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The analysis methods described to date for 14N electron spin
cho envelope modulation (ESEEM) mostly deal with isotropic g-
nd 14N hyperfine coupling tensors. However, many cases of rhom-
ic tensors are encountered. In the present report we present
eneral equations for analyzing orientation-selective ESEEM and
llustrate their use. (i) We present general equations for the nuclear
nteractions in an electron spin system where the EPR signal arises
rom an isolated Kramers doublet, then give the nuclear (electron-
uclear double resonance) frequencies for I 5 1 associated with
uch a system. (ii) These are incorporated into equations for
ingle-crystal ESEEM amplitudes, which in turn are incorporated
nto general equations for the orientation-selective ESEEM that
rises when the EPR envelope of a frozen-solution (powder) sam-
le is determined by g anisotropy. (iii) This development is first
sed in the simplest limit of an isotropic g-tensor and leads to a
ore general picture of the response of the I 5 1 modulation

mplitude to variations in the nuclear hyperfine and quadrupole
oupling constants, relative to the nuclear Zeeman interaction,
han had been presented previously. We find that strong modula-
ion occurs not only in the well-known regime where the “exact/
ear cancellation” condition (A/2 ; nN) is satisfied, but also when
he nuclear hyperfine interaction is much larger than the nuclear
eeman interaction (A/nN > 3) with A/K 5 4 ; 5. (iv) We then
escribe the orientation-selective 14N ESEEM frequency-domain
atterns (g vs frequency) in the presence of anisotropic (rhombic)
yperfine and electron Zeeman interactions for both coaxial and
oncoaxial cases. We derive analytical solutions when the g-,
yperfine, and nuclear quadrupole tensors are coaxial. (v) The
ethod is applied to the ESEEM of the nitrogenase MoFe protein

Av1) to determine the full hyperfine and nuclear quadrupole
ensors of 14N nuclei interacting with the S 5 3

2 FeMo-cofactor
Fe7S8Mo: homocitrate). © 1999 Academic Press

Key Words: pulsed EPR; ESEEM; 14N; electron spin echo enve-
ope modulation; orientation-selective.

INTRODUCTION

Characterization of the hyperfine and nuclear quadru
oupling tensors for metallobiomolecules and free rad
hrough electron-nuclear double resonance (ENDOR) (1) and

1 To whom correspondence should be addressed. Fax: 847-491

p-mail: bmh@nwu.edu.
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lectron spin echo envelope modulation (ESEEM) (2) plays a
ital role in chemistry and biochemistry. The observation
uch interactions identifies the nuclei that make up an a
ite, and determination of the interaction tensors reveals d
f its bonding and metrical structure. The methods for ob

ng these nuclear interaction tensors from data collected
andomly oriented (powder, or frozen-solution) samples h
een extensively developed for ENDOR (1, 3–5), but less so

or ESEEM. This lack is of particular importance for analy
f the signals from a14N nucleus (I 5 1) coupled to a
lectron spin, because nitrogen is one of the most extens
tudied nuclei in ESEEM. At present there is no gen
reatment of ESEEM for a frozen-solution (powder) param
etic center whose EPR spectrum is determined by an a

ropic g-tensor, and which incorporates anI 5 1 nucleus tha
xperiences nuclear Zeeman and quadrupole interactio
ell as an anisotropic hyperfine coupling. An ESEEM
NDOR) spectrum collected at a fixed field is “orientati
elective” in that it results from only a well-defined subse
olecular (org-tensor) orientations relative to the exter
agnetic field. Techniques have been described for extra

he full anisotropic nuclear hyperfine and quadrupole ten
rom the 2D, ENDOR frequency vs field, pattern of END
pectra collected at numerous fields across the EPR env
1, 3–5). In this report we apply the same approach to ob
he general equations for analyzing orientation-select
SEEM and illustrate their use.
The background to the present report includes Mims’ d

ation of the complete density matrix of the electron spin e
odulation effect (6, 7), along with published methods for t
nalysis of ESEEM ofI 5 1 nuclei, with emphasis on isotrop
- and hyperfine tensors. Based on Muha’s analytic solutio
he problem of anI 5 1 nucleus undergoing quadrup
nteractions in an arbitrary magnetic field (8, 9), Astashkinet
l. developed a qualitative analysis method in the frequ
omain for 14N ESEEM, but this is limited to weakly anis

ropic hyperfine interactions (10). Flanagan and Singel illu
rated the relationships between ESEEM peak amplitude
he orientation of the external magnetic field relative to
uclear quadrupole tensor frame for the case of isotropic13.

erfine coupling (11). Effects of anisotropic hyperfine interac-
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92 LEE, DOAN, AND HOFFMAN
ions were examined in the frequency domain for orienta
lly disordered systems with an isotropicg-tensor by Reijers
nd Keijers (12). More recently, analytical solutions we
escribed for cases of weak nuclear quadrupole coupling,
s 2H (13). However, this treatment is not suitable for14N
here the nuclear quadrupole coupling is strong compar

he nuclear Zeeman and the hyperfine interactions.
Some orientation-selective1H and 2H ESEEM experiment

ave been reported (14–17), but only a few cases have be
ublished for 14N ESEEM. Flanaganet al. constructed th
agnetic field profile of the amplitude ratios of two-pulse14N
SEEM peaks across the EPR absorption envelope of me

oethanol complex of low spin Fe(III) myoglobin to determ
he orientation of the14N nuclear quadrupole tensor axis of
roximal imidazole ring with respect tog-tensor axis (18).
lso, van Damet al. applied the same approach to derive

14N tensor components of the remote nitrogen in Cu-imida
ystems (19). But these reports in fact relied on a nea

sotropic hyperfine coupling. Analytical solutions atg\ andg'

ositions for oxovanadium complexes were derived to ex
14N tensors (20, 21). Here, the14N hyperfine couplings ar
argely isotropic and the anisotropic interaction was treate

perturbation.
In the present paper, we develop for the first time a sys

tic approach that permits the determination of14N tensors fo
ystems whereg- and the hyperfine tensors are dominated
nisotropic (rhombic) interactions, and thus where the ea
ethods are not applicable. To do that, (i) we present ge
quations for the nuclear interactions in an electron-spin

em where the EPR signal arises from an isolated Kra
oublet, then give the nuclear (ENDOR) frequencies forI 5 1
ssociated with such a system. (ii) These are incorporate
quations for single-crystal ESEEM amplitudes, which in
re incorporated into general equations for the orienta
elective ESEEM that arises when the EPR envelope
rozen-solution (powder) sample is determined by g an
opy. (iii) This development is first used in the simplest limi
n isotropicg-tensor to examine how theI 5 1 modulation
mplitudes respond as the nuclear hyperfine and quadr
oupling constants are varied relative to the nuclear Zee
nteraction, thereby allowing us to draw a more general pic
f the behavior of the modulation amplitude than has b
resented previously. We find that strong net modulation
urs not only in the well-known regime where the “exact/n
ancellation” condition is satisfied, but also when the nuc
yperfine interaction is much larger than the nuclear Zee

nteraction and the nuclear quadrupole coupling consta
omparable to the hyperfine coupling constant. (iv) We
escribe the orientation-selective14N ESEEM frequency-do
ain patterns (g vs frequency) in the presence of anisot

rhombic) hyperfineandelectron Zeeman interactions for bo
oaxial and noncoaxial cases. We derive analytical solu
hen theg-, hyperfine, and nuclear quadrupole tensors

oaxial. (v) The method is applied to the ESEEM of the
-
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itrogenase MoFe protein (Av1) to determine the full hype
ne and nuclear quadrupole tensors of14N nuclei interacting
ith the S 5 3

2 FeMo-cofactor (Fe7S8Mo: homocitrate
22, 23).

THEORY AND APPLICATION

(i-a). Nuclear interactions for S5 1
2. When an electro

pin of S 5 1
2 coupled to a nucleus of spinI . 1

2 is placed in
n external magnetic field,H o, the total magnetic interaction

he system is described by a Hamiltonian that includes
lectron Zeeman interaction (*e), the nuclear Zeeman a
yperfine couplings (* int), and the nuclear quadrupole co
ling (*q) (1, 24, 25).

