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Abstract

We extend earlier studies of the effects of relaxation on the intensities of pulsed ENDOR signals by introducing a Davies/Hahn (D/H)
pulsed ENDOR multi-sequence that corresponds to a series of Davies sequences with the preparation pulse ‘turned off’. In this pulse
train, the Hahn [r/2, rt] detection pulse pair of sequence n—1 both generates the echo detected for that sequence and acts as the prep-
aration portion of sequence n, in effect replacing the n preparation pulse of the Davies sequence. We show both theoretically, through a
master-equation approach, and with both 'H(/ = 1/2) and "*N (I = 1) ENDOR experiments on the non-heme Fe enzymes, superoxide
reductase (SOR) (S = 1/2) and AntDO (S = 3/2), that under conditions of high electron—spin polarization (high microwave frequency/
low temperature) the D/H multi-sequence allows simplification of ENDOR spectra by suppression of nuclear transitions associated with
the mg = +1/2 («) manifold. As such suppression depends on the sign of A4, it allows determination of this sign. The suppression as a
function of the time between individual sequences is found to exhibit behaviors that can be classified into three regimes of the ratio
of cross-relaxation to spin-lattice relaxation rates: strong cross-relaxation (X-case); comparable rates (XL); negligible cross relaxation
(L). Interestingly, the ENDOR behavior of the S =1/2 SOR center indicates it is an L case, while the S = 3/2 AntDO is an XL case.

Overall, the D/H protocol appears to be a robust and general tool for using relaxation effects to manipulate ENDOR spectra.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The most widely used pulsed-ENDOR sequences were
devised by Mims[1], and Davies [2], although modified pulse
sequences have been described [3-5]. These two sequences
are well known to allow simplification of ENDOR spectra
through suppression of signals where the magnitude of the
hyperfine coupling (A4) falls in a selected range. Thus,
changing the pulse lengths in a Davies-type ENDOR exper-
iment yields suppression effects known as self-ELDOR
(electron—electron double resonance) or POSHE (proton
suppression, heteronuclear enhancement) [4,6]. Variation
in the interval between the Ist and 2nd microwave pulse of

* Corresponding author. Fax: +1 847 491 7713.
E-mail address: bmh@northwestern.edu (B.M. Hoffman).

1090-7807/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2006.05.011

a Mims sequence offers a more delicate means of suppres-
sion based on the magnitude of A. It is also possible to sim-
plify ENDOR spectra in ways that depend on the sign of 4.
An ENDOR spectrum from a hyperfine-coupled nucleus
consists of branches at frequencies, v, =|A/2 & vx|. One
of these is associated with the mg = +1/2 («) electron spin
projection and the other with mg= —1/2 (B); which
value of myg is associated with v_/v_ is determined by the
sign of A. Complete suppression of one of the two branch-
es can be achieved through use of circularly polarized
radio frequency (RF) fields [7]. The effects of electron/
nuclear relaxation also can cause unequal intensities of
the v, /v_ branches, and it has long been clear that this is
related to relaxation effects that are linked to the sign of
A [8-10].

