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The underlying causes of asymmetric intensities in Davies pulsed ENDOR spectra that are associated with
the signs of the hyperfine interaction are reinvestigated. The intensity variations in these asymmetric
ENDOR patterns are best described as shifts in an apparent baseline intensity that occurs dynamically fol-
lowing on-resonance ENDOR transitions. We have developed an extremely straightforward multi-
sequence protocol that is capable of giving the sign of the hyperfine interaction by probing a single
ENDOR transition, without reference to its partner transition. This technique, Pulsed ENDOR Saturation
and Recovery (PESTRE) monitors dynamic shifts in the ‘baseline’ following measurements at a single
RF frequency (single ENDOR peak), rather than observing anomalous ENDOR intensity differences
between the two branches of an ENDOR response. These baseline shifts, referred to as dynamic reference
levels (DRLs), can be directly tied to the electron-spin manifold from which that ENDOR transition arises.
The application of this protocol is demonstrated on 57Fe ENDOR of a 2Fe–2S ferredoxin. We use the 14N
ENDOR transitions of the S = 3/2[Fe(II)NO]2+ center of the non-heme iron enzyme, anthranilate dioxygen-
ase (AntDO) to examine the details of the relaxation model using PESTRE.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Recent studies have demonstrated that under certain conditions
it is possible to extract the absolute signs of hyperfine interactions
(HFI) from electron-nuclear double resonance (ENDOR) experi-
ments [1]. It has long been known that this is possible for high-spin
systems if one can measure the pseudonuclear Zeeman effect, a dif-
ference between the expected and observed nuclear Zeeman fre-
quency, mN [2]. More generally, and more recently, procedures to
extract HFI signs have been developed based on the observation
of ‘anomalous’ (vide infra) ENDOR intensity differences between
the two ENDOR branches, denoted m+ and m�, of an I = 1/2 nucleus
hyperfine-coupled to a S = 1/2 spin. Bennebroek and Schmidt [1]
first provided an explanation of intensities in the pulsed Mims EN-
DOR spectra of 107Ag and 109Ag obtained at 95 GHz and 1.2 K for
self-trapped hole complexes in AgCl crystals. Their key insight
was that HFI sign information is dynamically impressed on the
electron-spin-echo (ESE) response producing m+/m� intensity asym-
metries of ENDOR spectra, through the effects of spin relaxation
and electron-spin polarization. Epel et al. [3] extended this work
to a wider range of experimental conditions in Davies ENDOR
experiments. They described how various regimes of relaxation
rates (times) W1 ¼ T�1

1 ;WX ¼ T�1
X , and WN = T�1

N (defined in Fig. 1)
ll rights reserved.
combined with variations in pulse intervals, tMix and tWait (defined
in Fig. 2) lead to anomalous/unequal steady-state Davies ENDOR
intensities for the two ENDOR transitions that can be analyzed to
yield hyperfine signs. Subsequent papers by Yang and Hoffman
[4] and Morton et al. [5] extended the work of Epel et al. to focus
on super/multi-sequence effects where the anomalous steady-state
intensities within a spectrum are generated through pulse multi-
sequences rather than the earlier focus on the timing intervals
within a single sequence. Morton et al. provide suggestions regard-
ing the relative efficacies of the various techniques in samples with
different relaxation characteristics.

The techniques covered by Epel et al., Yang and Hoffman, and
Morton et al. employ traditional ‘swept’ Davies ENDOR measure-
ments in which a spectrum is generated by collecting and sum-
ming/averaging the echoes from one or more ENDOR sequences
for a given radio frequency (RF) and then incrementing/decrement-
ing the RF to the adjacent frequency, repeating this process
sequentially across the desired RF range. To improve the S/N ratio,
multiple scans are collected by repeating this process. ENDOR
intensities in the resulting spectra are measured by comparing
the averaged echo intensities collected when the RF is on-reso-
nance with an NMR transition to that for a ‘baseline’ value ob-
tained when the RF is off-resonance for all NMR transitions.
Intensities in such spectra are called anomalous when the relative
intensities of the m+/m� transitions thus defined differ from those
predicted by Boltzmann intensity factors.
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Fig. 1. Upper: ENERGY level diagram for the S = 1/2, I = 1/2 spin system with EPR
and NMR transitions. Lower: Relaxation pathways and rate constant labels for the
electron-spin–lattice relaxation (W1 = T�1

1 ), electron-nuclear cross relaxation
(WX = T�1

X ) and nuclear relaxation mechanisms (WN = T�1
N ).

Fig. 3. 57Fe Davies ENDOR spectra of a 2Fe–2S cluster at 35 GHz and 2 K showing
the effects of sweep artifacts on the appearance of the spectra. The top two panels
are RF frequency swept low-to-high (upper) and high-to-low (lower). The bottom
panel shows the improvement obtained via random-hopping of the RF excitation
frequency. Conditions: microwave frequency 34.79 GHz, magnetic field, 1259 mT,
microwave pulse lengths, 120 ns, 60 ns, 120 ns, RF pulse length 30 ls, repetition
time 100 ms.
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One important limitation of these procedures is that they re-
quire the observation of both m+ and m� branches of the spectrum,
and often this is not feasible, for example because of overlap or in
the case where m�? 0. Of far greater significance, all of these pro-
cedures fail in the numerous cases where spectra include not
merely intensity anomalies for well-defined m+/m� pairs but also
major distortions, such as the appearance of negative and positive
ENDOR responses, and where the behavior depends on the sweep
direction. These distortions can be so severe that there is no
well-defined ‘baseline’ and it is impossible even to determine the
frequencies of the underlying NMR transitions. Observation of
these types of relaxation artifacts in packet-shifting ENDOR mea-
surements dates back to the original paper of Feher [6]. One exam-
ple of this extreme type of anomalous ENDOR spectrum is shown
in Fig. 3, which presents the Davies ENDOR response of the 57Fe
ions in a 2Fe–2S ferredoxin as recorded at 35 GHz and 2 K at a field
position between g1 (2.025) and g2 (1.938). The low-to-high (plus)
and high-to-low (minus) linear sweeps have regions in the spectra
that are positive for one direction and negative for the other, rela-
tive to the off-resonance baseline. For the frequency marked with
an ‘�’, a peak maximum in the plus-direction scan (top) actually
corresponds to a peak minimum in the minus direction scan (mid-
dle). Such sweep distortions can be eliminated (Fig. 3, bottom) by
using random-hop RF excitation [7,8] which is a variation of the
stochastic ENDOR approach suggested by Brüggemann and Niklas
[9]. For example, note that the (�) peak corresponds to the maxi-
mum ENDOR intensity in the randomly-hopped spectrum. The
spectrum can now be assigned as a pair of peaks at lower fre-
quency assigned to the Fe(II) ion site and an orientation-selective
pattern for the Fe(III) ion due to a rotation of the hyperfine tensor
Fig. 2. Davies ENDOR pulse sequence diagra
relative to the g tensor. A more extensive discussion of these
assignments is given in Section 4. The price of the random-hopped
protocol is that it eliminates all anomalous ENDOR intensities, and
therefore hides the much-desired hyperfine sign information.