* 5 *e 1 * int 1 *q [1]

here

*e 5 beS z g z H o, [2]

* int 5 2gNbNI z H o 1 hI z A z S, [3]

nd

*q 5 hI z P z I . [4]

ere be, g, gN, bN, h, A, andP are the Bohr magneton, t
lectrong-tensor, the nuclear g-value, the nuclear magne
lanck’s constant, the hyperfine coupling tensor, and the
lear quadrupole coupling tensor, respectively; each intera
atrix (g, A, P) is diagonal in its own reference frame. For

elatively small nuclear interactions of interest here, comp
o the electron Zeeman interaction (high field approxima

e 5 gebeH o/h @ A, P, nN 5 gNbNH o/h), there is no loss i
gnoring off-diagonal matrix elements in the electron spin
his case, the nuclear spin Hamiltonian governing ESEEM
NDOR frequencies within the individual electron-spin m

folds, ms 5 61
2, is described by the sum of the nucl

eeman, hyperfine, and nuclear quadrupole interactions,

*N6 5 * int6 1 *q6. [5]

The first step in deriving ESEEM/ENDOR frequencies
ins with the expression of the nuclear Zeeman and hype

nteractions in the electrong-tensor frame (1),

g
* int6 5 hI z @~61/ 2! A z g/geff 2 nN# z l ; hI z G6 [6]
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9314N ELECTRON SPIN ECHO ENVELOPE MODULATION
here

G i6 5
~61/ 2!

geff
O
j51

3

gjl j
gAij 2 nNl i for i 5 1, 2, 3. [7]

ere, gA and is the hyperfine tensor matrix transform
nto the g-tensor frame by a rotation matrixM (a, b, g)
hich is defined as the matrix that rotatesg into the A

rame (gA 5 M 21 z A z M ) (26, 27); geff is the experi
ental g-value of observation;nN the nuclear Larmo

requency (n N 5 gNbNH o/h); and l is a unit vector alon
o, written as direction-cosines with respect to

-frame.

(i-b). Nuclear interactions for S9 5 1
2. The above trea

ent can be readily generalized to the case of a half-in
lectron-spin system,S . 1

2 where the EPR signal com
rom an isolated Kramers doublet, and can be treate
erms of a fictitious spin,S9 5 1

2 with Zeeman interactio
iven by (24).

*e 5 beS9 z g9 z H o. [8]

he principal values of theg*-tensor are determined by t
etails of the electron-spin system and could be taken as i

or the treatment presented here. For concreteness, we
llustrate the approach with the specific case ofS 5 3

2, which
pplies to the nitrogenase MoFe protein (Av1), whose restin
tate exhibits anS 5 3

2 EPR signal arising from the FeM
ofactor cluster (28).
A high-spin EPR spectrum can be described by the Ha

onians of the zero-field splitting (*zfs) and the electron Ze
an interaction (*e) as (24)

* 5 *zfs 1 *e

5 @D~Sz
2 2 S~S1 1!/3! 1 E~Sx

2 2 Sy
2!#

1beS z g z H o. [9]

ere,D and E are the axial and rhombic zero-field splitti
arameters and the rhombicity is measured byl 5 E/D # 1

3;
is the g-tensor describing the Zeeman interaction and

ther symbols have the usual meaning. ForS 5 3
2 spin state

wo Kramers doublets are separated byD 5 2D(1 1 3l 2) 1/ 2

n zero magnetic field. Since the separation,D 5 12.2 cm21

or nitrogenaseAv1 is large compared both tokBT at experi-
ental liquid-helium temperature and to the electron Zee

nteraction at 9 GHz, the EPR spectrum ofAv1 represents th
ransitions only in the lower,ms 5 61

2 doublet (29). As a resul
1
t can be represented by a fictitious spinS9 5 2 characterized
er

in

uts
ere

il-

e

n

y ag*-tensor that is coaxial with the fine-structure interac
Eq. [8]), with

g9z 5 g\ [10]

g9x,y 5 g'@1 1 ~1 6 3ulu!/~1 1 3l 2! 1/ 2#. [11]

or Av1, the experimentally measured principal valu
9x,y,z 5 (4.33, 3.77, 2.01)correspond to aS 5 3

2 represen
ation whereg\ 5 2.01, g' 5 2.005, andulu 5 0.053.

The nuclear quadrupole interaction is independent of
ron spin and is unchanged, compared toS 5 1

2. The hyperfine
amiltonian can be transformed to the fictitious spin by
igner–Eckart theorem (24),

*hf 5 hI z gA z S 5 hS gAij I iSj

5 hI z A 9 z S9 5 hSA9ij I iS9j ~ A9ij 5 gAijg9j/gj!

5 hI z ~ gA z ĝ9! z S9 ~ ĝ9ij 5 d ijg9j/gj!. [12]

ere, gA is the hyperfine tensor transformed intog*-tensor
eference frame. Note that the transformation toA* introduces
nisotropic behavior into the hyperfine interaction even if

ntrinsic coupling is isotropic. For example, an intrinsica
sotropic coupling constant of 1.00 MHz would result in

easured hyperfine tensor,A*, that would be anisotropic wit
rincipal value ofA* 5 [2.15, 1.90, 1.00] MHz correspondin

o g* 5 [4.3, 3.8, 2.0].
For anS 5 1

2 system, the nuclear Zeeman interaction
sually be taken as a scalar coupling,* nz 5 2gNbNI z H o.
owever, the low-lyingms 5 61

2 doublet of a high-spi
ystem can experience a large, anisotropic pseudonuclea
an effect (24) caused by field-induced coupling to the hi

ying doublet. Hence, the nuclear Zeeman interaction is
cribed by an effective nucleargN-tensor coincident with th
ero-field splitting tensor axis (g*-tensor),

*nz 5 2bNI z gN z H o, [13]

here for nitrogenase (S 5 3
2)

gij
N 5 gN@d ij 1 3/ 2~ gebe/gNbN!~ gAij /D!~1 2 d iz!# [14]

nder the simplification of settingl 5 0. The sum of th
uclear hyperfine and Zeeman Hamiltonian forS9 5 1

2 is
hen

N
* int6 5 hI z A 9 z S9 2 bNI z g z H o ; hI z G6 [15]
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94 LEE, DOAN, AND HOFFMAN
here, for nitrogenase in particular,

