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e Low Temperature (4.2 K) EPR is the easiest and the most unequivalent way to
determine the spin state of an iron heme in the ferric state.

(1) Low-spin d°

EPR of resting (oxidized) cychrome P-450 before substraté is bound.

(2) Other low-spin hemes in hemeproteins

g-values of lourspin hemoproteins

3b.0H 2.61
Mb.N; 2.3
Hb.OH 2.6
Hb.N, 2.82
Peroxidase. OH 2.86
Cytochrome ¢ peroxidase 2.7
Cytochroma by 3.03
Catalase. Ny 2.80
(2.53
Catalase.CN 2.84
2.56
(2.43

2.2

2.25
231
2.17

A is myoglobia and Hb is hemoglobin.

(3) High-spin heme centers

Hemoprotein
Met Mb

Catalase
+F

+Ny°
P-450
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X-bend EPR spectrum of oxidized beef heart cytochroma ¢ oxi-
dase at 10 K.
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Cytochrome a3 6.0 2.0

in Cytochrome ¢ oxidase

(4) Recall for high-spin heme, conventional EPR arise from m, = +1/2 Kramer
doublet: g~6 when H is in porphyrin plane
{ g~2 whenH is L porphyrin plane
When porphyrin has D,, symmetry (axial), E=0 and g=6.0. When zero-field

interaction has a rhombic component, i.e., E<0, then
g, =6.0+24(E/D)

e.g. for E~0.04cm™ D~10cm™ (Cytochrome a; in cytochrome ¢ oxidase)

g=6.1 to 59

N
<

E~0.04cm™ is a relatively small rhombic distortion.

(5) For low spin heme, deviation of g-values from 2.0023 arises from spin-orbital

interaction.

%
—
/r‘da..d
‘g, f $ tz]} . can focus attention at t,, orbitals!

At this level of approximation, problem is orbitally degenerate = John-Teller
distortion to D,, symmetry, which lifts degeneracy of 3 t,, Orbitals.

o)
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For example,

¥ = Ai(dye)" +Bi(i)(de)” + Ci(dwy)”

-and ¥ =-Ai(dy)” +Bi(i)(de)” + Ci(dyy)®
lici

dg

~AL-§d; )

G s (d|-2L-8d;)

€yz — Exz E€yz —Exy |

i . A
=A1(dyz)‘ +5(—81T)(du) +5(8T)<dxy)—
yz Xz yz Xy

LIJ1+ = zAxI(dyz)+ + <

(dw)

where €, €, ¢, are the energies of (d,,)%, (d,)* (d,)* the so called “hole”
states.

€ (d,)* spin-orbit interaction
€ 2 dy,)* mixes these “hole ” states
€y — (@Y7

Similar final wavefunctions can be written for remaining two Kramer doublets.

For azidoferrihemoglobin (Hb, Nj), where g, =2.80, g, =2.22 and g, = 1.72

1 AL Bi Ci
Kramer 1 QI730-0207  -0.097  ~(d)*
doublet 2 0.219 0.108  ~(d)*
3

0.017 —-0.126 ~(dy)*

(%)



To fit g-values for azidoferrihemoglobin, requies

CA e A =daca

3.0v . eHos Mo, = ALT
A Wﬁb&d/y Jo

dx * - ~oboe !
( }) fz:u/\ TP Sy
¢
(<) \ o y
: mwcw"g ~/04o .

at4.2 - 20 K, only (d,,) * Kramer doublet is populated!

Ref. F.S.Griffith, “Theory of Transition —Metal lons” Cambridge University Press.
M. Kotani, Advances in Chem. Physics 7, 159 (1964)

(6) Since different axial ligands affect the tetragonal and rhombic splittings differently,
the g-values for a low-spin heme can be used to infer the axial ligands.

The relation between EPR parameters and structure of
low spin ferric herme compounds (taken from (11])

is a was used t
Compound Axial ligands £ values thls pproaCh SH ©
Glycera Hb MeNH, imid RNH, 330 1.98 120 argue that CytOChrome ain
Leg Hb pyridine imid pyr 3.26 2.10 0.32 i 1S S1
Crtochrome ¢ imid?® met  3.07 226 125 cytochrome c oxidase is six-
Bis imid hems imid® imid*® 3.02 224 151 < :
Bls imid® home imid®  {mid 280 355 pmg coordinate with N from neutral
MbOH imid~ OH" 258 2.17 1.35 . . .
Cyt 450,y imid®  RS®  2.4§ 226 192 imdazoles as axial ligands
Cyt. c oxidase imid® imid* 3.0 2.2 15

A better approach to infer the axial ligands of hemes in hemoproteins is EXAFS.