We now present a new approach to the study of how relaxation
effects lead to anomalous intensities in swept ENDOR spectra. By
combining aspects of both the dynamic and steady-state ap-
proaches, we find that HFI signs are most robustly measured by
monitoring the return of the ESE intensity to its RF-off steady-state
(‘baseline’) value during a train of ESE sequences without RF that
follows a train of Davies sequences with on-resonance NMR pulses
at a fixed frequency. Literally, this method involves studying sweep
artifacts, such as those described in Fig. 3, rather than the ENDOR
itself. The new experimental protocol, denoted Pulsed ENDOR Sat-
uration and Recovery (PESTRE), produces intensity signatures that
are easily correlated with the anomalous ENDOR intensities and
can be used to assign hyperfine signs unambiguously even when
only a single branch of the ENDOR pattern is observable. This alone
m with definitions of tMix, tWait, and tR.
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is a major advance, as all previous techniques require a comparison
either of the frequencies or intensities of m+/m� pairs. In addition,
we are able to explain the nature of anomalous ENDOR intensities
and provide a more precise method to measure the rates of nucle-
ar/cross relaxation. It will be seen that a key step in developing this
approach is a precise definition of multiple ESE and ENDOR ‘base-
lines.’ To demonstrate the PESTRE experiment, PESTRE traces are
measured for two of the 57Fe peaks from the 2Fe–2S center whose
ENDOR spectrum is shown in Fig. 3. To test the model of the PES-
TRE protocol, we reexamine the relaxation characteristics [4,5] of
the S = 3/2 [Fe(II)NO]2+ center of the non-heme iron enzyme,
anthranilate dioxygenase (AntDO) [10].
2. Modeling the Davies ENDOR response

2.1. Formulation

The frequencies of the two ENDOR transitions in a S = 1/2, I = 1/
2 coupled system are given to first-order by

m� ¼ jgNbNB0 �MSAj ð1Þ

where |gNbNB0| is the Larmor frequency (mN) of the nucleus at the
observing static field B0; m+ always refers to the peak at the higher
NMR frequency and m� to the lower-frequency transition, regardless
of the sign of A. In the absence of any additional information, the
sign of A cannot be determined from knowledge of these two fre-
quencies. The question, ‘What is the sign of A?’, instead is answered
by determining which of the m+/m� transitions is associated with the
b(MS = �1/2; lower energy) electron-spin (ES) manifold of electron-
nuclear states and which transition with a(MS = +1/2).

A standard Davies ENDOR pulse sequence [11] (Fig. 2) consists
of a selective microwave pulse of strength B1 and length 2tp, a sub-
sequent selective RF pulse applied during a mixing period (tMix),
then an electron-spin Hahn-echo detection sequence (tp–s–2tp–
s–echo). In the course of a typical experimental ENDOR protocol,
an individual Davies ENDOR sequence follows the preceding one
after a waiting period, tWait, which is typically on the order of the
electron-spin–lattice relaxation time, T1. The microwave pulses
are on the order of tens of nanoseconds, the RF pulse applied dur-
ing the mixing period, tMix, is on the order of tens of microseconds,
and tWait is often on the order of milliseconds or longer. The mixing
period can be as short as the RF pulse length itself and up to the
millisecond time scale. Under these conditions, the total time for
a single Davies pulse sequence (tR) is approximately given by
tWait + tMix. It is the dynamics of the spin relaxation during these
two time periods, tWait and tMix, that creates the anomalous ENDOR
intensities and allows the HFI sign to be obtained.

As described both in Bennebroek and Schmidt [1] and Epel
et al. [7] modeling ESE responses for a four-state S = 1/2, I = 1/2
spin system during an ideal Davies ENDOR experiment only
requires computation of the diagonal elements of the density
matrices, which can be expressed as the fractional populations
(ni) of the four eigenstates of the hMS, MI| in a static field as shown
in Fig. 1. In this approach, these populations are expressed as a
column vector, n = (n1, n2, n3, n4)T where

P
ni = 1, the microwave

and RF pulses and relaxation intervals correspond to 4 � 4 propa-
gator matrices, and the electron and nuclear relaxation is treated
with a master-equation approach. In any ESE experiment in which
the inhomogenous EPR linewidth exceeds the hyperfine splitting,
which is typical for metalloproteins, the ESE response must be
modeled by summing over all possible allowed EPR transitions
separately. For a S = 1/2, I = 1/2 case, this is trivial as under most
realistic circumstances, the ESE responses from the two EPR lines
are identical.
Following Bennebroek and Schmidt [1] we find that for the
four-state S = 1/2 I = 1/2 system, there are advantages to describing
the anomalous ENDOR effects with the column vector,

r ¼

E

SZ

2SZIZ

IZ

2
6664

3
7775 ð2Þ

whose components are the expectation values of the four corre-
sponding longitudinal product-operators (PO) [1,12] and which
are related to the eigenstate populations of (ni) as follows:

E ¼ 1
2
ðn1 þ n2 þ n3 þ n4Þ �

1
2

: SZ ¼
1
2
ðn1 � n2 þ n3 � n4Þ

2SZIZ ¼
1
2
ðn1 � n2 � n3 þ n4Þ : IZ ¼

1
2
ðn1 þ n2 � n3 � n4Þ

ð3Þ

The propagator matrices for the pulses this in PO basis are given
in the Appendix A. We consider an ideal Davies ENDOR experiment
in which the hyperfine-field splitting BA = |A/gebe|, is much greater
than the microwave excitation field, B1. Under these conditions,
the microwave pulses can be considered perfectly selective, so that
when either EPR1 or EPR2 transition (Fig. 1, upper) matches the
microwave quantum, the other EPR transition is unaffected by
the pulse. This leads the propagators for the microwave pulses
with turning angle of p(P1) and a detection sequence p/
2 � p(P23) as defined in the Appendix Eq. (A20). Similarly, the
NMR p-pulses are considered to be perfectly selective, so that only
one of the two NMR transitions can be resonant at any frequency.
The propagators for the two resonant NMR p-pulses for the
MS = +1/2 and MS = �1/2 manifolds respectively are Pa

RF and Pb

RF

as given in Eq. (A21). For Davies ENDOR sequences without a res-
onant NMR pulse, the NMR propagator can be replaced by the
identity matrix, PI.

The Davies two-pulse detection sequence can be thought of as
reporting the population difference that exists across the on-reso-
nance EPR transition prior to the application of the 2nd and 3rd
pulses of that Davies sequence. We denote this difference as the
ESE intensity function Sig(r) which takes on a value that depends
on the resonant EPR transition

SigðrÞ ¼
SZ þ 2SZIZ ¼ n1 � n2 : EPR1

SZ � 2SZIZ ¼ n3 � n4 : EPR2

�
ð4Þ
2.2. Relaxation matrix

When dealing with relaxation that occurs within a single se-
quence and time intervals that are short relative to the cross/nucle-
ar relaxation times such as in the VMT-ENDOR protocol when it is
combined with random-hopping of the RF [13] the original descrip-
tion provided by Bennebroek and Schmidt [1] is sufficient to de-
scribe the anomalous ENDOR effects. This simple model utilizes
the differences in the observed polarizations that are created by
T1 relaxation following an NMR pulse to describe the time evolu-
tion of the observed in ENDOR asymmetries when the mixing time
is increased to values that are on the order of T1.