G i6 5
~61/ 2!

g9eff
O
j51

3

l j

3 Fg9jA9ij 2 nNSd ij 1
3gebeA9ij~1 2 d iz!

2gNbND DG ,

for i 5 1, 2, 3 ~or x, y, z!. [16]

(i-c). 14N modulation frequencies and amplitudes.If we define
he rotation matrix,J, that rotates theg-frame into the nuclea
uadrupole frame, the vector,G6, can be reexpressed in the nuc
uadrupole axis system, and the nuclear Hamiltonian becom

* int6 5 hI z L6, [17]

here

L6 ; J 21 z G6. [18]

he overall nuclear Hamiltonian operator describing ESE
xpressed in the nuclear quadrupole axis system, then is giv

*N6 5 hI z L6 1 hI z P z I [19]

5 h@L16I X 1 L26I Y 1 L36I Z 1 K~1 2 h!I X
2

1 K~1 1 h!I Y
2 2 2KI Z

2#, [20]

hereK 5 e2qQ/4 andh is the asymmetry parameter. T
eads to the Hamiltonian matrix (25),

HN6 5 hFK~1 2 h! L36 iL26

L36 K~1 1 h! L16

2iL26 L16 22K
G [21]

n the basis,uTX&, uTY&, anduTZ&, the pure nuclear quadrupo
igenstates. Muha has provided the exact eigenvalueshn6)
nd eigenvectors (Fk6) of the matrix (Eq. [21]) (8, 9, 25):

nk6 5 ~4
3 up6u! 1/ 2cos@~b6 1 2pk!/3#, for k 5 0, 1, 2, [22]

Fk6 5 N6F L16L36 2 iL26Vk6

L16Uk6 2 iL26L36

2L 36
2 1 Vk6Uk6

G , [23]

hereN6 is the normalization factor,

b6 5 cos21@~3/up6u! 3/ 2~q6/ 2!#, [24]

p6 5 2@K 2~3 1 h 2! 1 L 16
2 1 L 26

2 1 L 36
2 #, [25]

q6 5 2K@2K 2~1 2 h 2! 1 ~1 2 h!L 16
2

1 ~1 1 h!L 26
2 2 2L 36

2 #, [26]
Vk6 5 @K~1 1 h! 2 nk6#, [27]
r
s

,
by

nd

Uk6 5 @K~1 2 h! 2 nk6#. [28]

he nuclear transition frequencies observed by ESEEM
OR are then straightforwardly written as (9)

nn6 5 nk6 2 nk96 5 S 4

up6uD
1/ 2

cos@~b6 1 np!/3#

n 5 k 1 k9 5 1, 2, 3~k9 , k!. [29]

ssumingd-function EPR and ESEEM linewidths, then fo
ingle molecular orientation the two-pulse ESEEM intens
modulation depths) at the fundamental nuclear transition
uencies are (6, 7)

I n~n1!
~2! 5 2

3 O
i50

2

uF k1
1 z F i2u 2uF k91

1 z F i2u 2, [30]

I n~m2!
~2! 5 2

3 O
i50

2

uF i1
1 z F l2u 2uF i1

1 z F l 92u 2, [31]

n 5 k 1 k9 5 1, 2, 3~k9 , k!;

m 5 l 1 l 9 5 1, 2, 3~l 9 , l !; k, k9, l , l 9 5 0, 1, 2.

he combination (sum or difference) frequencies can be
cribed, but are not discussed here. The corresponding
ities in three-pulse ESEEM are (6, 7)

I n~n1!
~3! 5 1

3 O
i50

2

uF k1
1 z F i2u 2uF k91

1 z F i2u 2

1 2
3 O

m51

3

Re@~F k1
1 z F l2!* ~F k1

1 z F l 92!

3 ~F k91
1 z F l 92!* ~F k91

1 z F l2!#cos~2pnm2t!,

[32]

I n~m2!
~3! 5 1

3 O
i50

2

uF i1
1 z F l2u 2uF i1

1 z F l 92u 2

1 2
3 O

n51

3

Re@~F k1
1 z F l2!* ~F k1

1 z F l 92!

3 ~F k91
1 z F l 92!* ~F k91

1 z F l2!#cos~2pnn1t!,

[33]

n 5 k 1 k9 5 1, 2, 3~k9 , k!;
m 5 l 1 l 9 5 1, 2, 3~l 9 , l !; k, k9, l , l 9 5 0, 1, 2.
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(ii). Expressions for orientation-selective ESEEM.The
revious equations present ESEEM/ENDOR frequencies

29]) and ESEEM intensities (Eqs. [30]–[33]) for a sin
rientation. An orientation-selective ESEEM signal obtaine
given g-value from a powder sample whose EPR envelo
etermined by g-anisotropy arises from the well-defined su
f molecular orientations associated with the curve,sg, that
atisfy g2 5 g2(u, f) 5 gx

2sin2u cos2f 1 gy
2sin2u sin2f 1

z
2cos2u, whereu andf represent the orientation of the ext
al magnetic field with respect to theg-tensor frame. If on

akes ad-function component EPR linewidth,d( g9 2 g), such
n orientation-selective, frequency-domain ESEEM spec
an be expressed as a sum of convolutions over the ES
NDOR frequencies that arise on the curvesg (1, 4),

I ~n, g!

5
1

4p
O
n

O
6

E
sg

L~n 2 nn6!I n~n6!d~ g9 2 g!ds, [34]

hereL( x) is an ESEEM lineshape function andI n(n6) are the
wo- or three-pulse intensities (Eqs. [30]–[33]). The facto
p(5* ds) normalizes the equation. The area element a
iated with an orientation (f, g) is (1)

ds 5 S g

g2 2 gz
2D sin2u ~f, g!

cosu ~f, g!
dfdg

; w~f, g!dfdg, [35]

nd thus Eq. [34] for the ESEEM intensity at a given g-va
an be rewritten as

I ~n, g! 5
1

4p
O
n

O
6

E
sg

L~n 2 nn6!I n~n6!w~f, g!df. [36]

ote that this approach leads to the orientation-selective i
ity being expressed as single integral along the curvesg,
ather than a double integral over the sphere (Euler angu
ndf). When one takes into account a nonzero EPR linew

he ESEEM intensity becomes

I ~n, g! 5
1

4p
O
n

O
6

E E
sg9

L~n 2 nn6!I n~n6!

3 w~f, g9! R~ g 2 g9!dfdg9, [37]

hereR( x) is the component EPR lineshape function.

