nitrogen ENDOR spectra collected
at H= 12,180 G ¥ = 3.75 MHz) were obtained under adiabatic rapid
passage conditions at 2.0 K with largeZ.2 G) 100 kHz field modulation,
~0.25u4W microwave power, ane-20 W rf (radio frequency) pulsed with

a 1Qus/9Qus duty cycle and swept with a sweep rate of 4 MHz/s. Each
spectrum was compiled ir10 min.

Table 2. 1*N Nitrogen ENDOR Frequencies and Couplings
first-order’couplings
ENDOR (MHz)
frequencies (MHz) Ay, (hyperfine);

heme system and assignments?

6.75+ 0.15 (heme)
9.75+ 0.20 (his)
13.0+ 0.30 (his)
7.0Gt 0.01 (heme)
7.69+ 0.02 (heme)
7.94+ 0.02 (heme,his)
11.13+ 0.07 (his)
7.53t 0.13 (heme)
8.29+ 0.12 (heme)

P, (quadrupolar)

AzzHemec= 6.0+ 0.3
Azzrisc=15.2+ 0.4
Pstisc=1.1+0.1

AzzHemem= 7.32+ 0.04

PzzHemeM: 0.27+0.01
Azzhism = 11.57+ 0.07
Pzaiism = 1.06+ 0.03

AzzHemeoer= 8.32+ 0.13
PzzHemeOEP: 0.25+ 0.04

cytc

metmyoglobin

OEPFeCl

aDetermined from denoted features in Figure 5 and from the first-order
expression fol*venpor" provided in the Materials and Methods Section.
b Second-order corrections are provided in Schél@he major correction
to the first-order heme ENDOR frequency is~a-0.1 MHz quadrupolar
correction. The histidine second-order correction is approximately an order
of magnitude smaller.

features (Figure 5b) at 9.75 and 13.0 MHz have a difference
(3.25 MHz= 3|P,]), very consistent with the quadupol;,|

= 1.1 MHz coupling of histidine along the Fé&N bond for the
histidine of Figure 5&> We assign these two features at 9.75
and 13.0 MHz to liganding histidine. The directly measured
first-order coupling from histidine of,,= 15.2 MHz is about
31% higher than that of histidine in metmyoglobin.

interaction. The sharpness of the meso proton ENDOR features
shows the hyperfine equivalence of the heme meso protons and
implies thatg is indeed perpendicular to the heme plane and
that the heme plane is not distorted.

When the magnetic field is normal to the heme plane, we
calculated an estimate of tlreeso protordipolar coupling as
—0.84 MHz (using eq 4 witlie = 1.00,R = 4.55 A8 and6 =
90°). The dipolar term largely accounted for the hyperfine
coupling to the meso proton. A distributed dipole calculation,
in which we took the sum of meso proton dipolar contributions
from electron spin on the irorfg = 0.80¥° and the remaining
20% of spin equally distributed to the immediate iron ligands
at distances determine from PDB data, provided a slightly
smaller dipolar coupling of-0.75 MHz. As indicated in Table
1, the magnitude of the meso proton hyperfine interaction
increased in the order 6-coordinate high-spin ferric metmyo-
globin, 5-coordinate mixed-spin cyt, to 5-coordinate high-
spin ferric OEPFeCl. Since the heme iron-to-meso proton
distance is constant (to within 1%), the contact interaction was
thus becoming increasingly more negative in the order-0001,
and—0.2 MHz for metmyoglobin, cyt’, and OEPFeCIl. NMR
studies have reported a similar negative trend in the contact
interaction from 6-coordinate high-spin ferric heme, to 5-co-
ordinate mixed-spin heme, to 5 coordinate high-spin heme. (See
Table 2 from Cheng et & and references therein.) DFT
calculations have shown that the source of positive spin density
on the meso carbons in 5-coordinate high- and intermediate-
spin systems is electron spin transfer from the)(drbital
through the porphyring () to the meso carbok:242540The
symmetries of the (@ orbital and the porphyrinza () are
such that the spin transfer can only occur when the iron is out