The systematic treatment of these effects was initiated
by Bennebroek et al., who observed an ‘“‘anomalous”
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positive sign in Mims ENDOR experiments carried out
under conditions of high electron—spin polarization. This
was interpreted as an effect of spin-lattice relaxation
[11]. A thorough analysis of such effects in Davies-type
experiments was presented by Epel et al. [12]. They
showed that the absolute signs of the electron—nuclear
hyperfine coupling constant can be determined by varying
the mixing time (#y;) and/or repetition time (7g) in a
Davies pulsed ENDOR multi-sequence (Scheme 1). Their
analysis explains the effects previously observed in pulsed
ENDOR, and the approach is a very attractive addition to
earlier pulse “TRIPLE’ ENDOR techniques for sign deter-
mination. Those either utilize a second microwave or RF
source [4,13], or rely on heteronuclear modulation effects
[14]. The present work grows out of an unsuccessful
attempt to use the Davies multi-sequence to determine
the signs of hyperfine couplings in the S = 3/2 nitrosyl-fer-
rous [NO-Fe''] center of the non-heme Fe enzyme anthra-
nilate dioxygenase, AntDO [15,16]. These attempts have
led us to extend the work of Epel et al. by introducing a
Davies/Hahn (D/H) pulsed ENDOR multi-sequence,
Scheme 1, that also allows simplification of ENDOR spec-
tra by suppression effects that depend on the sign of 4,
and thereby allows determination of this sign. We follow
the approach of Epel et al. in presenting a general mas-
ter-equation model for the ENDOR intensities of this
multi-sequence as applied to the four-level system of a
nuclear spin 7= 1/2 coupled to an electron spin S = 1/2;
the treatment includes the effects of spin—lattice and cross
relaxation and electron—spin polarization. The model indi-
cates that the relative intensities of the v,/v_ branches in
the D/H multi-sequence vary with g in a fashion that
depends on the sign of 4. The practical utility of the
scheme is illustrated by application to the "H ENDOR sig-
nals from the non-heme-Fe(IIl) enzymes, superoxide-re-
ductase (SOR) [17] and [NO-Fe']-AntDO. Further, the
D/H multi-sequence is shown to be effective in controlling
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the intensities of the v,/v_ branches of *N(I = 1) signals
from [NO-Fe''-AntDO, and thereby yields the signs of
the "N couplings, as well. Thus, this protocol appears
to be a robust and general tool for using relaxation effects
to manipulate ENDOR spectra.

2. Theory

In the Davies ENDOR pulse multi-sequence [12],
Scheme 1, a preparation m pulse is repeated in each
sequence with a delay interval of fg, and drives the system
to a non-thermal-equilibrium steady state after multiple
repetitions of the individual cycles. The D/H multi-se-
quence is programmed as multiple Davies sequences sepa-
rated by delay time, fg, but with the preparation n pulse
‘turned off’. In this pulse train, the Hahn detection pulse
pair of sequence n—1 not only generates the echo detected
for that sequence, but also acts as the preparation portion
of sequence n, in effect replacing the © preparation pulse of
the Davies sequence. The pair is equivalent to a single n/2
pulse, rather than the Davies & pulse, if relaxation between
the two Hahn pulses is ignored. Thus it is the Hahn pairs of
a D/H multi-sequence that act to drive the system to a non-
thermal-equilibrium steady state.

We wish to determine the fz dependence of the D/H
multi-sequence applied to a system with electron spin
S = 1/2 and nuclear spin I = 1/2. The energy levels of this
system in the high-field limit can be described by Fig. 1: the
electronic Zeeman interaction splits the mg= 4+1/2 mani-
folds, which are further split into |mg, my;) states by the
smaller hyperfine interaction and nuclear Zeeman terms.
The populations of the four |mg, m;) states at any time (7)
are written in vector form, n(t) = (n(7), n(1), n3(1),
ny(t))" (where T is the transpose of the column vector).
The electronic relaxation rates W (= Wia, Way, Was, or
W,3), cross relaxation rates W (= Wiia, Wiar, Wias, or
Wy3,), and nuclear relaxation rates W,; (= W13, Wi,
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Fig. 1. Energy level diagram at high magnetic field for the system with
S =1/2 and I = 1/2 where n,(¢) indicates the total spins at time ¢ in state i.
And the electronic, nuclear, and crossing relaxation rates between i and j
states are symbolized as W, W,, and W, respectively.

W04, Oor W,45) describe the dissipative transitions between
states i and j.

