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We describe a protocol for detecting electron spin–spin interactions between a radical and a metal ion in a protein or protein complex

by saturation-recovery electron paramagnetic resonance (EPR). This protocol can be used with a protein containing an endogenous

metal center and either an endogenous or synthetic radical species. We suggest a two-step approach whereby dipole–dipole or

exchange interactions are first detected by continuous-wave EPR experiments and then quantified by saturation-recovery EPR. The

latter measurements make it possible to measure long distances to within a few Ångstroms. The protocol for making distance

measurements by saturation-recovery EPR will take approximately 6 days to complete.

INTRODUCTION
The techniques that first come to mind when thinking about
protein structure determination are usually solution-state NMR
or X-ray crystallography. However, a complete protein structure is
not always available or necessary to answer some of the most
interesting biophysical questions. Sometimes, the measurement of
one distance (or a few) is sufficient to establish the plausibility of a
mechanism or corroborate a proposed structure. If a protein or
protein complex contains a metal-binding site and a radical species,
the magnetic interaction between the unpaired electrons at these
two sites can be detected and quantified by saturation-recovery
EPR and the resulting data used to measure distances ofB10–40 Å
(refs. 1,2). Enzymes with multiple redox-active cofactors such as
photosystem II (PSII) and ribonucleotide reductase (RNR) are
obvious targets for this methodology3,4. Indeed, in these systems,
saturation-recovery EPR may also be used to measure exchange
couplings between redox partners4. However, saturation-recovery
EPR can also be used to measure distances between an endogenous
metal-binding site and a strategically placed spin label to yield
structural information5.
Long distances in macromolecules have been successfully mea-

sured using fluorescence resonance energy transfer6–8 and by pulsed
EPR methods such as double quantum coherence, ‘‘2 + 1,’’ and
DEER sequences that use a pair of spin labels (radicals)9–11.
Distance measurement by saturation recovery has an advantage
over these othermethods when the protein contains an endogenous
paramagnetic metal center in that the protein has a built-in ‘‘label.’’
The other label, that is, the radical, may be either endogenous or
introduced through spin-labeling methods12–14. Additionally, in
the case where the paramagnetic metal center is itself of interest, the
radical can serve as a reporter of its magnetic properties. For
example, in our experiments with the B2 subunit of RNR, the
stable tyrosine radical was used to determine the exchange coupling
within the dinuclear iron center4.
As pulsed EPR instruments are not yet as common as pulsed

(Fourier-transform) NMR instruments, we recommend that the
investigator first attempts to detect the presence of electron spin–
spin interactions using the more common continuous-wave (CW)
EPR spectrometer. This is done via the microwave progressive
power saturation experiment. Although a protocol for this experi-

ment is not provided here, we describe the experimental method in
sufficient detail that the investigator with some CWEPR experience
should be able to execute the experiment. Once the investigator
has detected a spin–spin interaction between the radical and the
metal center, he or she may want to enlist the assistance of an
experienced EPR spectroscopist before performing the saturation-
recovery experiment. Although this experiment is not particularly
difficult to set up, pulsed EPR spectrometers lack some of the
safeguards found on modern NMR spectrometers that prevent
damage to the instrument.
The sample preparation steps described in this protocol are

appropriate for both the microwave progressive power saturation
experiment (CW EPR) and the saturation-recovery EPR
experiment. Note that some method for cooling the sample to
cryogenic temperatures is required for both the CW and satu-
ration-recovery EPR experiments. A variable-temperature helium
cryostat is recommended for the CW EPR experiments and
required for the saturation-recovery EPR experiments. Although
a liquid nitrogen finger Dewar can provide only a single cryo-
genic temperature (77 K), this may be sufficient to establish
the presence of electron spin–spin interactions in the CW EPR
experiment.