The broad peak centered at 6.75 MHz occurs in the sameof the heme plane and that the transfer is less effective when

frequency region as the set of two peaks from the heme

there is 6-coordination with near in-planarity. In principle one

nitrogens, and its breadth encompasses the smaller quadrupolamight expect that coupling of the metalfdand (d,) orbitals

splitting (0.75 MHz~ 3|P,4) found for heme nitrogen of high-

to the hemer system would put electron density at the meso

spin ferric heme. (The feature at 6.75 MHz occurs at a frequency protons. However, thegz* orbitals of the appropriate symmetry

too high to be d*—gnpor feature belonging to the histidine

to put electron density on the meso carbons (See Figure 2 of
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the Walker review?) have been found not effective, both from A from the heme iron, but they are both40° off the g;
DFT theory?® and from experiment (ref 13, p 4537) at putting axis and therefore predicted to have a coupl#® MHz and
positive spin density at the meso carbons. X-ray coordinates ofto have broad features.) Given the functional importance of
metmyoglobin (at 1.1 A resolutiéh and cyt ¢ (at 1.7 A Phel4 in blocking or modulating sixth ligation and in con-
resolutiorf) show that the iron is 0.1 A out of the heme nitrogen comitantly interacting with the subunit interfaces of cyf?
plane in metmyoglobin and 0.25 A out of plane in cytThe the Phel4 protons should provide a future structure/function
out-of-planarity of 5-coordinate high-spin ferric hemins such probe.
as OEPFeCl is about 0.5 ®.Thus, the meso proton contact Nitrogen ENDOR. The previous single-crystal high-spin
interaction reported by ENDOR decidedly increases with iron  ferric metmyoglobin study showed that the covalent spin transfer
out-of-planarity. to the histidine or the heme arose primarily by way @flaond

We have previously assigned thexchangeableproton pointing toward the heme iroft. The nitrogen ENDOR of cyt
ENDOR featuresy,o’ (1.35 MHz coupling) of metmyoglobin ¢’ showed a larger histidine nitrogen hyperfine coupling and a
to the proton on the more distandNhitrogen of the proximal  smaller heme nitrogen hyperfine coupling than that found for
histidine (His93)*® For metmyoglobin this was the second previously studied high-spin ferric heme systems. For the mixed-
closest exchangeable proton after the aguo ligand, and for thespin cytc' it would be tempting to postulate from the magnitude
cyt ¢ it is the closest The features labeled,’ of cyt ¢’ are of the hyperfine couplings that there is more antibonding spin
similarly exchangeable, albeit with larger couplings. For met- transfer from the (g) orbital to theo bond on the histidine and
myoglobin the N proton would have a dipolar coupling (eq 4, less antibonding spin transfer from thea(g?) orbital to theo
fre=1.00, 5.15 A distance from the heme irgh= 16°%) of bonds on the heme nitrogens. However, a more comprehensive
+1.03 MHz; for cytc', the Nb proton would have a dipolar  explanation is required to make clear the differences in nitrogen
coupling (eq 4fre = 1.00, 4.95 A distance from the heme iron, hyperfine couplings between high-spin ferric heme systems and
6 = 18°%) of +1.10 MHz. Covalent interactions, expected to the mixed-spin cyt'. The explanations presented here explicitly
be largely contact interactions, for thedlgrotons of metmyo-  recognize the sextet and the quartet components of the mixed-
globin and cytc’ are thus respectively-0.3 and+0.6 MHz. state ground-state wave function (after MalteA%39. They
For metmyoglobin the N proton is within hydrogen-bonding  require the proper spin Hamiltonian treatment to relate hyperfine
distance of the carbonyl oxygen of Leu&%! and thus by  couplings from metatligand o orbitals contained in multi-
partially donating its M proton, the histidine in metmyoglobin  electron configurations to the underlying, intrinsic hyperfine
assumes partial imidazolate character. There are no crystallo-coupling within the individual metatligand ¢ antibonding
graphically evident hydrogen-bonding partners ’d of cyt orbitals.
c'.8 implying that the imidazole of His123 is a neutral imida-
zole82 A larger contact coupling for the proximal histidine)N
proton of cytc', versus that of the 8l proton of metmyoglobin,
would reflect the more effective transfer of spin from iron
through the imidazole ring system to a hydrogen atom which