Measurements involving multi-sequence ESE/ENDOR require
descriptions of saturation behaviors and sweep artifacts as well
as times intervals that are long relative to T1. In these cases, the
more elaborate electron-nuclear spin relaxation model presented
by Epel et al. [7] (Fig. 1 lower) is required to account for all relax-
ation pathways and all time scales. In this approach, the propaga-
tors, PtWait and PtMix for the two relaxation intervals, tWait and tMix

respectively, are modeled mathematically through a master-equa-
tion approach written in terms of the population vector, n = (n1, n2,
n3, n4)T. We find that it is easier to describe the intensities of the



Fig. 4. Diagram of a six-level S = 1/2, I = 1 system showing that the ENDOR
measurements on (NMRa

1, NMRb
1) or (NMRa

2, NMRb
2) can approximated by a four-

level, I0 = 1/2 model. The two overlapping four-level systems are outlined in the
boxes.
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dynamic baseline shifts by using the PO basis since these intensi-
ties are tied directly to the value of a single component (IZ) in this
basis as described in Section 5. Transformation of the previously
reported 4 � 4 master relaxation matrix Cn to the PO basis leads
to a master equation for r

dr
dt
¼ �Crr ð5Þ

where Cr is block-diagonal in 2 � 2 blocks (E, SZ) and (2SZIZ, IZ)

Cr ¼

0 0 0 0
�ðWX þW1Þð2f � 1Þ WX þW1 0 0

0 0 W1 þWN �ð2f � 1ÞW1

0 0 �ð2f � 1ÞWX WX þWN

2
6664

3
7775

ð6Þ

where W1 ¼ 1
T1
;WX ¼ 1

TX
;WN ¼ 1

TN
and f ¼ exp hm=kBTð Þ

1þexp hm
kB T

� �, the fraction of

spins in the MS = �1/2 manifold at thermal equilibrium. For refer-
ence, in a spectrometer operating at (9.5 GHz, 35 GHz, and
95 GHz), f_ is (0.51, 0.55, 0.64) at 8 K, (0.53, 0.60, 0.75) at 4.2 K,
and (0.55, 0.70, 0.90) at 2 K.

Given r(t), for any relaxation time interval, Dt, value of r(t + Dt)
is then

rðt þ DtÞ ¼ ½VR � expð�KDtÞ � VL�rðtÞ
¼ ½PDt �rðtÞ

ð7Þ

where VL, VR are the left- and right- eigenvector matrices of Cr and
exp(�KDt) is a diagonal matrix, D where Dmm = exp(�kmDt) and km

are the eigenvalues (characteristic relaxation rates) of Cr. The exact
eigenvalues (km) and left- and right-eigenvectors (VLm, VRm) for Cr

are easily obtained via standard methods and these exact solutions
are used for all calculations in this paper. The matrix, PDt, propa-
gates the spin system during a relaxation interval, Dt. We denote
PDt as the relaxation propagator.

For comparisons to approximate solutions given by Epel et al.
[3] we give the eigenvalues and eigenvectors correct to first-order
in the limit that W1	WX, WN, (T1
 TX, TN) and f_ – 0.5

k1 ¼ 0 : VR1 ¼ ð1þ ð2f � 1Þ2Þ
�1
2 ð1;2f � 1;0;0ÞT

k2 ¼W1 þWX : VR2 ¼ ð0;1;0;0ÞT

k3 ¼W1 þWN þ
WXð2f � 1Þ2

W1 �WX
: VR3 ¼ N3 0;0;

W1 �WX

WXð2f � 1Þ ;�1
� �T

k4 ¼WN þWX �
WXð2f � 1Þ2

W1 �WX
: VR4 ¼ N4 0;0;

W1ð2f � 1Þ
W1 �WX

;1
� �T

ð8Þ

where N3 and N4 are normalization constants and VRm refers to mth
right-eigenvector. These approximate solutions do not require large
thermal polarizations, (f_	 0.5), merely that f_ – 0.5 when
W1	WX, WN, i.e., the ‘slow relaxation regime.’ We will discuss
the physical interpretations of the eigenvectors and the relaxation
matrix in Section 5.

2.3. Extension to I > 1/2

The S = 1/2, I = 1/2 model has been extended analytically to
I > 1/2 nuclei through a simple reworking of the propagators and
relaxation matrices and we present a comparison of PESTRE traces
for the I = 1 to the I = 1/2 system in the supplement. However, dis-
cussion of this extension is unnecessary and overly complex as a
simple phenomenological picture explains why an I = 1/2 analysis
is a valid model for I > 1/2 nuclei in systems for which anomalous
ENDOR intensities are observable. We use an S = 1/2, I = 1 system
as an example. The six energy levels define three EPR transitions
and four NMR transitions as shown in Fig. 4. Implicit in any Davies
ENDOR experiment is that the microwave excitation is selective,
namely, B1 < |A/gebe|, so that only one of the three EPR transitions
is being probed at a time. When there is resolved quadrupole split-
ting, then there are four different NMR transition frequencies, and
the RF pulses are therefore also selective. Each NMR transition con-
nects only two EPR transitions, either EPR1 + EPR2 or EPR2 + EPR3,
leaving the third EPR transition unaffected. Thus, the six-level sys-
tem separates into two overlapping four-level systems, shown by
the boxes in the Fig. 4, and each can be mapped directly to an effec-
tive I’ = 1/2 model for the microwave and NMR pulses.

To complete the mapping, note that when considering anoma-
lous ENDOR intensities, the model assumes that the relaxation
within the states that define each of the EPR transitions, the elec-
tron-spin–lattice relaxation, T1, is rapid when compared to the
relaxation between the states of different EPR transitions, as deter-
mined by TX and TN. Mathematically, this means that in any ENDOR
experiment, the populations of the ‘additional’ two states not asso-
ciated with the ‘active’ EPR transitions are only weakly coupled to
the populations of the four-states that are active in the ENDOR
experiment and at most need to be treated by simple perturbation
methods. The same argument can then be extended to any higher
nuclear spin nucleus by the same logic.

3. Multi-sequence Davies ENDOR

3.1. Baselines

In order to explore the dynamic changes in an EPR signal that
occur during a multi-sequence at a fixed RF frequency, we start
by defining the ESE signal for a single Davies sequence (j) within
a Davies multi-sequence, Davies(tMix, tWait, RFM)j (Fig. 2), where M
denotes the electron-spin manifold of a resonant NMR transition:
M = a or b, or M = I (identity propagator) for a sequence without
on-resonance RF. The ESE for the jth sequence depends on the spin
polarization resultant of all previous (j � 1) sequences, as embod-
ied by the polarization vector, rj�1 at the end of the sequence
(j � 1), and is given by the equation (see Table 1 for the definitions
introduced in this development)

ESEM
j ¼ Sig½ðPtMix

PRF
MP1Þrj�1� ð9Þ

The PO vector at the end of the jth sequence, defined so as to in-
clude the wait time, tWait, after the observation of ESEM

j , is given by

rM
j ¼ ðPtwait

P23Ptmix
PRF

MP1Þrj�1 ð10Þ

In a standard Davies ENDOR spectrum, the steady-state baseline
signal level (BSL) is defined by the ESE ‘baseline’ intensity created
by an ‘infinite’ series of pulse sequences that contain no resonant
NMR pulse, and is described by the steady-state polarization vec-
tor, rSS



Table 1
List of abbreviations and symbols, descriptions and the equation that defines the relationships.