Spin–lattice relaxation
Imposing a static magnetic field on a sample containing unpaired
electron spins causes the spins to orient either with or against the
magnetic field. For electrons, orientation of the electron spins
antiparallel to the imposed field is energetically more favorable,
although the energy difference between parallel and antiparallel
orientations, DE ¼ hn, is small compared to the thermal energy of
the system, kBT (Fig. 1).
Here h is the Planck’s constant, n is the resonant frequency at the

applied magnetic field, kB is the Boltzmann constant and T the
temperature in Kelvin. For radicals with a single unpaired electron,
the relative populations in the two spin states at equilibrium is
described by

N+1=2

N�1=2
¼ e�DE=kBT ð1Þ
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where N+1/2 and N�1/2 are the populations of the parallel and
antiparallel spin states, respectively. The magnitude of the signal
observed in a magnetic resonance experiment is proportional to
that of the magnetization along the z axis, Mz, where

Mz / 1�
2N+ 1=2

N+1=2 +N�1=2

� �
ð2Þ

Non-equilibrium spin populations can be produced by continuous
irradiation of the spins at their resonant frequency or by a
microwave pulse. Spin–lattice relaxation is the process by which
the equilibrium populations of the spin states are restored. In a
dilute solution, where the radicals are widely dispersed and unaf-
fected by metal centers or other paramagnetic molecules, this
process is characterized by a single rate constant, k1, typically
written as 1/T1.

Dipole–dipole- and exchange-induced relaxation enhancement
In the methods discussed here, one detects the interaction of the
radical with the metal center via the enhancement of the spin–lattice
relaxation rate of the radical. There are twomechanisms by which the
metal center can enhance the radical’s spin–lattice relaxation rate15–20.
One mechanism is the dipole–dipole interaction, a through-space
mechanism that only requires proximity between the radical and the
metal center. It is by this mechanism that distances are measured.
The other is the exchange interaction, a through-bond mechanism
that requires either direct or indirect orbital overlap between the
radical and the metal center. The exchange interaction is most likely
to be a significant source of relaxation enhancement between redox
partners at distances of r10 Å.
For spin–spin interactions over distances greater than 10 Å,

where the absence of an exchange interaction can be assumed, the
overall spin–lattice relaxation rate, k1, of a radical in proximity to a
paramagnetic metal center can be considered to be the sum of two
rate constants:

k1 ¼ k1i+k1y ð3Þ

The rate constant k1i is the intrinsic spin–lattice relaxation rate, that
is, the relaxation rate of the radical when not in proximity to other
paramagnetic species. The intrinsic rate constant, k1i, is taken to be
independent of the protein’s (radical’s) orientation in the magnetic
field. (Strictly speaking, there may be some orientation dependence
to k1i , but it is generally weak enough to be ignored.) The rate
constant k1y represents the dipole–dipole-induced relaxation rate
and is orientation dependent, that is, it depends on the angle y
formed by two vectors, the interspin vector that connects the
radical to the metal center and the magnetic field vector (Fig. 2).
As described below, the orientation dependence of this rate con-
stantmakes it possible to separate its contribution to k1 from that of

k1i. If there is an exchange coupling between the two sites, it can
contribute both an orientation-independent k1ex and an orienta-
tion-dependent k1ex(y) term to equation (2). We will discuss, in
qualitative terms, the effect that this can have in both the CWand
saturation-recovery EPR data. However, we refer the reader to the
appropriate equations in Rakowsky et al.21 should the exchange
interaction make a measurable contribution to the spin–lattice
relaxation.
The rate constants are a function of temperature. If a significant

exchange interaction is present, then the rate constants arising from
the exchange and the dipole–dipole interactions may have the same
temperature dependence because they depend on the paramagnetic
relaxation properties of the metal center. However, the intrinsic
relaxation rate constant, k1i, will typically have a different tempera-
ture dependence than the other rate constants because it arises from
the spin–lattice relaxation of the radical itself 22. This difference in
temperature dependence means that the relative contribution of
k1i , k1y, k1ex or k1ex(y) to the overall relaxation rate, k1, can vary
greatly with temperature.

