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Previous '°F and '~“H electron-nuclear double resonance (ENDOR) study of fluorometmyoglobin (MbF) in
frozen-solution state provided sensitive tools sensing subtle structural changes of the heme that are not
obtainable from X-rav. [Fann ef a/.. J. dm. Chem. Soc. 1993, 117. 6019] Because of the intrinsic inhomo-
geneouse EPR line broadening effect of MbF in frozen-solution state, detection of the electronic and
geometrical changes of the heme ring itself and the proximal histidine by using "N CW ENDOR was
interfered. In the present study, hyperfine-sensitive "N Mims ENDOR technique of pulsed-EPR was employed
to probe the changes. With two different 7 values of 128 and 196 ns. "N ENDOR signals of the heme and
proximal histidine were completely resolved at g (= g.=2). This study presents that X-band "*N Mims
ENDOR sequence can sensitively detect the small changes of the spin densities and p orbital populations of the
proximal and the heme nitrogens. caused by ligand and pH variation of the distal site.
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Introduction

Heme-containing proteins are essential for metabolic
cveles of lives in many biological systems by doing dioxy-
gen transport. electron transfer. and other cataly tic functions.’
The active site. heme. consists of iron ion. heme ring.
endogenous ligand (or proximal pocket). and exogenous
ligand binding site (or distal pocket). Because ligand binding
at the distal pocket of the heme is the key for the functions of
the hemoproteins. characterizing and controlling of ligand
binding at the distal pocket have been of interest for many
decades.’ Electron paramagnetic resonance (EPR) techniques
are offen used to probe changes of the distal pocket by using
several different kinds of ligand. such as F~. CN". and Nj~.
which are able to bind to the exogenous ligand binding site
of iron ion.~® They measure the nuclear hyperfine couplings
of the axial ligands to defect subtle structural changes of the
pocket.

It is expected that changes of chemical environments at the
distal site affect the electronic and geometrical structures of
the heme ring itself and the proximal site. Previous "°F
continuous-wave (CW) and pulsed electron-nuclear double
resonance (ENDOR) of fluorometmyoglobin (MbF) was
shown to be sensitive to structural changes of the distal heme
pocket which are not obtainable through other spectro-
scopical methods However. probing the changes at the
heme ring and the proximal histidine was interfered because
the changes at the heme ring and the proximal sife are rather
small and MbF in frozen-solution state intrinsically gives
rise to inhomogeneouse EPR line broadening. Present study
employs hyperfine-selective "N Mims ENDOR technique’
of pulsed-EPR to resolve "N hyperfine couplings of the
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heme and the proximal histidine and to probe the subtle
changes of the spin densities and p orbital populations of the
proximal and the heme nitrogens. caused by ligand and pH
variation of the distal site in metmyoglobin (Mb") and MbF.

Experiments and Theory

Sample preparation. Horse ferric myoglobin (Mb™) was
obtained from Sigma Chemical Co. and used without further
purification. 1-2 equivalents of ferricyanide were added to
ensure complete oxidation. Remaining femi- and ferrocyanide
were removed from the protein solution by washing the
solution with several volumes of working buffer (50 mM
potassium phosphate at pH 6) using microconcentrators. The
protein solution was diluted with 0.2 M potassium fluoride
to prepare fluorometmyoglobin (MbF) in the buffer solution
of desired pH and concentrated to greater than 2 mM with
Centricon microconcentrators. All aqueous buffers contained
60% (v/v) glvcerol. Sample concentrations were spectro-
scopically determined (Hewlett-Packard 8431A diode array
spectrophotometer) using £xx(Mb7) = 188 mM'em™ and
&s(MbF) = 146 mM'em™ ! #

EPR and ENDOR measurements. Q-band (33 GHz)
CW EPR and ENDOR spectra were collected on a modified
Q-band Varian E-109 spectrometer equipped with a liquid
helium immersion dewar. described previously.” The spectra
were recorded at 2 K in dispersion-mode under rapid-passage
condition under which EPR spectra represent actual absorp-
tion envelope. ™! Mims ENDOR experiments’ were performed
locally-built X-band (9 GHz) pulsed-EPR spectrometer.
previously described in detail'- Stimulated-echo pulse
sequence (W2 - 7- 72 — T - A2 - 7- echo) was emploved to
collect Mims ENDOR data'*!" Electron spin echo
intensities were recorded at 2K as a function of radio
frequency (RF) which was applied during the time interval.
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T. between the second and the third microwave pulses. The
widths of 772 microwave pulse and RF pulse were 16 ns and
13 us. respectively.