(iii). Isotropic g- and hyperfine tensors.We first apply
hese equations to reexamine the simplified situation of is

14
ic g- and hyperfine tensors. The methods of analyzingN f
q.

t
is
et

m
M/

f
o-

e

n-

,
h,

o-

SEEM for this case have been developed extens
10, 11). However, our new approach discloses a new reg
hich exhibits strong modulation, in addition to the w
nown exact/near cancellation regime. We first describe
raditional method as background, then present our appr

In the case of isotropicg- and hyperfine tensors, there is
rientation selection: all orientations contribute to the ESE
pectrum. The nuclear spin Hamiltonian describing
SEEM is obtained simply, by substitutingL6 5 ( A/ 2 6

n)l in Eq. [19]. Here,A is the isotropic hyperfine couplin
onstant andl is the unit vector along the magnetic fie
xpressed with respect to the nuclear quadrupole frame.
uha’s solution, Astashkinet al. developed a graphic
ethod to find the nuclear transition frequencies,n, as the

olution(s) of the equation,F( x) 5 f(u, f) (8–10), where

F~ x! 5 $2~1 2 h 2! 6 323/ 2@ x2 2 w2 2 3 2 h 2#

3 @4w2 1 4~3 1 h 2! 2 x2# 1/ 2%/w2, [38]

f~u, f! 5 ~3 2 h cos 2f!cos2u 1 h cos 2f 2 1, [39]

w 5 ~ A/ 2 6 nn!/K, [40]

nd

x 5 n/K. [41]

ere, u and f represent the orientation of the exter
agnetic field with respect to the nuclear quadrupole

ystem. This method, which had been used previously i
tudy of electron triplet states (30), is convenient for qua
tative predictions of a14N ESEEM pattern. Many system
tudied by14N ESEEM showw , 1 in one electron-spi
anifold, butw . 1 in the other (2, 11). In an electron-spi
anifold with w , 1, the nuclear Zeeman and hyperfi

nteractions are opposed and largely cancel, so tha
uclear states are mostly determined by the nuclear q
upole coupling. All three nuclear transition lines from t
anifold usually have narrow peaks because the freque
re dominated by the nuclear quadrupole interaction an

argely independent of the orientation of the magnetic fi
n contrast, the nuclear Zeeman and the hyperfine inte
ions are dominant in an electron-spin manifold withw . 1,
o that the nuclear states are mostly nuclear spin-proje
mI) states. In this manifold, the single-quantum transit
DmI 5 61) are dependent on the orientation of the m
etic field and a powder ESEEM spectrum, which is the
f the transitions from all orientations of a randomly d

ributed sample, is broad and hard to observe. The do
uantum transition (dq,DmI 5 62), however, is onl
eakly dependent on orientation even for this manifold,

he dq transition thus is narrow and readily detected.
ause the electron-spin echo is modulated with the nu

1
requencies from both electron-spin manifolds (ms 5 62),
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14N ESEEM commonly shows a four-line pattern (n0, n2, n1,
q) whenw2 , 1, w1 . 1; instead a two-line pattern (dq1,
q2) arises whenw2, w1 . 1. We ignore cases of sm
uclear interaction,w2, w1 , 1, because they give ve
mall modulation.
For isotropicg- and nuclear hyperfine tensors, the dep

ence of the intensities and nuclear transition frequencie
he hyperfine and the nuclear quadrupole couplings ca
onveniently studied by reformulating the Hamiltonian ma
Eq. [21]) as

v# 5 nN/K, andA# 5 A/nN. [43]

f one takesA# $ 0 for convenience, then thea electron-spin
anifold is represented by the Hamiltonian matrix,HN1, andb by
N2. u andf represent the orientation of the external magn
eld with respect to the nuclear quadrupole axis system.
Figure 1 shows 3D views of the integrated frequen

omain intensity of each nuclear transition of botha and b
lectron manifolds, defined as the integral over all orientat

I s.a.
n~6! 5 E

f

E
u

I n~n6!
~2!

sin u

4p
dudf, [44]

s a function ofA# andv#. The intensities of the different transitio
how some differences in detail, but for all transitions the inten
re large along two approximately perpendicular ridges,A# ; 2
ndv# ; 1. The trend can be examined more readily by inv
ating the sum of the intensities of the three nuclear trans
ithin an electron manifold (I s.a.

6 5 ¥n51
3 I s.a.

n(6)), which is the sam
or the two manifolds. Figure 2 shows this sum in 3D view an

2D contour map. As seen in the figure, the strongest inten
re observed along the top of the roughly parabolic ridge
ecting the coordinates (A# , v#) 5 (2, 10); (2.5, 1.5); and (10, 0.4
The vertical portion of the ridge, withA# ; 2 (for v# $ 0.5),

orresponds to the well-known exact/near cancellation cas
his case, the nuclear states in thea manifold become pure nucle

HN6 5 hK3
1 2 h v#S6

v#S6
A#

2
2 1Dcosu

2iv#S6
A#

2
2 1Dsin u sin f v#S6

A#

2

uadrupole states, which are independent of the nuclear quadd
-
on
be

c

-

s,

s

i-
ns

s
ies
n-

In

ole coupling constant, while those in theb manifold are mostl
eeman states. This leads to large probabilities for the forb
PR transitions and brings strong modulation. However, th

ensity rapidly decreases forv# # 0.5, even atA# 5 2, because th
uclear states in both spin manifolds approach pure nuclear
upole states in this case (11). The new and interesting feature
he strong intensities observed for the horizontal ridge alongv# 5
1–0.4 forA# $ 3. More extended calculation shows that forA# $
the horizontal ridge is approximated by a hyperbola,A# z v#(5A/
) 5 4 ; 5. Although the figure is limited in the range ofA# # 10

nd v# # 10 for graphical representation, extended nume
alculations over the ranges reveal the strong intensity ridgeA#

2 andA# z v#(5A/K) 5 4 ; 5 maintain their intensities inde
itely in each direction but with a decreasing width of the rid
The shaded [A# , v#] region in Fig. 2(B) gives rise to large n

SEEM modulation amplitudes or depth, but the detection o
odulation is strongly dependent not only on its amplitude, but
n the breadth of the transition, namely the spread in freque
ssociated with the powder pattern. Figure 3 shows the bread

he three nuclear transitions in each electron-spin manifold.v#
0, the nuclear states in both manifolds approach the

uclear quadrupole states, which are independent of the ma
eld, and thus give narrow bands. In thea manifold these nuclea
uadrupole states are also achieved whenA# ; 2 and again th
uclear transitions are narrow. As the couplings move away

he above conditions,v# ; 0 in both manifolds orA# ; 2 in thea
anifold, the nuclear states becomemI states, which are depe
ent on the magnetic field orientation, and thena6, nb6 transitions
ive broad bands. But the sum frequencies (nc6 5 na6 1 nb6) are
eakly dependent on the external magnetic field and have

ively narrow breadths in both manifolds, as in Figs. 3C and2

In the time domain, the modulation from a nuclear trans

2 Here, the sum frequency means the nuclear transition whose freque
he sum of the other two nuclear transition frequencies in an electron
anifold (n c6 5 n a6 1 n b6). In a spin manifold where the nuclear states
ostly nuclear quadrupole states, this sum frequency corresponds ton1 and in
spin manifold where the nuclear states aremI states, this corresponds

2 1Dcosu iv#S6
A#

2
2 1Dsin u sin f

1 h v#S6
A#

2
2 1Dsin u cosf

1Dsin u cosf 22
4 , [42]
A#

2

1

2

ru-ouble-quantum transition (dq).
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9714N ELECTRON SPIN ECHO ENVELOPE MODULATION
ith narrow breadth persists for a long time while the modula
f a broad band damps quickly. Hence, the broad band
elatively difficult to detect in the time wave unless the spectr
ter dead-time is short. Comparing the intensities (modul
mplitudes) and the breadths of the transitions in the frequ
omain for a hyperfine coupling with the exact/near cancella
alue ofA# ; 2 (for v# $ 0.5) one expects to easily detect the th