is more strongly bonded_ to Nat neutrgl PH than is the ligand orbital is related to the hyperfine couplingy, arising
hydrogen-bonded proton in metmyoglobin. from the same orbital but contained in a multielectron config-
For both metmyoglobin and cyt there arestrongly coupled uration of spinS by the equatiorA = A°/(29);6 this relation
protonswith couplings larger than 2 MHz. For metmyoglobin  actyally holds for protons as well as nitrogens. (For clarifica-
these strongly coupled protons are exchangeable aquo ligandijon: |f a covalent ligand hyperfine interaction occurs by
protons with coupling of 6.1 MHz, but for cyt' the protons  jmjdazole nitrogen p-to-metal-(¢¢) bonding, the ligand hyper-
A,A" are nonexchangeable with coupling of about 3.5 MHz. fine interaction will be®s larger when that (g) orbital is part
Although the nearest-€H protons of the histidine ligand, which 45 53 5= 3, quartet than when the samezjcbrbital is part of
are 3.2-3.4 A distant from the heme iron, are possible a 'S = 5, sextet.)Asisc is the histidine nitrogen hyperfine
candidates for other strongly coupled proton ENDOR features, coupling measured by ENDOR, algemi isG A Hisc, andAy
these G-H histidine protons lie well off they, axis at6 ~ Hisc are the intrinsic histidine ligand hyperfine couplings to 2s,

35-40°. Their dipolar coupling, as computed from eq 4, i 2n; and 2pr electrons for cyt ¢ respectively. The sum of the
expected to be<2 MHz; additionally their off-axis location will tWO termsAcemi Hisc + 2A, Hisc arises from spin transferred

enhance broadening of their dipolar spectral featéf#&sOn through the antibonding @ orbital. Acermi risc+ 2A Hisc IS @

the other hand, there is a nonexchangeable proton on the uniquegiract measure of spin delocalization and covalency of ti (d
occluding phenylalanine ring of Phe14, and this proton is located  pital.

3.25 A from the heme iron and orienteeR(® away fromg;,
direction. Its dipolar coupling, takinfge = 1.00, was calculated _ _ _
as 3.85 MHz, a value in reasonable agreement with the measureda‘ZHSC - [k2/5 +(d kz)lg](AFem“ Hisc T 2R visc

coupling of 3.5 for the proton labeled A,ABecause) = 20° A hisd) T 2Aqq (8)

is a significant off-axis angle, the proton features from this —0.267 Ny N Y+
proton are broadened. (There are two other Phel4 protdns 267 Bcermirisc o HisC A”H'z&h 22’" )
whenk®= 0.5

We next relate an observed nitrogen hyperfine coupling to
its underlying contributions from the sextet and quartet com-
ponents, first for the histidine nitrogen. It should be noted that
the intrinsic ligand nuclear hyperfine coupling,, arising from
covalent spin transfer in an individual, singly occupied metal

(60) Scheidt, W. R.; Reed, C. Ahem. Re. 1981, 81, 543-555.
(61) Valentine, J. S.; Sheridan, R. P.; Allen, L. C.; Kahn, P.P@c. Natl. H ) iotidi i _
Acad. Sci. U.S.AL979 76, 1009-1013. We correspondingly calh,4ism the histidine nitrogen hy

(62) Weber, P. CBiochemistry1982 21, 5116-5119. perfine coupling measured by ENDOR for histidine of high-
9492 J. AM. CHEM. SOC. m VOL. 127, NO. 26, 2005
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spin ferric metmyoglobin. Here to8rermi Hism + 2A¢ Hism IS @
direct measure of spin delocalization and covalency of the
metymyoglobin (gt orbital.