Abbreviation or
symbol

Description Equation
number

rSS EPR steady-state PO vector for a given set of tWait, tMix and f_ (11)
km Characteristic relaxation rate of relaxation matrix (8)
Sig(r) Electron-spin-echo (ESE) intensity function (4)

ESEM
j

ESE intensity of jth sequence in multi-sequence with NMR transition in M manifold during jth sequence: M = a, b or I (no NMR
transition)

(9)

BSL(=ESESS) Baseline signal level and steady-state ESE in absence of NMR transitions (11)

ENDORa=b
j

Standard definition of ENDOR response using BSL as reference level (13)

DRLj Dynamic reference level, ESE intensity when jth sequence has no resonant NMRa/b transition (14)
DRLd Dynamic reference Level difference from BSL (15)
FESa/b First ENDOR shot, ENDORa/b response with rSS as PO vector (16)

I ENDORa=b
j

Instantaneous ENDOR, ESE intensity difference to DRL caused by NMRa/b transition in jth sequence (17)
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BSL ¼ ESESS ¼ Sig½ðPtMix
PIP1ÞrSS �

rSS ¼ ðPtWait
P23PtMix

PIP1ÞrSS ¼ ðPtWait
P23PtMix

PIP1Þ1req
ð11Þ

where req ¼ ð0:5; f � 1
2 ;0;0Þ

T is the thermal equilibrium polariza-
tion vector. Once this steady-state is achieved, the application of a
series of j pulse sequences containing an NMR pulse that is on-res-
onance for the MS = +1/2(a) or MS = �1/2(b) manifold perturbs this
EPR steady-state and creates differing polarizations for the elec-
tron-nuclear spin system, ra

j and rb

j respectively. Slow relaxation
can cause these two polarizations to differ substantially and gener-
ates ESE signals whose difference provides the information needed
to assign the pumped NMR transition to one or the other MS

manifold.

ra=b
j ¼ ðPtWait

P23PtMix
Pa=b

RF P1ÞjrSS

ESEa=b
j ¼ Sig½ðPtMix

Pa=b
RF P1Þrj�1�

ð12Þ

In an experiment, the ENDOR response for the jth sequence con-
taining a selective RF pulse in the a/b manifold is most usefully de-
fined as the difference between ESEa=b

j , Eq. (12), and the BSL, Eq.
(11), which corresponds to the response function,

ENDORa=b
j ¼ Sig½ðPtMix

Pa=b
RF P1Þra=b

j�1� � Sig½ðPtMix
PIP1ÞrSS � ð13Þ

It is important to recognize that this standard definition of the
ENDOR effect involves two different polarization vectors, ra=b

j�1 and
rSS, and that these are associated with two different pulse se-
quences: the first contains RF pulses; the steady-state sequence
ESE sequence does not. Though this convention certainly provides
a convenient definition of the ENDOR effect in an experimental
spectrum, it is this inherent and previously unrecognized complex-
ity of Eq. (13) that lies at the heart of any meaningful discussion of
anomalous ENDOR intensities.

3.2. Dynamic reference levels

Anomalous ENDOR intensities in multi-sequences result from
NMR-induced changes in ra=b

j that persist between the individual
pulse sequences. We therefore reasoned that it might instead be
possible to determine the electron-spin manifold associated with
an ENDOR transition by simply monitoring the changes of the
ESE signal during a series of j on-resonance Davies ENDOR pulse
sequences and then following the relaxation to the steady-state
during a subsequent series of sequences in which the RF pulse is
omitted. Formally, this corresponds to examining a series of Davies
sequences with on-resonance RF, Davies(tMix, tWait, RFa/b) sequences
Eq. (12) then examining the return of ra=b

j to rSS by measuring the
ESE intensities in a series of Davies pulse sequences with no RF, Da-
vies(tMix, tWait, RFI).

An essential feature of this analysis is the recognition that two
distinct types of ‘baseline’ must be considered during any experi-
ment. The steady-state baseline (BSL) defined in Eq. (10) is by its
definition time-invariant (static), with its value determined by
the pulse sequence, Boltzmann populations, and relaxation param-
eters. However, when the system is not at the EPR steady-state,
one must also consider a dynamic ‘baseline’ that reflects the influ-
ence of all previous pulse sequences in a multi-sequence. We call
this new type of ‘baseline’ the dynamic reference level or DRL, and
define DRLj as the ESE intensity that would be seen for the jth Da-
vies sequence within a multi-sequence if that sequence did not
contain an NMR pulse, Davies(tMix, tWait, RFI)j. Mathematically, we
calculate the DRL for Davies(tMix, tWait, RFI)j

DRLj ¼ Sig½ðPtMix
PIP1Þrj�1� ð14Þ

where rj�1 represents the polarization vector that is the result of
the previous j � 1 sequences that have tWait as time between indi-
vidual subsequences. In the limit where all relaxation times are
short relative to the repetition time, the DRL relaxes immediately
to the BSL. However, when relaxation is slow, if Davies(tMix, tWait, R-
FI)j does not follow an ‘infinite’ number of sequences without RF
pulses, then the DRL does not equal the BSL and differences be-
tween the DRL and BSL can be interpreted in terms of the hyperfine
sign information, as shown below. From a practical point of view, it
is easier to monitor the time-varying differences between ESE and
steady-state (BSL) reference levels as in the definitions of the EN-
DOR response function (Eq. (13)), therefore we define the function,
DRLdM

j ¼ DRLM
j � BSL which is given by

DRLda=b
j ¼ Sig½ðPtMix

PIP1Þra=b
j�1� � Sig½ðPtMix

PIP1ÞrSS �

¼ Sig½ðPtMix
PIP1Þðra=b

j�1 � rSSÞ�
ð15Þ
4. The PESTRE experiment

4.1. Experimental protocol

We have developed the Pulsed ENDOR Saturation and Recovery
(PESTRE) multi-sequence that monitors the time-variation of the
ESE of a spin system that is subjected to RF at a single ENDOR fre-
quency with fixed mixing and wait time. This is a three-part super-
sequence protocol designed to measure the three major aspects of
the Davies ENDOR/EPR response that are associated with an a/b
ENDOR transition: (I) the ESE steady-state baseline segment
(BSL); (II) an ENDOR segment that measures changes in ESEa=b

j dur-
ing a train of Davies ENDOR sequences with on-resonance NMRa/b;
and (III) the DRL segment, observed without RF. A schematic of the
super-sequence experiment with a graphic description of the ter-
minology demonstrated for a model PESTRE trace with parameters
given below is shown in Fig. 5; a summary of the terminology and
equations used in this section is given in Table 1.



Fig. 5. Schematic of the PESTRE experiment which the y-axis represents,
DESE = ESEj � BSL as a function of sequence index. The initial 25 transients that
are required to establish the steady-state are not shown. Model parameters,
f� = 0.70, TX/T1 = 10, TN/T1 = 100, tWait = tR = 2T1.

P.E. Doan / Journal of Magnetic Resonance 208 (2011) 76–86 81
The super-sequence of segment I (1 6 j 6 n1) establishes rSS;
the sequences in segment II, (n1 + 1 6 j 6 n2), perturbs these polar-
izations through the application of RF pulses on-resonance with
either the a or b transitions and lead to new steady-state polariza-
tions ra=b

SS ; and in segment III, the final set of sequences from
(n2 + 1 6 j 6 N) monitors the electron-spin polarizations return to
rSS. ESE signals are recorded for each sequence index, j, and are
plotted against this index.
4.2. Model PESTRE trace

Using a set of parameters that are suggested by Morton et al. to
describe the anomalous steady-state ENDOR measurements in
AntDO, TX/T1 = 10, TN/T1 = 100, we calculate the PESTRE trace for
RF on-resonance with a and b transitions in Fig. 5. An initial set
of 25 pulse sequences in phase I (not shown) are required to drive
the spin system from its equilibrium polarization (req) to a steady-
state polarization, rSS, which corresponds to the baseline signal le-
vel (BSL). In a typical experiment, this presaturation phase is not
recorded. After the BSL (indices 25–65) has been established, the
ENDOR phase of the experiment incorporates a series of RF pulses
on-resonance for a nuclear transition in one or the other electron-
spin manifolds (indices 66–90). The DESE level jumps up with the
initial NMR sequence for both manifolds, we define this initial
jump as the first ENDOR shot or FESa/b which is given by

FESa=b ¼ SigðPa=b
RF P1rSSÞ � BSL

¼ Sig½ðPa=b
RF � PIÞP1rSS �

ð16Þ

This is the ENDOR response that is most closely related to the
measurements made in random-hopped experiments. Following
the FES, the ENDOR responses of subsequent transients rapidly
drop to their respective steady-state levels, ENDORa=b

SS . As shown
by Epel et al., when TX, TN	 tR, T1e	 tMix, ENDORb

SS response be-
comes negative whereas the ENDORa

SS response stays positive,
leading to the anomalous intensity patterns, in line with the model
PESTRE traces.