FIG. 1. 3D representation of the spherically averaged frequency-dom
f v# (5nN/K) andA# (5A/nN). 1 and2 represents thea andb electron-sp
ransition lines of thea manifold and the sum frequency of theb t
n
re
-
n
y-
n
e

anifold. However, cases where the horizontal ridge satisfie
yperbola ofA# z v# 5 4 ; 5 (for A# $ 3) are likely to be detecte
nly through the two sum frequencies.
Similar conclusions are reached when one takes an alter

iew of the possibility of detecting an ESEEM transition
alculating the maximum peak height of each transition as in
. This figure represents the relative peak height of each nu

#

intensities (*f * u I n(n6)
(2) sin u/4p dudf) of nuclear (I 5 1) transitions as a functio

anifolds.n a , n b , n c andn c 5 n a 1 n b.

ain
ransition as a function of [A, v#]; the procedure for generating such
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98 LEE, DOAN, AND HOFFMAN
3D representation is depicted in the figure legend. Flanaga
ingel (11) thoroughly investigated exact cancellation and der

he range over which the exact/near cancellation condition c
sefully applied. While the plots in Figs. 1 to 4 include th
ndings, the figures give a more extensive picture of the cha
f the intensities of the nuclear transitions as a function of [A# , v#]
nd the connectivity of two ridges of strong modulation. Note

˜ in their paper is the reciprocal ofv# (K̃ 5 1/v#).
Figure 2B includes the [A# , v# ] coordinates for numerou

14

FIG. 2. (A) 3D representation and (B) 2D contour map of sum of the spher
veraged intensities of the three nuclear (I 5 1) transitions in an electron manifo
s a function ofv# (5nN/K) andA# (5A/nN) (¥n51

3 *f *u I n(n1)
(2) sin u/4p dudf). Note

hat I n(n1)
(2) 5 I n(n1)

(3) , I n(m2)
(2) 5 I n(m2)

(3) (whent 5 0 for 3-pulse ESEEM), and¥n51
3 I n(n1)

(2)

¥m51
3 I n(m2)

(2) in Eqs. [30]–[33]. The shaded area in (B) represents the [A# , v#] value
egions which can be readily detected by ESEEM before considering the b
f the nuclear transition. The plots on the 2D contour map represent theA# , v#]
oordinates of14N nuclei detected by ESEEM:E, Rieske center N1 (44–47); F,
ieske center N2 (44–46); {, peptide nitrogen hydrogenbonded to Fe–S clu

48–50); }, methylimidazole coordinated to Co(II)–heme (51); h, histidine
ound to and CN2, N3

2 near Mn(III)/Mn(IV) core in X-band (52); ■, histidine
ound to and CN2, N3

2 near Mn(III)/Mn(IV) core in P-band (52); }, CN2 bound
o low-spin Fe(III) heme (53); {, CN2 bound to plastoquinon anion radical (54);
, trp-trp quinon cofactor radical (55); Œ, remote nitrogens of 2-ethylthio-
ydroxypterin (56), imidazole (57), and histidine bound to Cu(II) (58). Axes at
pper and right sides of (B) represent the hyperfine coupling andK values a
-band (3249 G,nN 5 1.0 MHz).
ystems that were previously detected byN ESEEM. The plot o
nd
d
be

es

t

ndeed demonstrates many of these observed14N modulations
ear the horizontal branch of the hyperbola,A# z v# 5 4 ; 5 and

# $ 3, as well as the vertical exact/near cancellation ri
his horizontal regime appears to be analogous to the situ

n non-Kramers14N ESEEM at weak magnetic fields (0; 20
), where14N gives strong modulations (31–33). The Larmor

requencies at these fields are very small, and as a resul
ystems exhibit largeA# and tinyv# values. The physical pictu
nd theoretical background for this horizontal ridge withA# z v#

4 ; 5 will be discussed in a future publication (34).

(iv). Rhombic g- and hyperfine tensors.In the above sectio
heI 5 1 modulation amplitude was investigated in the limit o
sotropicg-tensor where spherical averaging is applied. Howe

spin system with a significant rhombicg-tensor requires th
ollection of a full “2D” field-dependent (orientation-selecti
SEEM or ENDOR pattern to find our the nuclear hyper
nd quadrupole coupling tensors (1, 3–5). We first discuss th
implest, nontrivial, case in whichg-, nuclear hyperfine, an
uadrupole tensors are coaxial. Then we generalize to n
xial cases.14N ESEEM patterns of a Kramers-doublet el

ron-spin system can be classified into two categories:
herew , 1 in one manifold (denoteda) andw . 1 in the
ther manifold (denotedb), and the other wherew . 1 in both
anifolds. In this paper, we focus on the first case becaus
SEEM pattern of theb manifold covers the second case.

(iv-a). Rhombic g- and hyperfine tensors (coaxial tens
igure 5A shows a contour plot of the calculated 2D patter

requency vs g for the14N frequency-domain ESEEM signal
he case of coaxialg-, hyperfine, and nuclear quadrupole t
ors, withA 5 [2.6 2.0 1.7] MHz,e2qQ 5 2.1 MHz, andh 5
.6. Thea spin manifold wherew , 1 for all orientations
hows three distinct peaks (n2, n3, andn1 in Muha’s notation
r n0, n2, and n1 in conventional notation) across the E
nvelope, while theb manifold gives only the double-quantu
eak as a dominant feature becausew . 1. The single
uantum bands of theb manifold are omitted from the figu
ecause the transitions are broad, so that their intensitie

oo weak to be analyzed in a real experimental situation ex
or ESEEM at the “single-crystal-like” edges (gx and gz).
verall the ESEEM pattern is similar to the well-known14N
SEEM pattern of near cancellation where sharpn2, n3, n1

eatures are seen for thew , 1 (a) manifold and only dq i
een for the other manifold, but the rhombic hyperfine te
auses additional features. In the full 2D display of g-value
requency (Fig. 5A), the contour map of each band in tha
anifold (n1, n2, andn3) spreads out at g-values away from

ingle-crystal-like edges (gx andgz) and makes a “triangula
hape with the maximum breadth atg 5 gy.
The three vertices are at (n nx, gx), (n ny, gy), and (n nz, gz)

n 5 1, 2, 3] for eachn n pattern corresponding to t
rientation where the field lies along the principal axis or

ations of the tensors. The frequencies of the vertices

y

dth

s

btained in analytical form (Table 1) by adapting Muha’s
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9914N ELECTRON SPIN ECHO ENVELOPE MODULATION
olutions in which the reference frame is the nuclear qua
ole axis (8, 9, 35). When one uses these equations in Tab

t is important to label the frequencies consistently. As see
able 1,n1 . n3 . n2 (Eq. [29]) always hold atgx independen
f the relative size of the hyperfine, nuclear quadrupole
lings, and the nuclear Larmor frequency, because 0, h , 1
y definition. But at the other field positions, the rela

requencies depend on the magnitude of the couplings. H
ven for correct assignment of nuclear transition bands,
ependent ESEEM is often necessary.3 The dq band als

3 Muha’s frequency assignment ofn1, n2, n3 bands always holds across the E
nvelope whenw , 1 because the nuclear spin states are mostly the nu
uadrupole states. But, for the dq band wherew . 1, the nuclear spin states a
ostly mI states,u21&, u0&, u11&, and the dq band corresponds to the o