A siism = (1/5)(AFermi hism T 2P tism — Az rism) T 2Aga (9)
= O'ZO@‘Fermi HisM + 2Ao HisM — An HisM) + 2Add

Using the values of\;4jisc = 15.2+ 0.4 MHz andA sism =
11.574+ 0.07 MHz estimated from ENDOR (Table 2) aAgy
as previously estimated for metmyoglob#83we determined
that Arermi Hisc T 2As Hisc — Ax Hisc) = 53.9+ 1.5 MHz and
(Acermi isw T 2A0 Hism — Az nism) = 53.6+ 0.4 MHz. As is known
from metmyoglobin, theAgemi term and theA, term will
predominate. Their sugermi + 2A, is shown here to be very
similar for the axial histidine ligands of high-spin ferric
metmyoglobin and mixed-spin cy, and therefore, there is
essentially no difference in intrinsic covalent spin transfer to
the histidine liganding nitrogen within the £ antibonding
orbital 83 The reason the directly measured hyperfine coupling
Azsisc 10 histidine is 31% larger in the mixed-spin ground state
of cyt ¢’ than isAsism in the sextet ferric ground state of
metmyoglobin is that the ligand hyperfine interaction will be
5/3 larger for the (d) orbital that is contained in aB = 3/,
quartet than for the sameporbital that is part of ars = %/,
sextet. This /3" effect is due to thé/(og term relating intrinsic
hyperfine coupling measured in a configuration with overall spin
S and it accounts for the larger hyperfine coupling of histidine
of cytC'.

A relation can also be derived that connects the heme nitrogen
hyperfine coupling to the mixed-spin wave function coefficients
of ¢*. The (dz-?) orbital contains unpaired spin only in the
sextet, while both the sextet and the quartet contain unpaired
spin in the (¢k) orbital as well as the (g) and (d,) orbitals. A
complication is that the heme nitrogenorbital will overlap
with and transfer spin from both the,{d,?) orbital and the in-
plane lobe of the (d) orbital. Appropriately symmetrized
combinations of ligand orbitals far binding of the in-plane
ligand (here, the heme nitrogen) to thez(¢¢) and (d?) orbitals
are given in Ballhausetf.For the high-spin configuratiol$A;

+ Y,0under octahedral symmetry, the in-plane ligand
interaction with the (g-,?) metal orbital would account fo¥s

of the hyperfine coupling and the in-plameinteraction with

the (d2) metal orbital would account fol/4 of the hyperfine
coupling. For the quartet spin configuratigt®, &+ /,0) only

the (dp) orbital will account for hyperfine coupling to the planar
ligand (with appropriate multiplication by 1/8). Azsiemecis

the heme nitrogen hyperfine coupling measured by ENDOR.
Under the key assumption that a 3/4:1/4 octahedral relation
approximates the ratio of the covalent spin transfer to heme
nitrogeno orbitals from the antibonding {d.,?) orbital and (¢k)
orbitals, respectively, the heme nitrogen hyperfine coupling
Azsemec @S measured by ENDOR for the mixed-spin ferric cyt
c, is derived:

(63) The exact value of\zg may vary by several tenths of a MHz, depending
on the choice ofre and the precise distance from Fe to the nitrogen; such
a variation inAqq or even the explicit neglect of th&q make no difference
to the conclusions that the intrinsic hyperfine coupling to histidine nitrogen
was nearly the same for cygt as for heme of metmyoglobin while the
intrinsic hyperfine coupling to heme nitrogen wad5% larger for cyt'
than for heme of metmyoglobin.

(64) Ballhausen, C. Jntroduction to Ligand Field TheoryMcGraw-Hill: 1962.

A remec™ [k2/5 +(1- kz)/(?’ - 4)] (AFermi HemeC

A, Heme() + 2[k2/5 +(1- k2)/3] A;Hemec™
(1 — 3 sifB)Ay (10)

= o'142(6‘Fermi HemeC Ao Heme() + 0'534A:z HemeC
0.95A,,whenk? = 0.5 ands = 7°

Az+ememthe heme nitrogen hyperfine coupling measured by
ENDOR for metmyoglobin andA;semeoep heme nitrogen
coupling for OEPFeClI.