Thermal equilibrium, characterized by Boltzmann pop-
ulations, ny = (1110, 120, N30, Mao) ', is achieved by a balance
of relaxation rates as defined in Fig. 1. At the microwave
frequencies used in EPR, even at low temperature, the
nuclear splittings are much smaller than thermal energies.
Thus, the thermal-equilibrium populations may be

described as
nio = N30, N20 = H4o

Thermal equilibrium implies the following relation between
populations, relaxation rates, and temperature

n /4 W, ,
20 712 Tald | (~hy/kT) (1)
no Wy W

where hv is the Zeeman energy splitting between mg = +1/2
states, and k is the Boltzmann constant. We further assume
that the relaxation rates obey the relations,

Wi =W, War = Wa3, Wazo = Weia, Was = W,
Wiz =W =Wya =Wy =W,,
Tie= Wi+ Wy)"' =Wt Wi

In the absence of time-varying fields, the populations vary
with time according to the master equation [18],

dn(t)/dt = —I'n(t), or n(t)=e "' n(t=0) (2)

where I' is the relaxation matrix,

Wi+ W,+ W
W W+ Was+ W,
W, W
—Wa W,

_W21 _Wn

M x32

Wiy

Wyt Wi+ Wiy

and n(t = 0) is the initial population vector. In the applica-
tion of the multi-Davies sequence to control asymmetry of
the v/v_ branches, Epel et al. consider varying both the
mixing and repetition times, 7, fr. In the D/H sequence,
we focus on the repetition time ¢z as the interval to be
examined. As fg is on the order of milliseconds while
[T+ tmix] typically is ~60 ps, we set [T+ tux] =0 in our
calculations.

Following the development of Epel et al., to model the
D/H experiment we assume a selective microwave pulse
excites the mg= —1/2 <> 1/2 transition associated with
the nuclear spin quantum number m; = —1/2; the results
are the same for if we treat the m; = +1/2 transition. The
propagator Pp, of a two-pulse Hahn echo [r/2 — n] detec-
tion pulse sequence applied to the m;= —1/2 transition
of a system with spin populations n(t) can be expressed
by the matrix,

Pp =

O RI— v
- O O

0
0
0
1

o
O O RI= =

0

if relaxation between the two pulses is ignored. We further
assume an inverting (n) RF pulse, in which case the RF
propagators for NMR transitions in the mg=1/2 (2) and
—1/2 (P) electron manifolds are, respectively,

1 0 0 O 0 01 0

: 0 0 0 1 5 01 00
P = and P, =

0 0 1 1 0 0 O

01 00 0 0 0 1

The steady-state populations in the nth of a series of D/H
sequences, just before applying the Hahn detection pulses,
can be described by steady-state equations,

e '™ Ppn(tg) = n(tr) (3a)
Pff CirtR PD n(tR) = ﬂ(tR) (3b)
Ple”™ Ppon(tg) = n(tg) (3¢)

These correspond to measurements with “rf off”” (Eq. (3a)),
“rf on” for nuclear transitions in the mg=+1/2 () (Eq.
(3b)), and for ms = —1/2 (B) (Eq. (3c)) nuclear transitions,
respectively. The echo intensity is given by

Teeho (1) = n1(tr) — na(tr) 4)

and the ENDOR effect (EE) [19] is equal to the difference
of the echo intensity between “rf on” and “rf off”’; for

W
—w,
W4
Wi + W, + W
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example, for a nuclear transition in the mg=-+1/2
manifold,
EE*(tr) = T (1R) — Iogho (iR) (5)

echo
3. Calculation

Egs. (1-5) were used to calculate the ENDOR effect EE
as a function of the repetition time rg, for the D/H multi-
sequence over a range of relaxation parameters; the calcu-
lations were performed to model our experiments at
T=2K with v=35GHz, corresponding to the ratio
Bg = hv/kT = 0.84. This ratio in fact is the same as that
used by Epel et al. in describing their W-band experiments
(95 GHz) at 5.5 K. Stated differently, the electron—spin
polarization in W-band experiments at 5.5 K is the same
as in Q-band experiments at 2 K. As the echo is measured
in every sequence, for the average echo intensity to reflect
the true steady state described by these equations, the
steady state of Eq. (3) should be reached within a small
number of sequences relative to the total number. In fact,
the simulation converges very quickly; after just three
cycles, the spin populations generally reach ~96% of their
steady state values. Therefore, a multi-sequence in which
we collect N =50 or more echoes for each ENDOR fre-
quency in each frequency scan will provide reliable results.