FIG. 3. The breadths of the nuclear (I 5 1) transitions arising from po
rom powder pattern.
ransition,u21& 7 u11&. If we use Muha’s formulas, the assignment of the dqa
u-
,

in

u-

ce,
d-

xhibits a triangle-like shape with each edge of the tria
orresponding to a peak in the spectra, and the frequencie
e obtained by Muha’s solution (Table 1).
In orientation-selective ESEEM, just as in a spheric

veraged experiment, the ESEEM frequencies of thea mani-
old are sensitive to the nuclear quadrupole couplings bu
o the hyperfine couplings because the hyperfine coupling
uclear Zeeman interaction are largely canceled out, whil
q frequency in theb electron spin state is sensitive to
uclear hyperfine interactions. Through use of the equatio
able 1, the nuclear quadrupole parameters for coaxialg-, the

ar

r
ransition depends on the relative sizes ofw and h. The dq (w . 1) always
orresponds ton1 except that it isn3 for w(5u(2nN 2 Ay/2)/Ku) . (6h 1 2h2)1/2

2 1/2

r sample. The breadth was obtained by (nmax 2 nmin) of each nuclear transitio
wde
longy-axis, andn2 for w(5u(2nN 2 Az/2)/Ku) . (9 2 h ) alongz-axis.
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100 LEE, DOAN, AND HOFFMAN
uclear hyperfine, and the quadrupole tensors can be calc
irectly from the frequencies measured atgx andgz, with

K 5 ~n16 1 n36!/6, atgz [45]

h 5 1 2 ~n36 2 n26!/3K, at gx. [46]

he nuclear hyperfine tensor components (Ax, Ay, Az) can
hen be derived to high accuracy by usingK, h, and Muha’s
ormulas for the dq band (Table 1).

FIG. 4. The 3D representation of the maximum peak height of each n
I n6

(2) sin u/4p) was built on a frequency-domain (unit ofK) with given values
finite half width (here 0.07 K). Then the maximum peak height was s
The importance of using a proper analysis and not relying oI
tedssumptions of exact/near cancellation is seen as fol
ccording to the exact/near cancellation analysis where

ow, middle, and high frequency peaks are assigned tono, n2,
ndn1, respectively, the nuclear quadrupole coupling par
ters are given by (10, 36)

K 5 ~n2 1 n1!/6 [47]

h 5 no/ 2K. [48]

ear transition. The figure is constructed as follows. First, a histogram of t
[A# , v# ]. Secondly, the histogram was convoluted with a Gaussian function
ted. This procedure was repeated as a function of [A# , v# ].
ucl
of
nf one attempts to apply this analysis to the calculated spectra
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10114N ELECTRON SPIN ECHO ENVELOPE MODULATION
f Figure 5A, then the spectrum atgx gives e2qQ 5 2.26
Hz, h 5 0.63, whereas that atgz givese2qQ 5 2.1 MHz,
5 0.843. Both calculated parameters differ from the in

alues ofe2qQ 5 2.1 MHz, h 5 0.6.4

Whenw . 1 in both a and b spin manifolds, the nucle
pin states in both manifolds are mostlymI states, and ESEE
rom both manifolds show the same characteristics as forb
anifold of the previous case. Therefore, one expects sp

o be dominated by two double-quantum transition lines,

4 The discrepancy of double-quantum frequencies in between orient

FIG. 5. 2D contour map of ESEEM simulation as a function of g-va
nd nuclear transition frequency. Simulation parameters: microwave
uency5 9.5 GHz,g 5 [2.3 2.01 1.8],A 5 [2.6 2.0 1.7] MHz,e2qQ 5 2.1
Hz, and h 5 0.6. ESEEM linewidth (Gaussian) is 0.05 MHz. Rela
rientations ofg-, hyperfine (A), and nuclear quadrupole (P) tensors are (A
\A\P, (B) g\A\yP, P-tensor rotates 15° fromg-tensor aboutgy, /( gz ;

ZZ) 5 158, and (C)g\P\yA, A-tensor rotates 15° fromg-tensor aboutgy,
( gz ; Az) 5 158. EPR linewidth is assumed to be zero.
uelective and spherically averaged spectra was noticed by Fukuiet al. (35).
t

tra
e

rom eachms spin manifold, while the single-quantum lin
rom both manifolds will be broad and weak. If the sing
uantum peaks from ESEEM spectra obtained at single-

al-like g-value positions (gx andgz) are detected, the analy
ill follow the previous case. Otherwise, the nuclear qua
ole coupling parameters may not be well determined.

(iv-b). Rhombic g- and hyperfine tensors (noncoaxial tens
igure 5B shows the effect on the14N ESEEM pattern of rotatin

he nuclear quadrupole axes, while preserving the coaxial o
ation of the nuclear hyperfine tensor withg-tensor, as in Fig. 5A
n the numerical calculation for Fig. 5B, the nuclear quadru
rincipal axis (PZZ) lies in thegx 2 gz plane (rotating about thegy

r PYY axis); the angle between thegz axis andPZZ axis is set to b
5°. In Fig. 5A, where all tensors are coaxial, the lines of

riangles are almost straight and represent single-frequency
ng points ((dn/ds)g 5 0, wheres represents the path satisfyi
(u, f) 5 g). As discussed in great detail in earlier analyse
rientation-selective ENDOR (1, 3–5), when the nuclear quadr
ole axes are rotated in thegx 2 gz plane (aboutgy) as in Fig. 5B

he mixing ofPXX andPZZ causes the peak represented by the
n Fig. 5A that connects [nnx, gx] and [nnz, gz] to split into two, and
he vertex frequencies no longer are given by Table 1. Comp
igs. 5A and 5B clearly shows this behavior forn2 andn3; for this
hoice of a modest rotation, the splitting is not well observe
he n1 band. If the nuclear quadrupole axis (PZZ) is located be
ween thegy andgz axes, the lines connecting [n2y, gy] and [n2z, gz]
or n2 band and [n3y, gy] and [n3z, gz] for n3 band are split instea
igure 5B shows that the pattern for the dq band also chang
ery similar ways to the fundamental bands of thea spin mani-
old. Because the quadrupole tensor is rotated in thegx 2 gz plane
aboutgy), the outermost turning-point curve connectinggx andgz

s split into two curves.
Figure 5C presents the ESEEM pattern when theg- and the

uclear quadrupole tensor remain coaxial, but the nu
yperfine tensor is rotated about thegy or Ay axis so that theAz

xis is ongx 2 gz plane. Compared with Fig. 5B where t
uclear quadrupole axes are rotated, the bands in thea mani-

old (n1, n2, n3) look the same in both cases because the pa
s determined by the relative orientation of the nuclear hy
ne and quadrupole tensors, but the dq bands in theb manifold

ook different because this pattern is determined by the rel
rientation of theg- and the hyperfine tensors. A closer look

he dq bands in Figs. 5B and 5C shows that the ov
ehavior of the ESEEM pattern is similar: the curves conn

ng [n dq x, gx] and [n dq z, gz] are split into two in both figures
When the three tensors,g, A, andP, are not all coaxial, th

SEEM pattern becomes still more complicated, with other
n Fig. 5A splitting upon rotations involving additional Eu
ngles (around otherg-tensor axes). The principles govern

hese effects are the same as those that determine orien
elective ENDOR pattern (1, 3–5). The procedures by which th
D patterns are fit involve generating the best possible descrn-

e-
sing coaxial tensors, then introducing the minimal number of
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102 LEE, DOAN, AND HOFFMAN
otations needed to satisfactorily describe the results. In the
endix we present sample ESEEM calculations in which no

nteraction tensors are coaxial (Fig. A1).