ENDOR frequencies. EPR and ENDOR spectra of a
high-spin Fe(Ill) (S = 3/2) system coupled to a nucleus with
a nuclear spin 1 (1 # 0) are described by the spin Hamiltonian
consisting of the fine structure (zero-field sphtting), the
electron and nuclear Zeeman interactions. the nuclear hyper-
fine interaction, and the nuclear quadrupole interaction as'~

H=8DS+gfBS - g5BS+SAIL+IPL (1

Here, S. D. g.. 3 B. gu. . A. L and P refer to the electron
spin, the zero-field splitting (ZFS) tensor. the electromc g
factor. the Bohr magneton, the applhed magnetic field, the
nuclear g factor. the nuclear magneton, the hyperfine tensor.
the nuclear spin. and the nuclear quadrupole tensor for I = 1.
respectively. Six (= 25+1) electron-spin eigenstates of the
high-spin Fe(IIl) system are splitted mnto three Kramers
doublets (ms = £1/2. £3/2, £5/2). of which ms = £1/2
doublet 15 the lowest for D > 0, at zero magnetic field by the
ZFS tensor which 1s characterized by the axial and rhombic
ZFS parameters. D and E.

For Mb™ and MDbF with axial ZFS tensor (E =0). the
energy separation. 2D, between ms = +1/2 and ms = £3/2
doublets are ~19 cm™ and ~12 cm™, respectively.>* These
separations are large. compared to the electronic Zeeman
energy at the expenimental X- (9 GHz) and Q-bands (33
GHz), so that the EPR and ENDOR spectra of Mb* and MbF
anise only from the lowest Kramers doublet. ms = +1/2. In
this case. the mg = £1/2 doublet of the above S = 5/2 spin
svstem (eq. (1)) can be treated as an effective spin S' = 1/2
system which can be described bv an effective spin
Hamiltonian. "

H'=f5"g"B + {I-gVB + ™A + I-PL. 2

where g' and A' are the orientation-dependent g- and hyper-
fine tensors 1n the effective spin representation. Though the
g-tensor of S=35/2 spin svstem in eq. (1) 1s tvpically
considered as isotropic. the g'-tensor. which is coaxial with
the ZFS tensor. of the S' = 1/2 fictitious spin representation
(eq. (2)) is axial with g' =g. =2 and g'. = 3g. = 6. The
hyperfine tensor in the effective spin representation is given
by A' = A(g/g.). g is an effective nuclear g tensor which is
also coaxial with the ZFS tensor.

Because the selection rule for ENDOR transition is Amy =
0 and Am; = 1. ENDOR spectrum can be explained by the
second. third. and fourth terms in the right side of eq. (2).
giving ENDOR frequencies explicitly expressed as'™'¢

V() = | £AY2 + v + 3PCm=1)/2]. 3)

Here. A' (=Ag"/g.) is the angle-dependent hyperfine coupling
constant in §' = 1/2 representation. P is the angle-dependent
nuclear quadrupole coupling constant. and I = my = -1+ 1.
w is the nuclear Larmor frequency which is given by
g" BuBu/M.!7 The nuclear quadrupole splitting Hamiltonian is
expressed by traceless three principle values. Pi). Px. and
P33 (Py) + Paa + P33 = 0), where P; values are determined by
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two independent parameters: the largest component. Ps =
eqQ/[2hI2I-1)]. and the asymmetry parameter. 17 = (P
P.2)/Psa. Here. eq is the electrnic field gradient, Q is the
nuclear quadrupole moment.and 1 = n = 0.

Results and Discussion

EPR spectra of both frozen-solution high-spin Fe(III) Mb~
and MbF at 2 K show axial signals with gj=g. =2 and g, =
3g. = 6 where the g| axis is nommal to the heme plane.>* In
MDbF, axial H-O ligand of the native Mb™ is replaced with F~
upon fluorination, which gives additional resolution from '“F
hyperfine coupling of ~46 G at ¢'| on EPR of MbF. EPR
study on MbF crystal had observed a slight rhombicity, %"
but we could not resolve further in our frozen-solution EPR
because of large mhomogeneous line broadenng.