In the calculation, four parameters must be input,
Bs = 0.84 here, Tye, W, and W (= Wiz + Wiza = Wig +
W.41). For a metalloprotein at 2 K, the nuclear relaxation
rate normally is much slower than that of electrons. There-
fore, we ignore the nuclear term, W, =0, and examine
three different cases: (i) strong cross-relaxation (X-case),
W,.> W, (= T;}); (ii) comparable cross and spin-lattice
relaxation (XL-case), W, ~ W,; (iii) weak cross-relaxation
(L), W< W,. We set T\, =7 ms, an approximate value
measured from an inversion recovery experiment. The
ENDOR effects vs. repetition time calculated for the three
cases are shown in Fig. 2 with total spin populations
normalized to 1.

The calculations show that two features always hold: (1)
the phase of the mg= —1/2 ENDOR transition is positive
while that from the mg= 1/2 state can be either positive,
zero, or negative depending on the relaxation rates W,
and W, and tg, etc., where the phase is defined relative
to the positive-phase two-pulse Hahn echo described in
Eq. (9).(2) EE” > EE* (algebraically) for any #g. As a result
of these findings, if the D/H sequence causes a substantial
asymmetry in the intensities of the v /v_ branches, the sign
of A can be read off without comparison to calculations.
Interestingly, in the Davies multi-sequence, both branches
of the spectrum can have either positive or negative phase,
depending on the relaxation parameters. Although this
analysis of the D/H scheme, as is that of Epel et al. for
the Davies scheme, is formulated for a nucleus with
I=1/2, it is to be expected that the predictions will be
semi-quantitatively applicable to '*N(7=1); we show
below that this is the case.

a EE.
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Fig. 2. The intensities of ENDOR Effect (EE) vs. the repetition time fg
were calculated from Eq. (1-5) with T, = W;‘ =7ms, W,=10"""ms™".
Other relaxation parameters are: (a) X-case. W, =100 W,; (b) XL-case.
W,.=0.3 W, (c) L-case. W, = 10~° W.. The microwave frequency and
temperature were set at 35 GHz and 2 K, respectively.

4. Experimental results and discussion

Fe(III)-CN SOR has a ferric non-heme Fe(IIl) center
with four histidyl nitrogen ligands forming a plane, a
cysteinyl thiolate as one axial ligand, and CN™ as the other.
Fig. 3 shows 35GHz '"H ENDOR spectra collected at
g =1.94 (~g3); the indicated v,/v_ doublets for the two
cysteinyl f§ protons have A(H1,2) ~ 15, 8 MHz. The Davies
spectrum taken with fg = 10 ms, which has excellent S/N,
has the intensity of the v_ peak of H1 clearly greater than
that of v4. This ratio does not change appreciably with a
decrease to tgr =2 ms, while S/N clearly is appreciably
reduced; increases in tg increase the S/N slightly, without
additional change in the vy/v_ intensity ratio. Thus, the
sign of A is not accessible with this sequence. However,
in the spectrum taken with the D/H multi-sequence at
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Fig. 3. Q-band pulsed 'H ENDOR spectra for SOR-CN. The top two
spectra were collected with the Davies sequence (g =2, 10 ms), the
bottom one with the D/H multi-sequence (fg =2 ms). Conditions:
mw = 34.685 GHz, n/2=40ns; RF =100 us with 100 kHz bandwidth
broadened; resolution = 256 points; data average = 2000 transients/point;
T=2K.

tr = 2 ms, the v, peak of H1 retains its positive sense while
the v_ peak has inverted. According to the above calcula-
tion, this identifies v, with the mg= —1/2 (B) transition,
and thus fixes the sign of the hyperfine coupling:
A(H1) =415 MHz. Although we did not experimentally
examine the entire accessible range, 2 ms < tg <20 ms for
the D/H multi-sequence applied to the 'H ENDOR signals
from SOR-CN, the observation that the v4 and v_ peaks
have opposite phase but similar intensities in the D/H
experiment suggests that cross-relaxation in this S =1/2
center is negligible, and that the Fe(III) S = 1/2 center is
described by the case (L) of Fig. 2c.