At the beginning of the DRL phase of the experiment (indices
91–150), the ESE levels for both manifolds drop below their respec-
tive steady-state ENDOR responses and then relax towards the BSL.
In the traditional definition of the ENDOR intensity given in Eq.
(13), a non-zero DRLd appears to be a non-zero ENDOR response
(either positive or negative) for sequences that contain on-reso-
nance RF pulses. Clearly the traditional definition is inappropriate
in that it confuses changes in the ‘real’ baseline – the DRL – with
an ENDOR response as measured relative to an idealized (steady-
state) baseline – the BSL.

We rectify this confusion and complete the toolkit necessary to
describe anomalous ENDOR phenomena by generalizing the defini-
tion of the ENDOR response and defining the Instantaneous ENDOR
effect, or I_ENDOR (IE for brevity) for a pulse sequence within a
multi-sequence as the difference between the ESE intensity for a
sequence with on-resonance RF, ESEa/b, and the corresponding
intensity for that sequence without RF, DRLa/b. This quantity gives
the actual change in the ESE level that is caused by the NMR tran-
sition for that specific pulse sequence. Mathematically, it is defined
as

I ENDORa=b
j ¼ Sig½ðPtMix

Pa=b
RF P1Þrj�1� � DRLj

¼ Sig½ðPtMix
ðPa=b

RF � PIÞP1Þrj�1� ð17Þ

Of particular interest in Fig. 5 is that the DRLd associated with
the NMR in the b manifold (DRLdb) drops by 10% below the already
negative value of ENDORb

SS, showing that the instantaneous ENDOR
response is actually positive.

This leads to an ironic note concerning what has been labeled as
‘negative ENDOR intensity’ [4] associated with MS = �1/2 manifold
transitions. Actually, such a ‘negative anomaly’ relative to the BSL is
always associated with an instantaneous ENDOR intensity that is
positive relative to the DRL. It is the shift of the DRL that is respon-
sible for what have been called ‘anomalous’ ENDOR effects; in par-
ticular, ENDOR effects that appear to be negative relative to the BSL
really are positive relative to the proper baseline – the DRL.

It is this qualitative difference in the DRLd of the two manifolds
that gives PESTRE the power to determine the sign of a HFI when
only a single transition is seen, unlike previous multi-sequence
methods that are based on contrasting either the observed stea-
dy-state ENDOR behavior of the two manifolds or the relative de-
cay rates of the two peaks in the purely dynamic approach. We
show below that as illustrated in Fig. 5, the absolute relaxation
behavior for DRL following NMRa/b transitions is as follows:

� DRL decays to the BSL: a transition
� DRL rises to the BSL: b transition

This absolute behavior is the key to the ability of the PESTRE
technique to be able to assign the HFI sign when only a single EN-
DOR peak can be interrogated. A discussion of this absolute behav-
ior is given in Section 5.

4.3. Estimating TX, TN from PESTRE traces

A further benefit of the DRL portion of the PESTRE trace is that it
provides an excellent method to extract the value of the slow
relaxation rate, shown as k4 in Eq. (8) for the four-level system,
and thereby estimate TX and/or TN from the data by examining
the return of the spin system to its steady-state or, more precisely
the relaxation of the DRLda/b curves to zero. The DRLd portions of
Fig. 5 can be modeled by a simple exponential with decay rate
0.095/T1, which is an excellent approximation to the actual value
of k4 = 0.093/T1, though we note that these DRLd functions are
not truly single-exponentials. The difference between the modeled
and actual k4 values in this calculation can be attributed to the fact
that the decay period has a pulse sequence every 2T1 that perturbs
the polarizations, which tends to increase the effective decay rate.
As a comparison, the effective decay rate increases to 0.097/T1

when the repetition time is halved to 1T1 and decreases to 0.094/
T1 when the repetition time is doubled to 4T1. There are small dif-
ferences between the fits of the DRLs in the two manifolds at each
value of tR (�1%). There is no reliable method using PESTRE or any
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other saturation/relaxation method at a single temperature to dis-
tinguish a TX-dominated relaxation from a TN-dominated
relaxation.
Fig. 6. Top: Davies 57Fe ENDOR spectrum of 2Fe–2S ferredoxin obtained at
g = 1.987. The five major features consist of the m�, m+ of the Fe(II) ion (peaks A
and B), centered at |A/2| and split by |2m(57Fe)| and an overlapping pattern of m+ and
m� from Fe(III) ion as shown in the simulation below the spectrum. PESTRE traces
obtained for peak A (13.95 MHz), B (17.40 MHz) and C (20.07 MHz). Experimental
conditions: microwave frequency 34.75 GHz, microwave pulse lengths, 120 ns,
60 ns, 120 ns, s, 600 ns, RF pulse length, 35 ls, RF pulse power 700 W, tR, 120 ms,
temperature 2 K. The NMR pulses are on only for sequences 101–124. The PESTRE
trace for peak A shows a positive DRL whereas the DRL for peaks B and C are
negative as is expected for MS = + 1/2 and MS = �1/2 ENDOR peaks respectively.
5. PESTRE-DRLd and HFI sign relationship

In each of the approaches for extracting HFI sign information
from ENDOR studies, the sign information is dynamically encoded
onto the detection scheme through the relaxation processes. The
sign information, or equivalently, the identification of which elec-
tron-spin manifold is associated with a given NMR transition, is
contained in the IZ component of the polarization vector r (Eq.
(2)) and this component is not directly observable in an ESE exper-
iment. The ESE measures the population difference across the two
states of the resonant EPR transition as described by the Sig func-
tions in Eq. (4). The important term in HFI sign determination is the
population sum across these two states given by one of the simple
relationships

n1 þ n2 ¼ Eþ IZ : EPR1

n3 þ n4 ¼ E� IZ : EPR2
ð18Þ

When IZ = 0 (no nuclear polarization), the total populations
associated with each of the two EPR transitions are equal, ignoring
nuclear Boltzmann factors. In sequences that perturb the IZ value, it
is apparent from Eq. (18) that when IZ > 0, there is an excess of spin
population associated with EPR1 and a corresponding deficit of
population associated with EPR2. Conversely when IZ < 0, the ex-
cess population is associated with EPR2 and population in EPR1 is
decreased. We show in the appendix that in any Davies ENDOR se-
quence, an NMRb transition always leads to an increase in the pop-
ulations associated with the resonant EPR transition and an NMRa

transition always leads to a decrease in the populations associated
with the resonant EPR transition. When the population of the reso-
nant EPR transition increases following an NMRb transition, this
will tend to increase the population difference (polarization) asso-
ciated with that transition during the relaxation period. Since the
Davies ESE scheme involves an inverting microwave pulse prior
to the detection pulses, the result of an increased polarization is de-
tected as a more negative ESE. This causes the DRL to lie below the
BSL following an NMRb transition. Conversely, the decrease in pop-
ulation following an NMRa transition causes the DRL to lie above
the BSL. This is a simple restatement of the findings of both Ben-
nebroek and Schmidt [1] and Epel et al. [3] placed into a different
experimental context.