Figure | shows “single-crystal-like™ "“N Q-band (35 GHz)
CW ENDOR signals obtaned at g/ of the EPR envelopes of
Mb* and MbF. These "N signals arise from four heme nitro-
gens and N, of the proximal histidine. > The signals are not
well resolved except for the signals at 10.5-11.5 MHz. which
are assigned to the proximal histidine N nitrogen.™” From
eq. (3). one can expect four ENDOR lines from each "N
nucleus (I = 1). Therefore, total eight *N ENDOR lines are
expected 1f we assume hyperfine couplings of four heme
nitrogens are identical.”! However, in Q-band CW ENDOR,
v_ doublet are not often seen because of delicate balance of
relaxation.”® Furthermore, overlapping of ENDOR lines
reduces the number of observed ENDOR bands to three or
four. This reduction of the number of the observed lines
hampers the accurate analysis of the hyperfine and the
nuclear quadrupole couplings of the heme and proximal
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Figure 1. Q-band (35 GHz) CW ENDOR spectra at g' = 2.00 of
(A) Mb" (pH 6), (B) MbF (pH 6), and (C) MbF (pH 11).
Experimental conditions: microwave frequency, (A, B) 35.055
GHz, (C) 35.051 GHz; modulation amplitude, (.67 G; modulation
frequency, 100 kHz: f scan speed, 0.5 MHz/s: time constant, 64
ms.
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Figure 2. X-band (9 GHz) Mims ENDOR spectra at g" = 2.00 of
(A,B) Mb™ (pH 6). (C, D) MbF (pH 6), and (E,F) MbF (pH 11).
Experimental conditions: microwave frequency, (A, B) 9401 GHz
GHz, (C.D) 9463 GHz, (E.F) 9479 GHz, 7. (A.C,E) 196 ns,
(A, C. E) 128 ns; shot repetition rate, 100 Hz. Other expermmental
conditions are described in experimental section.

histidine nitrogens.

Mims ENDOR is known to be hyperfine-selective and its
ENDOR response is depending on the hyperfine coupling.
A, and the time interval. 7. between the first and the second
microwave pulses as following !>~

R o [l—cos(27AT)] (4

As 1n the above equation, the ENDOR response is zero for
At=1, 2. .. and maximum for At = 1/2, 3/2, ... Using the
hyperfine-selectivity of Mims ENDOR, attempts for separat-
ing "N ENDOR of the heme nitrogen and the nitrogen of the
proximal histidine were made. Figure 2 shows Mims ENDOR
spectra obtamed at g} of Mb*" and MbF with two different 7
values. 128 and 196 ns. From eq. (4). 7= 128 ns maximizes
ENDOR signal with A =39, 11.7. ... MHz and minimizes
ENDOR with A = 7.8, 156, ... MHz. And 7= 196 ns maxi-
mizes ENDOR signal with A = 2.6. 7.7. ... MHz and mini-
mizes ENDOR with A=3.1. 10.2. ... MHz. As seen in figure
2. each Mims ENDOR spectrum shows distinct four-line
ENDOR pattern centered at A/2 and separated by 3P. nuclear
quadrupole coupling. and 2w twice the N Larmor fre-
quency (eq. (4)). Based on previous ENDOR of Mb* - we
assign ENDOR signals with 7= 196 ns and 7= 128 ns to N
of the heme and N. of the proximal histidine. respectively.
Because ENDOR spectra were obtained at g'|. the magnetic
field is normal to the heme plane so that the measured
hyperfine and the nuclear quadrupole couplings are the
tensor components along that direction: heme normal for
heme nitrogens and Fe-N. bond direction for the histidine
nitrogen. These observed coupling tensor components are
listed in Table 1.

The N coupling values of this work are in good agreement
with those of Mb™ previously reported from crystal (Table
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Table 1. “N Hyperfine and Nuclear Quadrupole Coupling
Constants of Aquometmyoglobin and Fluorometmyoglobin

Heme* Proximal Histidine!
Samples Ass 3Pss A 3P
(MHz) (MHz) (MHz) (MHz)
Mb* this work 7.52 -0.78 11.32 -3.44
Crvstal®  7.11(av) -0.8l (av) 11.55 -3.36
MbF (pH=6) 7.66 -(.56 10.46 -3.68
MbE (pH=11) 7.82 -(.56 10,12 -3.73

“The values are tensor components which are normal to the heme plane.
Uncertainty for this work is =0.15 MHz. av means average value of tour
heme nitrogens. Signs are adapted from ref. (2). *The values are tensor
components which are along Fe-N, bond. Uncertainty for this work 1s
=0.15 MHz. “Data trom ref. (2).

1). Our frozen-solution data show a slight discrepancy of the
values between the crystal data and our work. This 1s in part
large inhomogeneous line broadening of EPR.’ As seen in
the figure 2 and table 1. when Mb" is fluorinated and pH of
MBbF is increased. the '*N hyperfine couplings change sensi-
tively. Previous ENDOR study of MbF did not recognized
the change of "N hyperfine and nuclear quadrupole coupl-
ings.” However. even though the changes of the '*N hyper-
fine and the nuclear quadrupole couplings are very small,
current measurements using X-band Mims ENDOR clearly
resolved the heme and the proximal histidine '*N ENDOR
signals allowing accurate analysis of the magnetic mter-
actions between the nitrogen nuclei and the high-spin center
of Fe(III) in frozen-solution state.