EXAFS spectroscopy has provided the first direct, compelling evidence
demonstrating that the proximal ligand to the heme in P-450 (in states 1-5) and
chloroperoxidase (state 2 and 4) is a thiotate sulfur.

Ref. S.P. Cramer, J. H. Dawson, K.O. Hodgson and L. P. Hager, J. Am. Chem. Soc.
100, 7282 (1978).
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(7)

® Ligand Superhyperfine Interactions in EPR and ENDOR spectra

provide more direct evidence of identity of ligands

(1) When - ligand superhyperfine structure is large enough to be resolved in
conventional EPR spectrum.

[lustrate this by way of the cytochrome a;, Cug cluster of cytochrome ¢ oxidase.

(a) Oxidized Cluster
| &
—3 —
L-tp —437 C“\g
[ \
high-spin Antiferromagnetic
S=5/2 S=1/2 } Coupling = S=2
if L,=H,0, F, formate No conventional EPR!
low-spin } S=0 antiferromagnetic
S=1/2 S=1/2 or 1 ferromagnetic
if L,=OH,CN
(b) Reduced Cluster

high-soi
S5=2 No conventional EPR!

if L=H,0
low-spin No EPR for CO complex : but
5=0 NO is paramagnetic, so

if L,=CONO

although NO-binding to iron
heme convert Fe to low spin
( S=0 ), the nitrosyl heme is
an odd electron system with
S=1/2



(77

(¢) EPR spectrum of “NO- and “NO adducts of reduced cytochrome ¢ oxidase.

—All 3 g-components are resolved
(g,=2.09;2,=2.006;g,=1.97)

—The g=2.006 component exhibits a M

('“NO-adduct) nine-line hyperfine patterns,

YEAST CYTOCHROME & OXIOASE -'*No

which can be interpreted in terms of the
superposition of these sets of three lines
arising from two nonequivalent nitrogens e 2006 g 7

(I=1) interacting with the unpaired YEAST CYTOCHROME S OXDASE-"No

electron. The larger of the two hyperfine
coupling constants is 20.8 Gauss and the WM
smaller 6.9 Gauss.

PNO-adducts: When "“NO is used in the
experiment, the "NO-bound protein

exhibits an EPR spectrum with g-value R
identical to those of the "“NO-bound
species, but the g=2.006 component shows
a hyperfine pattern consisting of two sets
of three lines. This pattern is consistent with the presence of one '“N and one N
nitrogen bound axially to cytochrome a, with a 28.2 Gauss splitting for the "N and
a 7.0 G splitting for the "N ligand.

Coupling to NO nitrogen

Coupling to second nitrogen l [



—When experiment were repeated on a yeast cytochrome ¢ oxidase preparation

wherein all the histidines substituted with "°N at both imidazole ring positions, the
EPR spectra of the “NO- and "NO-aducts are altered.

/,L«- <3 2+
N~ . —NO

—

=

The EPR spectra of the "NO- adduct
of the ("N) His protein consists of
two sets of doublets, with a "NO
nitrogen splitting of 27.5 Gauss and
a splitting of 12 Gauss for the “N
nitrogen of the histidine. The “NO-
adduct exhibits a pattern consisting
of 3 sets of doublets, with splitting
of 21 Gauss to 10.2 G for the “NO
and  histidine "N nitrogen

respectively.

"y -his TEAST CYTOOWROVE 5 cxious o

“Ne-hs YEAST CYTOCHROME ¢ OXICASE-No

W

! ]
are-
[
w209 *-&m "!m
EPR spectra of the !*NO and *NO complaxss of reduced rative

and (**N)His yeast cytochrome ¢ oxidase, Frequeacy, 92 GHz;tempera-
ture, 30 K, ’

—>These experiments provide unequivocal identification of histidine as the

endogenous fifth ligand to cytochrome a; (in the reduced state).

(2) When ligand superhyperfine interaction is too small to be resolved in EPR

spectrum

Appeal to ENDOR spectroscopy

=Electron Nuclear Double Resonance spectroscopy

Excite nuclear spins coupled to unpaired electron spin and use change in intensity

of EPR spectrum to indicate resonance.

7)
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