The key differences in the various methods of HFI sign determi-
nation lie in when and how this change in the ESE is detected,
whether through a direct measurement following a single relaxa-
tion period within a ENDOR sequence (dynamic) or through the
shift in the ENDOR responses that follow a series of pulse se-
quences (steady-state). The PESTRE protocol combines these two
ideas by using the steady-state ENDOR approach to put the spin
system into a well-defined state and then observing the dynamics
of the return of the system to an initial steady-state via the DRL.

We can show that the DRL differs from the BSL in a way that is
wholly determined by the manifold associated with the NMR tran-
sition, and have placed a mathematical proof in Supplementary
material. The simple explanation of the observed DRLd traces is
that these offsets from the BSL reflect measurements of the IZ(t)
components in the polarization vectors that are created during
the ENDOR phase of the PESTRE experiment. During each tWait time
period between pulse sequences, following this ENDOR phase, the
value of the 2SZIZ component is determined by both the sign and
magnitude of the IZ component that exists at the end of the previ-
ous sequence. In the BSL phase, the IZ component is identically
zero, since there are no NMR pulses during this portion of the
experiment. Following the ENDOR phase, the value of |IZ(t)| decays
exponentially with rate k4, which matches the decay rates of the
DRLd portions of the model PESTRE traces in Fig. 5.
6. Experimental results

The random-hopped Davies ENDOR spectrum of the 2Fe–2S fer-
redoxin discussed above taken at a slightly different g value
(1249 mT, 34.75 GHz) is shown in Fig. 6 (upper). The two peaks
marked A and B at 13.95 MHz and 17.4 MHz are easily assigned
to the m� and m+ transitions, respectively, associated with the Fe(II)
ion in the center at this g value. The more complex pattern that
covers the frequency region from 20 to 28 MHz shows three major
features of which the peak labeled C is the lowest in frequency.
This is an orientation-selective overlap of the m� and m+ patterns
that arise from the Fe(III) ion where the A and g tensors are not
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coaxial. To demonstrate this, a simulation of this ENDOR pattern is
shown below the experimental spectrum. This field position be-
tween g1 and g2 was chosen for demonstration of the PESTRE tech-
nique because it is the position on the EPR envelope that gives rise
to the simplest ENDOR 57Fe patterns that can be observed for this
sample. At lower fields (towards g1), peaks B and C overlap
whereas at higher fields (towards g2), the ENDOR envelope of the
Fe(II) ion becomes a single broad peak as the HFI anisotropy greatly
exceeds |2m(57Fe)|. Even for this simplest type of Fe–S cluster, there
are no field positions for which both m� and m+ can be observed for
a single subset of orientations of the Fe(III) ion without interfer-
ence from either the Fe(II) ENDOR pattern or other from other ori-
entations of the Fe(III) ion.

We applied the PESTRE protocol on peaks A, B and C to demon-
strate the simplicity of the approach. The experiment begins with a
presaturation portion (data not recorded) consisting of 512
DaviesðtMix; tWait ;RFIÞ sequences (RF-off). Following this phase
comes a set of 512 Davies(tMix, tWait, RFM)j; this in turn is comprised
of the three segments described above: BSL (no RF); ENDOR (RF
on); and DRL (no RF). The BSL phase consists of n1 = 99 Davies
(tMix, tWait, RFI)j; the ENDOR phase applies 24 (n2 = 123) Davies
(tMix, tWait, RFa/b)j; the remaining sequences (124–512) of the DRL
phase are Davies(tMix, tWait, RFI)j sequences. The entire 512 point
PESTRE multi-sequence is repeated as needed for signal averaging.
The PESTRE output is displayed as the change in ESE intensity from
the average BSL plotted as a function of pulse-sequence number,
j = 1–512.

The data were collected using tR = 120 ms, which we estimate to
be T1/4 for this system at 35 GHz and 2 K based on steady-state
measurements of Hahn-echo intensities as a function of tR. The
PESTRE trace for peak A, assigned as the m� peak of the Fe(II) ion,
has a strong, positive FESa followed by a drop in intensity to a stea-
dy-state level that is approximately 40% of the FESa. At the start of
the DRL portion of the experiment, the DESE value drops to
approximately 25% of the FESa which shows that 15% of the stea-
dy-state ENDOR response should be correctly attributed to the
DRL. The curve in the DRL phase of the trace slowly decays towards
zero over the remaining 388 transients, which corresponds to a to-
tal time of 46.6 s at this value of tR. As detailed above, because the
DRL decays to the BSL, this peak is associated with the MS = +1/2
manifold.

The PESTRE trace for peak B, the m+ peak of the Fe(II) ion, shows
a FESb that is approximately 50% higher than either that from peaks
A or C (the trace has been scaled appropriately), which is some-
what larger than is seen in the random-hopped spectrum. The sub-
sequent ENDOR transients show rapidly decreasing intensities that
approach but do not reach a steady-state level at the end the 24
ENDOR transients, remaining slightly positive. At the start of the
DRL phase, the DESE drops to a value that is �20% of the FESb,
which shows that the I_ENDOR from peaks A and B are similar in
magnitude at the end of their respective ENDOR phases. Following
this drop in intensity, the DRLd rises toward the BSL across the
remaining transients, which identifies this peak as arising from
the MS = �1/2 manifold. These PESTRE traces resemble the tran-
sient ENDOR measurements reported by Hoganson and Babcock
[14] and Doan et al. [15] in measurements using continuous-wave
EPR detection.

The saturation behavior of these two peaks is extremely sensi-
tive to both the length and power of the RF pulses. It is apparent
from these PESTRE traces that traditional transient nutation exper-
iments [11] to optimize RF conditions are simply not applicable in
cases with this type of slow nuclear relaxation. The inability of the
simple models to accurately account for ENDOR saturation behav-
ior and intensities for both transitions of a hyperfine-coupled set of
peaks has been a fairly common occurrence across a wide range of
samples tested and is one of the reasons we have abandoned the
techniques that utilize saturation ENDOR intensities in favor of
the DRL method.

Either of these PESTRE traces is sufficient to show that the sign
of the HFI is positive for this 57Fe site within the 2Fe–2S center,
which is consistent with what is expected for the S = 2, Fe(II) ion
in this simple spin-coupled system [16]. Since the 57Fe ENDOR
envelope assigned to the Fe(III) ion consists of overlapping m�
and m+ transitions at most frequencies, PESTRE measurements were
only taken at the lowest frequency peak (labeled ‘C’ in Fig. 6) as
this represents a region of spectrum where only a single manifold
is contributing to the ENDOR response. This m� peak arises from the
b manifold since there is a negative DRLd, which shows that the
sign of the HFI is negative for the Fe(III) ion, as is required in this
antiferromagnetically-coupled dimer. Note that in this case, this
single measurement is sufficient to extract the HFI sign without
reference to the m+ transition. The Fe(III) PESTRE traces exhibits
the same slow relaxation rates. The relaxation seen in the DRL
phase allows us to place a lower bound on the slowest relaxation
time of 10 s. These relaxation times clearly identify the difficulties
that are seen in the swept-frequency ENDOR measurements in
Fig. 3. In any linearly-swept ENDOR recorded with repetition times
of less than �20 s, the measured ESE will be a convolution of the
spin history with the current measurement, which accounts for
the wild changes in ‘‘positive’’ and ‘‘negative’’ ENDOR peaks by
simply changing sweep direction. Unfortunately, these extreme
relaxation times effectively preclude using this ferredoxin system
to test a further aspects of the PESTRE protocol.