A tiemenm = (1/5)(AFermi Hemem— Ay HemeND + (Z/S)Aw HemeM —
(1-3sifp)Ay (11)

= 0'2(AFermi HemeM ™ Ao Hemel\/) + (Z/B)Arr HemeM —
0.9, wheng =2°

Azz—lemeOEP_ A

o

(1/5)(AFermi HemeOEP HemeOEI) +
(1A emeoer™ (1 = 3SiTA)Ay (12)

= O'Z(AFermi HemeOEP Aa HemeOEl) +
(2/5)An Hemeoer— 0-81Ayq Whenp = 14°

Using the values oA 4iemec Aztemem, @NAAzzeme oepffom
ENDOR (Table 2),Aqq as previously estimated for metmyo-
globin3>63and the values of estimated from crystallographi-
cally determined iron-out-of-planarity, we determined ti#Qf (,
HemeM — A«fHemeND = 38.2+ 0.2 MHz, Wermi HemeOEP— Ay
HemeoE) = 42.8 + 0.7 MHz, and Arermi Hemec— AvHemed =
43.94 2.1 MHz. The major reason the heme nitrogen hyperfine
coupling for mixed-spin cyt' is 82% of that for high-spin ferric
metmyoglobin and 72% of that for OEPFeCl is that the quartet
component of the mixed-state ground state has go,{orbital
to overlap with the heme-bonding nitrogen orbitals, and the
major contribution to the heme nitrogen hyperfine coupling
comes from overlap with (g-2). The intrinsic hyperfine
couplings emanating from covalemtelectron spin transfer are
similar but show an overall 15% increase that is a measure of
the increased heme nitrogerantibonding covalent interaction
on going from 6-coordinate metmyoglobin to 5-coordinate
OEPFeCl and cyt'.

The nitrogen ENDOR features in Figure 5b of aytare
considerably broader than those of the essentially pure high-
spin ferric heme systems of metmyoglobin or OEPFeCl. A
reason for this broadening is that when the mixed-spinctyt
state is approximately 50:50 sextet to quartet, the admixture
coefficient (?) is highly sensitive to the crystal field separation
between the sextet and quartet stafess graphically demon-
strated by Figure 3 of Maltempo and Md$sy variation of the
crystal field energy at this point of only half the spiorbit
coupling constant (meaning a variation of abett50 cnT?,
which is comparable t&T at room temperature) will cause a
+10% variation ink?, i.e., a variation ok? from 0.4 to 0.6,
consistent with @ variation in the range 4:85.2. According
to egs 8 and 10 here, a variationkhfrom 0.4 to 0.6 will lead
to a+0.75 MHz broadening in the cyt histidine features and
to a £0.5 MHz broadening in the cyt' heme features. The
high-spin ferric metmyoglobin and OEPFeCl systems are
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essentially 100% high-spin ferric, and they are not susceptible destabilization of the ¢d-,?) antibonding orbital compared to

to this broadening mechanism.
Conclusions

Our proton ENDOR points to the following facets of the

the (d?) or the (dy) orbitals for cytc'. Destabilization of the
(dy—y?) orbital would raise the energy of the ferric sextet with
respect to the ferric quartét,and thereby would increase the
percentage of quartet state within the mixed-spin ground

physical and electronic structure of the heme environment in state!6.19.20

cytc:

We and other$ have noted that under physiological condi-

(1) The meso proton couplings increased in a way that tions cytc is reduced, and under reduced conditions @it
indicated increasing out-of-planarity and progressively stronger thought to serve as an NO carri@rt would be important for

interaction between the Al orbital and the porphyrin.a ()

cyt ¢’ both as a redox protein and as an NO carrier to maintain

system, in the order 6-coordinate high-spin to 5-coordinate a sufficiently high redox potential to stay reduced in Re

mixed-spin to 5-coordinate high-spin ferric. Such interaction
reveals an electron-transfer pathway through the metal (d
orbital from the histidines system to the porphyrin periphery
as predicted from DFT calculatios3.