The present work began with the study of AntDO. Bind-
ing the O,-surrogate, NO, to a non-heme Fe(Il) enzyme
such as AntDO produces an S = 3/2 center that is quite
amenable to ENDOR study [20,21]. The coordination
sphere of the Fe of NO-AntDO is thought to include the
NO, one solvent (OH,), the nitrogens of two histidyl imi-
dazoles, and the oxygen(s) of an aspartate carboxylate
[15,16]. Fig. 4 (top) shows the complete conventional
35 GHz Davies pulsed ENDOR spectrum of this enzyme
collected at 2 K; the field corresponds to g =4.13 (close
to g;) where the proton Larmor frequency is vy ~ 25 MHz.
The spectrum shows numerous 'H doublets centered at vy
and split by hyperfine couplings as large as 4 ~ 20 MHz.
To lower frequencies, v < 17 MHz, are two clusters of
resonance from the coordinated '*N; it is not possible to
know whether additional N features are obscured by
the proton resonances. The figure includes a putative

15 ms

10 20 MHz 30

Fig. 4. Q-band ENDOR spectra for natural abundance AntDO were
collected with the standard Davies sequence (tg = 10 ms) (top) and for the
D/H multi-sequence as a function of repetition time, tz (all other).
Conditions: mw = 34.807 GHz, ©/2 =40 ns; RF pulse (T) = fmix = 10 s,
resolution = 256 points; data average = 500 transients/point; 7 =2 K.

assignment of the two sets of '*N signals as the v, and
v_ branches of the spectrum from one or more "N in
which the pattern is centered at A('*N)/2 and split by
2vy, each branch with a further quadrupole splitting, 3P:
vi(E) = |4/2 &= vy &= 3P/2|. However, it is also possible that
the low frequency branches (v_) of spectra from bound
nitrogen(s) are suppressed by relaxation effects in these
spectra collected at 2 K and 35 GHz [8,9]. If this is happen-
ing here, the 4N features assigned as ‘v’ and ‘v_’ branches
might alternatively be the v4 branches of non-equivalent
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histidines, neither of which shows a v_ branch with signif-
icant intensity.

We attempted to resolve these questions through use of
the multi-Davies sequence of Scheme 1 to vary the asym-
metry between the intensities of 'H and '*N v, and
v_ branches. However, in experiments performed with val-
ues for 2 < g < 20 ms, we could neither generate substan-
tial asymmetry of the 'H signals nor modify the '*N spectra
(Fig 1S); this is illustrated in a sample Davies ENDOR
spectrum of AntDO with g = 10 ms given at the top of
Fig. 4. This difficulty led us to vary the length of the prep-
aration pulse within the Davies sequence, as well as [fg,
I'mix)- In this exploration we arrived at the D/H multi-se-
quence which is able to generate asymmetries not only
for the I = 1/2 proton signals of AntDO, but also to con-
trollably generate asymmetries for the 7=1 "N signals,
and thereby to resolve the questions posed about the Ant-
DO Davies spectrum.

Application of the multi-D/H sequence to AntDO for
repetition times, 2 <tg <20 ms gave spectra shown in
Fig. 4. Over the entire range of ¢, this sequence suppresses
the v_ branch of the 'H signals with A 2 5 MHz. Accord-
ing to the analysis above, this shows that v, for these pro-
tons must correspond to the mg= —1/2 () branch, and
therefore 4(H) > 0 for all the strongly coupled protons.