Upon fluorination. the “N hyperfine coupling (Az) is
decreasing while the nuclear quadrupole coupling (Q,,) 1s
mereasing for the histidine. This trend 1s reversed for the
heme nitrogens. The N hyperfine and nuclear quadrupole
couplings for the heme and the histdine mtrogens are
expressed as”

As; (heme) = Ao — (1-3sin"HAqg + 2Az— Ag . 3)
A (his) = Ay + 2Ag— Ar + 2A,. (6)
P;3/Po (heme) = —¢/2(1-cot'6) - b/2(1+cot’@) +a. and (7)
P./P, (is) = ¢(l-cot’8) + bcot"6-1/2)-a/2. (®)

Here. Aiw. Ad. 2Ar. Ag. and f are the Fermi contact term
proportional to the electron-spin density in nitrogen 2s
orbital. dipole-dipole interaction between the electron spin
in Fe(IIl) and the nitrogen nuclear spin. dipolar interaction
with the electron spin in nitrogen px orbital normal to the
heterocyclic rings. dipolar interaction with the electron spin
in nitrogen pe orbital for each nitrogen. and the out-of-
planarity angle of iron. And a. b. and ¢ of each nitrogen are
electron populations in pr orbital. each of two ¢ orbitals
directed to adjacent carbons. and ¢ orbitals pointing the iron
ion. 28 is the angle of CNC. P, is a proportionality relating
the quadripole parameters to electron density (Py = 4.3
MHz).

When Mb~ is fluorinated. the axial water ligand is replac-
ed with fluoride ion. Structually. this brings minor perturb-
ation in Fe-N distances and bond angles of heterocycles =
These changes are not big enough to explain the changes of
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YN couplings in eq’s (3)-(8). One structurally noticeable
change is the angle between the projection of the proximal
histidine on the heme plane and the line of N1-N3 heme
nitrogens.~ The angle is changed from ~0° in Mb™ o 20° in
MbF.** Scholes ef a/. calculated the effect of the angle on the
YN hyperfine and the nuclear quadrupole couplings.
however. they found that the angle does not much affect the
hyperfine and quadrupole couplings.” Hence. the structural
changes are not the cause of the "N ENDOR changes.

The major contribution of "N, hyperfine coupling of the
proximal histidine is o-bonding to the metal d2 orbital
(Aiss). Previous '"F ENDOR showed that fluoride ion in
MbF has ~1% of spin density in its 2s orbital at low pH.* At
low pH in MbE. Njsof the distal histidine is protonated and at
high pH the proton is released. This changes the charge
character of the imidazole ring toward neutral. "F ENDOR
showed that this brings ~3% increase of the spin density on
fluoride ion which is hydrogen-bonded to N:H of the distal
histidine.* From this point of view. one can expect reduction
of the spin density on the 2s orbital of the histidine N:. ranms
ligand of fluoride which also have ¢ bonding to the metal d»
orbital. This is in good agreement with the observed change
of hyperfine coupling constant of '"N; of the proximal
histidine. where A, decreases upon fluorination and ~3%
reduction of Az in high pH (Table 1). However. the
hyperfine coupling of the heme nitrogens is not much
changed since they are O-bonded to metal dizy: or dy
orbitals which are normal to the d;: orbital. This indicates
that electronegativity of fluoride ion affects the spin density
mostly in iron d.2 orbital not in other orbitals.

As in Table 1. the quadrupole coupling (Pz) of the
histidine N: is increasing upon fluorination and high pH
form of MbF while that (P:3) of the heme nitrogens is
decreasing. Though "N nuclear quadrupole coupling is
sensitive to CNC angles of the histidine and pyrroles. it is
expected that the angles are not much altered by fluorination
and pH change. According to eq.’s (7) and (B). a is to be
decreased or b and/or ¢ are to be increased to increase Pz/P,
for the histidine and to decrease P;3/P, for the heme. In other
words. the p» orbital population of each nitrogen is increased
or populations of ps orbitals are decreased. More quantitative
discussion for this change is limited with current date and we
are in underway to collect N ENDOR across the EPR
envelopes to extract full tensors of the hyperfine and nuclear
quadrupole couplings.

Previous '°F and '“H ENDOR study of MbF in frozen-
solution state provided sensitive tools sensing subtle struc-
tural changes of the heme that are not obtainable from X-
ray.* Because of the intrinsic inhomogeneous line broaden-
ing effect of MbF in frozen-solution state. detection of the
electronic and geometrical changes of the heme ring itself
and the proximal histidine by using "N CW ENDOR was
limited. In the present study. hyperfine-sensitive "N Mims
ENDOR technique of pulsed-EPR was emploved to probe
the changes. With two different 7 values of 128 and 196 ns.
"N ENDOR signals of the heme and proximal histidine was
almost completely resolved at g (=g.=2). This smdy
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presents surprising results that the distal site of the heme
sensitively affects the spin densities and p orbital popu-
lations of the proximal and the heme nitrogens. which can be
readily detected by X-band Mims ENDOR sequence and
that X-band Mims "N ENDOR provide a probe of structural
and geometrical features of the heme and the proximal
histidine.
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