(v). 14N ESEEM of nitrogenase MoFe protein.The resting
tate FeMo-cofactor of the nitrogenase MoFe protein sho

5 3
2 EPR signal (g9x,y,z 5 4.33, 3.77, 2.01).Previous

SEEM studies of nitrogenase fromClostridium pasteurianum
ndAzotobacter vinelandii( Av1) revealed strong14N modu-

ations (23, 37, 38). In those studies, the ESEEM spectra w
ollected and analyzed at only a few g-value positions.
pectra showed four ESEEM lines, as is found under
ancellation conditions, and their approximate analysis wa
ased on the full orientation-selective ESEEM approach
chieve a complete analysis, we collected three-pulse, s

ated ESEEM spectra at numerous field positions acros
PR envelope ofAv1 as shown in Fig. 6A (t ; 200 ns, the

ime interval between the first and the second pulses)
entioned in Section (i-b), because the transformation to

itious spin S9 5 1
2 introduces anisotropic behavior into t

yperfine interaction even if the intrinsic coupling is isotro
he complete analysis of the nitrogenase14N ESEEM must b
erformed by following the method developed in Section
While the individual ESEEM spectra in Fig. 6A appear typ

f near cancellation, the 2D pattern exhibited by spectra coll
cross the EPR spectrum indicates a more complicated situ
ccording to the discussion of rhombic tensors in the ab
ections, from low to high frequency we assign then2, n3, andn1

ands to one electron-spin manifold and the dq band to the
anifold. As seen in the figure, atgx the 14N modulation is
ominated by then1 and dq bands. The 2D patterns forn2, n1, and
ost especially the dq band show a triangle-like shape char

stic of a rhombic 14N hyperfine interaction, with maximu
readth atgy. Note further that then2 and n3 bands cross eac
ther atg ; 2.2. Finally, the modulation almost disappears agz.

n addition to the strong peaks (shaded) in the wild-type (Fig.
nd mutant proteins (Fig. A2), there are also weak features. T
ould be single-quantum peaks, arising from orientation sele

TAB
ESEEM Frequencies of the Syste

g-value n 5 61

gx
b [4(2nN 6 Ax/2)2 1 (3 1 h) 2K 2] 1/2 { 23(1

1 (3
gy

c {3(1 1 h)K 1 [4(2nN 6 Ay/2)2

1 (3 2 h) 2K 2] 1/2}/2
{3(1 1

1 (3
gz

b 3K 1 [(2nN 6 Az/2)2 1 h 2K 2] 1/2 2[(2nN

a Either 1 or 2 indicatesms 5 21
2 or 11

2 electron spin manifold, respe
b Single-crystal-like spectrum.
c The frequencies represent only the orientation ofH o//y-axis out of all th
rom the electron manifold that gives the dq band. Howeve
p-
o

a

e
e
ar
ot
o
u-
he

s
c-

,

.
l
ed
on.
e

er

er-

)
se
n,

ecause more than one14N nucleus gives rise to the modulation
hese proteins, and the shaded features are enough to anal
pectra, we do not consider other features.
If we begin by assuming that all the interactions are coa

g*-, hyperfine, and nuclear quadrupole tensors), the first s
nalysis of the frequencies at the three vertices of the trian
atterns in the 2D (frequency vsg9) ESEEM; those frequen
ies, as measured from Fig. 6A, are collected in Table 2.
uclear quadrupole parameters then are obtained by ad
qs. [45] and [46] as

K 5 ~n1 1 n3!/6 5 0.54 MHz atg9z

h 5 1 2 ~n3 2 n2!/3K 5 0.59 atg9x.

he dq band is more sensitive to the hyperfine tensor va
nd from Muha’s frequency formulas (Table 1) (9, 35),

dq5 @4~2nN 1 A9x/ 2! 2 1 ~3 1 h! 2K 2# 1/ 2

5 3.65 MHz atg9x,

dq5 @4~2nN 1 A9y/ 2! 2 1 ~3 2 h! 2K 2# 1/ 2

5 3.31 MHz atg9y,

dq5 2@~2nN 1 A9z/ 2! 2 1 h 2K 2# 1/ 2

5 3.3 MHz atg9z,

hich gives [A9x, A9y, A9z] 5 [2.11, 1.93, 1.17]MHz. The
yperfine values thus obtained are in the fictitious spin re
entation. Since the intrinsic g-values (S 5 3

2) for Av1 deviate
egligibly from g 5 2.0, the intrinsic hyperfine values, a
alculated from Eq. [12], become

A9j 5 Ajg9j/gj 5 Ajg9j/ 2, [49]

hich gives [Ax, Ay, Az] 5 [0.98, 1.02, 1.14]MHz.
14

1
ith S 5 1

2 and I 5 1 for g//A//P

Frequenciesa

n 5 62 n 5 63

)K 1 [4(2nN 6 Ax/2)2

h) 2K 2] 1/2}/2
{3(1 2 h)K 1 [4(2nN 6 Ax/2)2

1 (3 1 h) 2K 2] 1/2}/2
K 2 [4(2nN 6 Ay/2)2

h) 2K 2] 1/2}/2
[4(2nN 6 Ay/2)2 1 (3 2 h) 2K 2] 1/2

Az/2)2 1 h 2K 2] 1/2 3K 2 [(2nN 6 Az/2)2 1 h 2K 2] 1/2

ely.

agnetic field orientations satisfyinghnMW 5 gyb eH o.
LE
m w

2 h
1
h)
2
6

ctiv
r, Using the equations presented above, theN ESEEM spec-
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ra were simulated with the values of the experimentally
ived nuclear quadrupole tensor and the hyperfine tensor
ontour map of the simulation is displayed on a 2D plot in
B. In the simulation, the pseudonuclear Zeeman effect

FIG. 6. (A) Field-dependent three-pulse ESEEM FT spectra obta
cross the EPR spectrum of wild-type MoFe protein and (B) correspo
imulation. Experimental conditions: microwave frequency, 9.547 GHz;t 5
24 ; 152 ns. Simulation parameters: A5 [0.98 1.02 1.14] MHz,e2qQ 5
.17 MHz, andh 5 0.59 witht 5 150 ns and a Gaussian linewidth of 0
Hz. All the tensors are coaxial. Data and simulation are reproduced
Cef. (22).
-
he
.
as

ncluded, but the14N nuclear hyperfine coupling constant is
mall to give rise to any observable effect (3gebeA/ 2gNbND 5
.075, seeEqs. [14] and [16]). The simulation with all tenso
oaxial shows a good fit to the experimental data, and this
onfirmed by extensive calculations with noncoaxial tens
hich were performed to test the assumption of coaxial
ors. The simulations yielded the intrinsic hyperfine interac
ensor, [Ax, Ay, Az] 5 [0.98 (0.03), 1.02 (0.03), 1.1
0.09)] MHz, and quadrupole parameters,e2qQ 5 2.17
0.13) MHz, and h 5 0.59 (0.07), with all tensors inde
oaxial with theg*-frame (fine structure) (Table 3). The u
ertainty of the rotation angles (noncoaxiality) is also inclu
n Table 3. The previous approximate analysis yielded q
upole values of,e2qQ 5 2.2 MHz andh 5 0.5 (23), in good
greement with those reported here.
For a system with noncoaxial tensor, the analytical ex

ion of the tensor values as above is not possible. But,
NDOR spectroscopy, we can still derive the values by
lating a 2D, [g, n], pattern using the procedure presente

he above Section (iv). In fact, the analysis of14N ESEEM from
ome mutants of the MoFe protein yielded noncoaxial ten
n some cases. Table 3 includes the hyperfine and quadr
arameters for several mutants of the wild-type MoFe pro

he experimental data and simulations for these mutant
isplayed in Fig. A2 of the Appendix.