(2) The exchangeable Nproton of the proximal histidine
showed a larger hyperfine coupling from cgt than from
metmyoglobin. This larger coupling implied that thig [droton

sphaeroidesell. For example, cyt' from R. sphaeroidebas

a redox potential explicitly reported at11 mV 85 Cyt ¢’ does
revert to a high-spin ferric state at high pHand its redox
potential simultaneously and markedly decreases at high pH to
below 0 mV®% Thus, when cyt' is high-spin ferric, its redox
potential is lower; when it is intermediate spin, its redox
potential is higher. Therefore, we propose that the changes which

was not shared in a hydrogen bond. This finding is consistent result in stabilization of the intermediate-spin state and desta-

with the proposal that hydrogen bonding of the proximal N
imparts partial imidazolate character, enhances thehigtidine
bond, and stabilizes the high-spin ferric st&t€?In metmyo-

globin, where there is a hydrogen-bonded proximal histidine,

the high-spin ferric state is the stable ground state. IncGyt

bilization of the high-spin state also serve to raise the redox
potential. Destabilization of the high-spin ferric state can be
accomplished by destabilizing the antibonding(g) orbital,

as comparison of cyt’ and metmyoglobin heme nitrogen
ENDOR results imply. Having a weaker neutral histidine ligand

where there is no hydrogen bond and the liganding imidazole to interact with the (¢) orbital, as comparative cyt’ and
is neutral (at neutral pH), the intermediate-spin state stability metmyoglobin N proton ENDOR results imply, also appears
is comparable to that of the high-spin state. We point out that important for maintaining the intermediate-spin state instead of

at high pH ¢pH 10)1617cyt ¢’ does become high-spin ferric,
and at high pH the proximal histidine of aythas been proposed
to deprotonate so as to become an imidazdtate.

(3) Protons to the Phel4 provide structural probes of the

occluding sixth ligand binding site, whose existence is critical

for the proposed NO ligand binding function of this prot&n.
Our nitrogen ENDOR has provided fundamental electronic

information on theo bonds to the heme and the histidine

a high-spin state.
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Supporting Information Available: (1) Expression and

nitrogens, which are major conduits for covalent spin transfer Purification of Non-His-tagged cyt. (2) A comparison of the
from the heme iron to these nitrogens. The directly measured sequences of cyt’drom our overexpressed variants Bf
changes in ENDOR frequencies reveal larger hyperfine cou- sphaeroide2.4.3 and from the publishé®l. sphaeroide¢R26).
plings to the histidine nitrogen and smaller couplings to the heme (3) The following figures comparing His-tagged and non-His-
nitrogen than are found for high-spin ferric heme systems. For tagged cyt': Figure 1S comparing their X-band EPR spectra;

guantum mechanical reasons (i.e., the 3(2actor®) the
hyperfine coupling to histidine directly measured by ENDOR
is larger in the mixed-spin ground state of cythan in sextet
metmyoglobin because the hyperfine coupling to thg (abital
that is part of arS = 3, quartet is’/3 larger than the coupling
to the same (@) orbital that is part of ar§ = 5, sextet. The
smaller hyperfine coupling of heme nitrogens in mixed-spin cyt
¢’ occurs because the mixed-spin state has lgssAjcharacter
for overlap with heme nitrogem orbital. By application of spin
Hamiltonian theory, the underlying intrinsic antibonding histi-
dine hyperfine coupling of cyt’ was found nearly identical to
that of the proximal histidine in high-spin ferric metmyoglobin,
while the underlying intrinsic antibonding hyperfine coupling
to heme nitrogen was somewhat larger for cythan that to
the heme of metmyoglobin. This higher intrinsic antibonding
character for the heme nitrogens of @ytpoints to a greater
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Figure 2S comparing their weakly coupled proton features within
+1 MHz of the free proton frequency; Figure 3S comparing
their strongly coupled proton features withitb MHz of the
free proton frequency; Figure 4S comparing their nitrogen
ENDOR frequencies. (4) Figure 5S compares a simulated
X-band spectrum of cyt’ with the experimental spectrum of
non-His-tagged cyt'; g-values used in fitting are provided. (5)
Figure 6S shows the strongly coupled proton ENDOR spectra
of cyt ' in protonated solvent from both upward and downward
frequency sweeps withitt5 MHz of the free proton frequency
for determination of the proton features A,Ahis material is
available free of charge via the Internet at http://pubs.acs.org.
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