AntDO does provide a system that can be used an excellent test
of the models since the small value of T1 (6 ms) allows for an extre-
mely wide range of tR/T1 values to be tested in a reasonable amount
of time. The Davies ENDOR spectrum for the S = 3/2 Fe(II)–NO cen-
ter of AntDO at 2 K (4–16 MHz) was obtained with RF random-hop-
ping excitation (2.0 K) near g1 = 4.12 (6030G at 34.80 GHz), Fig. 7
(inset). The two marked peaks at 7.42 MHz (peak A) and
11.64 MHz (peak B) have been assigned as a m�/m+ pair in the
four-line pattern of a coordinated 14N (I = 1) histidine imidazole li-
gand that is centered (X) at |A/2| = 9.2 MHz, split by twice the
apparent Larmor frequency of 4.22 MHz, with a further quadrupole
splitting |3P| = 0.6 MHz. The Larmor splitting observed for this cen-
ter is larger than that expected for 2m(14N) at 6030G by �0.6 MHz,
as a result of the pseudo-nuclear Zeeman (PNZ) interaction [17].
This difference not only shows that A(14N) > 0, but also gives the
magnitude of the zero-field splitting (ZFS) for this S = 3/2 system
of 2D = 40 cm�1, in agreement with susceptibility measurements
[18]. At these low temperatures (2 K) with this large a ZFS, the
ground state Kramers doublet can be treated as an effective
S0 = 1/2. Though our mathematical models are shown for I = 1/2 nu-
clei due to their simplicity, we have studied these 14N peaks in Ant-
DO as they are substantially narrower than the 1H peaks in this
system. This shows that the 14N resonances represent a well-de-
fined set of orientations that, at this particular g value, is single-
crystal-like, which is not true for the proton resonances. In addi-
tion, the behavior of the peaks at 7.42 and 11.64 MHz has already
been modeled by Morton et al. [5].

Both the PNZ effect and previous work with multi-sequences [4]
identify peak B as arising from an MS = �1/2 transition and peak A
as an MS = +1/2 transition, with A(14N) > 0. The multi-sequence
work also gives the estimates for T1 � 6 ms and TX � 30 ms (assum-
ing that the dominant slow relaxation mechanism is TX) for the
specific 14N associated with peaks A and B at this field. Modeling
of the PESTRE traces suggests that at a thermal polarization of
f_ = 0.70, the HFI sign information is available for nearly any choice
of tWait, though the effect should maximize around 2–3T1. Accord-
ingly, we have selected to test the models using tR = 12 ms, or�2T1.
Fig. 7 (upper) shows PESTRE traces for both m+ (B) and m� (A) peaks;
the data are truncated to the first 200 points of the 512 PESTRE



Fig. 7. Upper: PESTRE traces obtained for peaks A (solid red line) and B (dotted blue
line). The NMR pulses are on only for sequences 100–124. The PESTRE trace for peak
A shows a positive DRL whereas the DRL for peak B is negative as is expected for
MS = + 1/2 and MS = �1/2 ENDOR peaks respectively. Inset: Davies ENDOR spectrum
of AntDO obtained near g1 (590 mT). The peaks below 16 MHz arise from
coordinated 14N nuclei. Peak A (7.42 MHz) has been assigned to a MS = + 1/2
ENDOR transition and peak B (11.64 MHz) has been assigned a MS = �1/2 transition.
Lower: First 100 points (sequence indices 124–223) of the DRLd portions of PESTRE
traces above (red circles, peak A, blue �, peak B) and least-squares fits to a simple
exponential decays. Peak A shows a slightly shorter relaxation time (82 ms) than
peak B (116 ms). Experimental conditions: microwave frequency 34.83 GHz,
microwave pulse lengths, 200 ns, 100 ns, 200 ns, s600 ns, RF pulse length, 25 ls,
tR, 12 ms.

Table 2
Best fit decay times for DRLd portion of PESTRE traces.

tR (ms) Peak A (ms) Peak B (ms)

3 25 50
6 30 80

84 P.E. Doan / Journal of Magnetic Resonance 208 (2011) 76–86
traces since the ESE in both traces have returned to the BSL by this
sequence index.

The ENDOR portion of the PESTRE trace for the m+ = 11.64 MHz
peak (solid 1blue line) shows a strong positive ENDOR (FESb) re-
sponse at sequence number 100, the first point with applied RF, fol-
lowed by a slow approach across the remaining sequences in the
ENDOR phase towards the steady-state value that is approximately
1/2 of the FESb amplitude. The first DRLd point of the DRL phase (se-
quence index 124) drops to a negative value relative to the BSL with
an amplitude of |1/3| the FES. The PESTRE trace for the m� = 7.42 MHz
peak (solid red line) has a very different pattern with an initial EN-
DOR phase peak (FESa) that is only about 10% higher than its stea-
dy-state ENDOR response, and this ENDOR steady-state appears to
be established by the second ENDOR pulse sequence. The first DRLd
point of the m+ traces (sequence index 124) has a positive value (rel-
ative to the BSL) of approximately 25% that of the steady-state EN-
DOR measurement. In both traces, DRL returns to the BSL over the
next 20–30 sequences. The FES amplitude of m+ is approximately
25% larger than that of the m� peak, whereas the I ENDORb

SS is larger
than I ENDORa

SS by 12%.
This result demonstrates the ease of the use of PESTRE in

extracting the hyperfine sign information from a measurement
on either branch of the ENDOR pattern. The 11.64 MHz peak under
this experimental protocol shows an ENDOR signal that remains
well above the baseline level even after 24 transients, a result that
clearly does not match the model calculations in Fig. 5 or the
experimental results in the ferredoxin in Fig. 6, yet in segment
III, the first DRLd is unambiguously negative and the trace rises
to the BSL, as required for any MS = �1/2 transition. The DRLd for
the 7.42 MHz peak is positive and decays to the BSL, mirroring
the response of the 11.64 MHz peak across the x axis, as is required
for a MS = +1/2 transition. Either one of these observations is suffi-
cient to show that A(14N) > 0: the simplicity and clarity of this mea-
surement thus provide an unambiguous means of resolving HFI
signs when only part of the ENDOR pattern can be observed. We
note that the PESTRE traces for MS = �1/2 transitions are always
more easily interpreted than those of the corresponding transition
in the MS = +1/2 manifold, simply because of the relative shapes
predicted from the two traces.

We test whether or not the (WX, WN) parameters used to model
the steady-state ENDOR responses in AntDO suggested by the pre-
vious work are accurate [4,5]. As described above, the simplest
method of estimating the slow relaxation rate is by fitting the
rise/fall of the DRLd to the BSL in segment III of the PESTRE exper-
iment to a simple exponential equation. In Fig. 7 (lower) the DRLd
portions of above PESTRE traces are reproduced with an expanded
y-scale that makes the differences in the DLRd portions of the
traces more obvious. We used a simple nonlinear least squares fit-
ting procedure on the first 100 DRLd points of the PESTRE traces of
both peaks A and B for repetition times from 3 ms to 48 ms to the
equation