EXPERIMENTAL

The nitrogenase MoFe protein was prepared as previ
escribed (39–41). Three-pulse or stimulated electron s
choes were obtained on a locally constructed pulsed
pectrometer described elsewhere, with pulse width of 1
nd pulse power of;1 W (42). Three-pulse ESEEM tim
omain data were collected by changing the time intervaT)
etween the second and the third pulses at 2K. The frequency
omain ESEEM spectra were obtained by Fourier transfo

ion (FT) of the time domain data. The FT was accompa
ith modified Mims’ “dead time” reconstruction routine (43).

TABLE 2
Observed X-Band 14N ESEEM Frequencies of MoFe Protein

g9-value

Frequency (MHz)

H (G) nN (MHz)n1 n2 n3 dq

.33 (g9x)
a 2.24 0.78 1.46 3.65 1587 0.488

.77 (g9y)
b 2.04 0.58 1.46 3.31 1796 0.553

.01 (g9z)
a 2.19 1.12 1.07 3.3 3412 1.050

a Single-crystal-like spectrum.
b The frequencies are the values at the vertices of each triangular E

and in 2D domain. (See Theory and Application.)

d
g

m

omputer simulation programs were written in MATLAB soft-
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are of The MathWorks, Inc. All calculations were perform
n PC compatible computers.

CONCLUSION

We have presented general equations for analyzing
ntation-selective14N (I 5 1) ESEEM from a Kramer
oublet withg-resolved EPR spectra. We first used them
eexamine the modulation amplitudes as a function of
uclear hyperfine (A) and quadrupole (K) coupling con
tants relative to the nuclear Zeeman interaction (nN) in the
ase of isotropic g- and hyperfine interaction. In additio
he well-known near/exact cancellation case that gives
o strong modulation for isotropic hyperfine coupling wh
/ 2 ; n N (A# ; 2), we find another condition,A# z v#
5A/K) 5 4 ; 5 (for A# $ 3), which gives rise to stron
odulation. Second, we described a general approach

TAB
14N Hyperfine and Nuclear Quadrupole Coupling Tenso

Mutantsb

Hyperfine couplingc

Tensor (MHz)d Orientatio

Wild-type
a-195Gln

a-96Lys

a-96Gln

0.98 (3), 1.02 (3), 1.14 (9) 0, 0

a-359Lys

a-195Asn

0.4 (1), 0.5 (3), 0.4 (3) f

a-381Leu

a-381Ile

a-381Val

0.4 (1), 0.6 (3), 0.4 (3) f

a Reproduced from Ref. (22).
b Each mutant MoFe protein is designated by the name of the subuna i

hree-letter code for the substituting amino acid in superscript form.
c The values in parentheses are the uncertainty limit in the last digits
d The tensor values are the intrinsic hyperfine coupling values (A int) in the
e Euler angles (a, b, g) with respect to theg-tensor frame. Limit of the u
f Because anisotropic portion of the hyperfine tensor is small,g and the h
nalysis of orientation-selective ESEEM spectra to permJ
ri-

o
e

o
e

the

nalysis for rhombicg- and nuclear hyperfine tensors. C
ulations of 2D, [g, v], 14N ESEEM patterns were presen
n the cases of coaxial and noncoaxial tensors (g-, nuclear
yperfine, and quadrupole tensors). Analytical solut
ere derived for the14N-hyperfine and the quadrupole te
ors when the tensors are coaxial with theg-tensor referenc
rame. Finally, based on the procedure developed, the14N
SEEM of nitrogenase MoFe protein and several of
utants was analyzed to obtain the hyperfine and nu
uadrupole tensor for14N nuclei that interact with th
eMo-cofactor.
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3
of Wild-Type and Mutant Nitrogenase MoFe Proteinsa

Nuclear quadrupole couplingc

)e e2qQ h Orientation (°)e

2.17 (13) 0.59 (7) 0, 0, 0

3.5 (1) 0.35 (5) 0, 60, 20

3.4 (1) 0.40 (5)
0, 60, 20

is case), the number of the amino acid position substituted, followed b

l spin,S 5 3
2, representation (See Eq. [49]).

rtainty is610° (26, 27).
rfine tensors are set to be coaxial.
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itohnson for the nitrogenase samples.
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APPENDIX

FIG. A1. 2D contour map of ESEEM simulation as a function ofg-value and nuclear transition frequency. Simulation Parameters: microwave freq
9.5 GHz,g 5 [2.3 2.01 1.8],A 5 [2.6 2.0 1.7] MHz,e2qQ 5 2.1 MHz, andh 5 0.6. ESEEM linewidth (Gaussian) is 0.05 MHz. Relative orientation

-, hyperfine (A), and nuclear quadrupole (P) tensors are (A)g iy A i P, Euler angles (a, b, g) (26, 27) ofA- andP-tensors with respect tog-tensor, [0 15° 0]
B) g iy A iy P, Euler angles ofA-tensor, [15° 0 0], Euler angles ofP-tensor with respect tog-tensor, [0 15° 0], (C)g iy A i P, Euler angles ofA- andP-tensors
ith respect tog-tensor, [15° 15° 0], and (D)g iy A iy P, Euler angles ofA-tensor, [20° 20° 0], Euler angles ofP-tensor with respect tog-tensor, [10 10° 0]. EP
inewidth is assumed as zero.
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FIG. A2. Field-dependent three-pulse ESEEM FT spectra obtained across the EPR spectra of the (A)a-359Lys and (C)a-381Leu MoFe proteins and (B, D
orresponding simulations. Experimental conditions: microwave frequency, (A) 9.640 and (C) 9.611 GHz;t 5 124; 152 ns. Simulation parameters:t 5 150
s, for (B)A 5 [0.4 0.5 0.4] MHz,e2qQ 5 3.5 MHz, andh 5 0.35, and for (D)A 5 [0.4 0.6 0.4] MHz,e2qQ 5 3.4 MHz, andh 5 0.40. In the simulations
- and the hyperfine tensors are coaxial and Euler angles (a, b, g) of nuclear quadrupole tensor with respect tog-tensor are [0° 60° 20°] in both mutants.

aussian linewidth of 0.05 MHz are used. Data and simulation are reproduced from ref. 22.
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