Unsurprisingly, the D/H multi-sequence also modulates
the relative intensities of the '“N features assigned as the
v4/v_ branches. In addition, and presumably because of
quadrupolar relaxation effects for the /=1 nucleus that
do not occur for the 7= 1/2 proton, it also is possible to
control the v, /v_ intensity ratio with the D/H sequence
through variation of tg. The branch assigned as v retains
its positive phase over the entire range of fg, decreasing in
intensity somewhat as fg is lengthened from 2 to 20 ms.
However, the v_ branch has a negative phase at 2 ms.
These resonances slowly increase (algebraically) in intensity
as tg increases; depending upon which feature is consid-
ered, it crosses zero somewhere about 10 ms. However,
the intensity of this branch always is less than that of the
vy branch. First, this behavior confirms the assignment of
the two groups of features as v;/v_ branches, rather than
as v branches from distinct types of '*N. Second, as with
the strongly coupled protons, this behavior shows that
v ("*N) must correspond to nuclear transitions associated
with the mg= —1/2 () state, and thus demonstrates that
A("N) > 0. In work to be published elsewhere we have
been able to assign the '*N peaks to '“N-histidine and to
"“NO. This involved the use of >N labelling, and relied
not only on the manipulation of the nitrogen intensities,
but on suppression of the v_ branch of the 1H ENDOR
spectrum, which allowed us to resolve >N peaks which
would have otherwise masked by the proton v_ branch.

The calculational scheme presented above for I=1/2
can be used heuristically to discuss the "N results, and
thereby to assess the relaxation parameters of AntDO, pro-
vided we recognize that the values used must be incorporat-
ing the influence of the nuclear relaxation, and keep in

mind that the simulations also do not incorporate relaxa-
tion mechanisms such as spectral and spin diffusion.
Indeed, the measurement of 7', from an inversion recovery
experiment likely suffers from the same difficulty. The plot
of calculated ENDOR effects with comparable values for
spin—lattice and cross-relaxation rates, case (XL) Fig. 2b,
seems to best reflect the variation with ¢ of the D/H mul-
ti-sequence '“N signals that is presented in Fig. 4. Thus,
unsurprisingly, the relaxation behaviors of the [NO-Fe(II)]
(8 =3/2) (strong cross-relaxation) center of AntDO and
the Fe(III) (S = 1/2) of SOR-CN (negligible cross-relaxa-
tion) are quite different.

We can learn more about the relaxation by asking, why
doesn’t the Davies multi-sequence work for the '*N of
AntDO? We have used the equations of Epel et al. to explore
this question by simulating the Davies experiment. If we con-
sider the case with comparable spin—lattice and cross-relaxa-
tion rates and use the same parameters used to create Fig. 2b,
the simulated result, Fig. S2a, shows a slight negative phase
for mg = —1/2 () transitions at short g, contrary to exper-
iment. However, if we use T, = 1 ms, rather than the nom-
inal measured value of 7ms, Fig. S2b-c, we achieve a
reasonable fit to both the D/H and Davies experimental
results, with negative phase for the « transitions in the D/H
sequence but not for the Davies sequences. Therefore, the
simulation parameters allow semi-quantitative understand-
ing (correct order of the electronic relaxation rates), and
the simulations do reflect the complementary nature of the
two multi-sequences.

5. Summary

The D/H multi-sequence of Scheme 1 is found to be a
robust and general way of modulating the intensities of
the v4/v_ branches of a pulsed ENDOR spectrum from
an electron spin-polarized system in a way that allows a
determination of the sign of the hyperfine coupling of a
coupled nucleus. The master-equation description of this
sequence was carried out for an electron spin S = 1/2 cou-
pled to a nuclear spin of I = 1/2, and verification has been
obtained from "H ENDOR spectra of the non-heme Fe
center, SOR-CN. In addition the D/H sequence has been
successfully applied to the 'H and '*N ENDOR spectra
of the S = 3/2 [NO-Fe(II)] center of AntDO. The suppres-
sion as a function of g is found to exhibit behaviors that
can be classified into three regimes of the ratio of cross-re-
laxation to spin—lattice relaxation rates: strong cross-relax-
ation (X-case); comparable rates (XL); negligible cross
relaxation (L). Interestingly, the ENDOR behavior of the
S =1/2 SOR center indicates it is an L case, while the
S =3/2 AntDO is an XL case.

Acknowledgments
This work was supported by the NIH (HL13531). We

thank Profs. Donald Kurtz and Michael Johnson for the
enzyme samples.



286 T.-C. Yang, B.M. Hoffman | Journal of Magnetic Resonance 181 (2006) 280-286

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/jjmr.
2006.05.011.
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