DRLdk ¼ V expð�ktR=sRÞ ð19Þ

where V > 0 for the a-branch traces and V < 0 for the b-branch traces
and k = (sequence index – 123). Both relaxation times are approxi-
mately are 100 ms. The results for the other traces (data shown in
Fig. S1) as a function of the repetition time, tR, are summarized in
Table 2. The observed DRLd decay times at the shortest repetition
time, 3 ms, give a reasonable match to the cross-relaxation times gi-
ven by Yang and Hoffman (50 ms) as well as Morton et al. (30 ms) in
their analysis of the asymmetry of steady-state ENDOR intensities
of these two peaks in their multi-sequence analysis.
1 For interpretation of color in Figs. 2–8, the reader is referred to the web version of
this article.
As stated above, modeling work shows that at this level of ther-
mal polarization, the first DRLd value will be maximized when tR is
between 2 and 3T1, with lower values to shorter and longer times.
To test this, we recorded PESTRE traces on both peaks A and B
across a range of tR values from 3 ms (0.5T1) to 96 ms, (16T1).
The first DRLda/b intensities, normalized to FESa/b measured at
96 ms, which is the maximum ENDOR response observed for both
branches, are plotted versus tR/T1 in Fig. 8 and compared with cal-
culations based on the same model parameters used in Fig. 5. The
general trends of the DRLd values follow the models quite well,
though the magnitudes of the maximum effects are somewhat
smaller than the model predicts. At the longest tR, equal to 16T1,
the two branches show |DLRd| intensities that are nearly 10% of
the maximum ENDOR response, in line with the model prediction.
12 90 100
24 90 170
48 200 150



Fig. 8. Normalized first DRLd responses in AntDO for peaks A (red �) and B (blue �)
from Fig. 7 as a function of repetition time tR/T1. The data are normalized to the first
ENDOR shot for that branch measured at 96 ms. The data show a good match
calculations (solid lines) using a model that assumes f_ = 0.70, TX/T1 = 10, and TN/
T1 = 100. Experimental conditions other than tR identical to those in Fig. 7.

P.E. Doan / Journal of Magnetic Resonance 208 (2011) 76–86 85
As discussed previously, in any linearly-swept ENDOR spectrum, a
non-zero DRLd is a sweep artifact that will distort the ENDOR re-
sponse of the next measured frequency.

Beyond this point, quantitative limitations to the model
emerge. First, the model requires that for a given repetition time,
the relaxation times observed for the a and b peaks should be
approximately the same; the data show that the decay for the
a-manifold peak is shorter than that for the b-manifold peak by a
factor of 2–3. At each repetition time, the decay of the DRL from
the b-manifold peak more closely matches to the exponential
model than that seen for the corresponding a-manifold peak.
Secondly, unlike the model, the experimental decay times increase
by a factor of 3 between repetition times of 3 ms and 48 ms,
whereas the model would suggest changes of around 5%. Thirdly,
though the asymmetry of the steady-state ENDOR responses of
the two peaks are correctly predicted, the actual steady-state
ENDOR intensity of each peak is substantially higher than can be
matched within the model.

The most likely reason for the difficulties that simple relaxation
model has in fitting experimental data is that there is substantial
degree of spectral diffusion seen in the experiments that is not in-
cluded. Spectral diffusion can greatly influence ESE measurements
of Davies and Mims ENDOR experiments on time scales that are
significantly shorter than T1. Including a spectral diffusion term
in the model is beyond the scope of this paper, but we are currently
working on methods to account for these effects.
7. Conclusions

The measurement of absolute HFI signs with simple pulsed EN-
DOR experiments has been one of the most important goals in the
field of ENDOR spectroscopy. We have developed an extremely
straightforward protocol that combines both the dynamic and
steady-state approaches to create a technique that is capable of
giving the sign of the hyperfine interaction by probing a single EN-
DOR transition, without reference to its partner transition. This
technique relies on monitoring dynamic shifts in the ‘baseline’ fol-
lowing measurements at a single RF frequency (single ENDOR
peak), rather than observing anomalous ENDOR intensity differ-
ences between the two branches of an ENDOR response. These
baseline shifts, referred to as dynamic reference levels (DRL), can
be directly tied to the electron-spin manifold from which that EN-
DOR transition arises.
We find from modeling the likely PESTRE responses over a
wide range of relaxation and thermal polarization parameters
that this protocol will be useful for a number of systems, espe-
cially those where long relaxation times can preclude the appli-
cation of the variable mixing time (VMT) methods. Our
experience with 57Fe ENDOR on multi-iron centers, as shown
in Fig. 6, suggests that the absolute signs of the HFI in these sys-
tems will be quite easily obtained using the PESTRE protocol,
even when the ENDOR patterns from different Fe ions are
strongly overlapped, which contrasts with the fairly complicated
methods that have been used to solve these problems in similar
systems [19]. The ability to measure both the magnitude and the
sign of the hyperfine interactions in a spin-coupled cluster such
as the MoFe7S7 in nitrogenase intermediates [20] will vastly in-
crease our knowledge of the electronic structures of these
important intermediates species.

8. Experimental

Thirty-five GHz pulsed ENDOR and saturation recovery experi-
ments were obtained on a locally-constructed spectrometer that
has been described previously [21]. This system has been modified
to use a SpinCore PulseBlaster ESR_PRO 400 MHz word generator,
an Agilent Technologies Acquiris DP235 500 MS/s digitizer, and
uses the SpecMan software [22]. 57Fe ferredoxin sample, obtained
from Prof. Jacques Meyer [23], was approximately 2–3 mM in con-
centration in aqueous buffer. The AntDO sample, provided by Prof.
Don Kurtz, was approximately 1.5 mM concentration in aqueous
buffer.
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Appendix A

The propagator matrices for ideal microwave pulses in the PO
basis set for each of the EPR transitions in an S = 1/2, I = 1/2 system
are

EPR1 : P1 ¼

1 0 0 0

0 0 �1 0

0 �1 0 0

0 0 0 1

2
66664

3
77775 P23 ¼

1 0 0 0

0 :5 �:5 0

0 �:5 :5 0

0 0 0 1

2
66664

3
77775

EPR2 : P1 ¼

1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 1

2
66664

3
77775 P23 ¼

1 0 0 0

0 :5 :5 0

0 :5 :5 0

0 0 0 1

2
66664

3
77775

ðA20Þ

The propagators for the two resonant NMR p-pulses are

Pb

RF ¼

1 0 0 0

0 1 0 0

0 0 0 �1

0 0 �1 0

2
6664

3
7775 : Pa

RF ¼

1 0 0 0

0 1 0 0

0 0 0 1

0 0 1 0

2
6664

3
7775 ðA21Þ
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Given an initial polarization vector that represents the ESE stea-
dy-state, rj�1 = (0.5, A, B, 0)T that exists just prior to an individual
Davies ENDOR pulse sequence Davies(tMix = 0, tWait, RFM)j, we can
write the two possible polarization vectors that are the results of
the Pa=b

RF P1ðrj�1Þ for EPR1 as

Pa
RF P1ðrj�1Þ ¼ ð0:5 �B 0 �A ÞT

Pb

RF P1ðrj�1Þ ¼ ð0:5 �B 0 þA ÞT
ðA22Þ

In the supplement, we prove that the SSS
Z component, A in Eq.

(A22), is positive in all circumstances. The number of spins associ-
ated with the EPR1 transition, n1 + n2 = E + IZ = 0.5 + A > 0.5 follow-
ing the NMRb sequence and n1 + n2 = 0.5 � A following the NMRa

sequence. Following the same procedure for the EPR2 transition
gives

Pa
RF P1ðrj�1Þ ¼ ð0:5 �B 0 þA ÞT

Pb

RF P1ðrj�1Þ ¼ ð0:5 �B 0 �A ÞT
ðA23Þ

The number of spins associated with the EPR2 transition is
n3 + n4 = E � IZ = 0.5 + A for the NMRb sequence and 0.5 � A for
the NMRa sequence. In both cases, an NMRb transition in a Davies
ENDOR sequence that follows the ESE steady-state increases the
net spin population of the observing EPR transition and an NMRa

transition decreases the net spin population of the observing EPR
transition. This change in net spin population is then reflected in
the ESE of the following sequences, which leads to the non-zero
DRLd values associated with PESTRE traces.

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jmr.2010.10.008.
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