Samples for the measurement of k1i
The intrinsic relaxation rate constant for a particular radical species
at a given temperature depends on the matrix surrounding the
radical. (The surrounding matrix determines how well the electron
spin transitions are coupled to the surrounding low-frequency
vibrations of the sample.) Therefore, for an endogenous radical
species, it is best to measure k1i in the protein of interest. This
requires that the metal center be rendered diamagnetic so that
neither exchange nor dipole–dipole interactions enhance the spin–
lattice relaxation rate. The metal center can be rendered diamag-
netic by removing the paramagnetic metal ion or replacing it with a
diamagnetic ion23,24 or, in some instances, changing the metal ion’s
oxidation state or its ligands25. However, if none of these options is
workable, it may be possible to use the spin–lattice relaxation rates
of the same radical species in (frozen) solution as k1i (ref. 3). (See
Fig. 3, for example, panel a, showing the saturation-recovery
transient of L-tyrosine radical generated by UV irradiation of a
frozen solution.) Note that even if a suitable system for measuring
k1i cannot be produced, it is still possible to detect the presence
of a dipole–dipole interaction (see below)26.
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Figure 1 | Energy diagram for radicals with a single

unpaired electron (S ¼ 1/2). The equilibrium

populations of the two spin states, +1/2 and �1/2,

depend on the energy difference between them and

the temperature. At any moment in time, some

radicals will have their electron spins oriented

parallel to the magnetic field (top) whereas others

will have their electron spins oriented antiparallel

to the magnetic field (bottom). At equilibrium, the antiparallel population is

slightly greater since this orientation is lower in energy.

∆E = hν

+1/2

–1/2

H0

�
f

r

s

Figure 2 | The interspin vector r forms an angle y with the static magnetic

field H0. In the diagram, s represents the radical as it is the ‘‘slowly’’ relaxing

spin and f represents the metal center as it is a ‘‘fast’’ relaxer. The relaxation

enhancement provided by a dipole–dipole interaction depends on the angle y.
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CW EPR
Microwave progressive power saturation. In the microwave
progressive power saturation experiment, the peak-to-peak height
of the first derivative CW EPR signal is measured as the microwave
power (observe power) is increased. At low powers, when the
equilibrium population of spin states remains unperturbed, the
height of the signal increases in proportion to the square root of
the power. As the observe power increases further, the signal becomes
‘‘saturated,’’ that is, N+1/2/N�1/2 approaches 1 because spin–lattice
relaxation can no longer maintain the equili-
brium population difference of the two spin
states. Under these conditions, the signal
height may continue to increase with increas-
ing power, but a fourfold increase in power
will yield less than a twofold increase in signal
height. At very high powers, the signal inten-
sity may actually decrease with increasing
observe power. The following equation
derived from the work of Portis27 and Cast-
ner28 describes the expected behavior:

S0 ¼ K

ffiffiffi
P

p

½1+P
�
P1=2�b=2

ð4Þ

where S¢ is the first-derivative peak-to-peak
height of the radical signal, K is a constant, P
is the microwave power, P1/2 is the power at
half saturation and b is an adjustable para-
meter having a value between 3, for a purely
homogeneously broadened line, and 1, for an
inhomogeneously broadened line. Many
radicals in frozen solution will be inhomo-
geneously broadened such that bE1. In
the absence of paramagnetic interactions
between radicals or between radicals and
metal ions, Figure 3, P1/2 has a single value

that can be determined by plotting the data as log(S¢/OP) versus
log(P). This yields two linear regions that intersect at P ¼ P1/2.
Figure 4 shows an example of this plot. The limit P { P1/2 yields a
horizontal line since S¢/OP (and log(S¢/OP)) is constant. The limit P
c P1/2 yields a straight line with slope �b/2. The quantity P1/2 is
directly proportional to the product of k1 and k2, that is,

P1=2 / k1k2 ð5Þ

where k1 is the spin–lattice relaxation rate and k2 (1/T2) is the spin–
spin relaxation rate of the radical species.

Detecting dipole–dipole and exchange couplings. The micro-
wave progressive power saturation curve can provide evidence for a
dipole–dipole interaction if k1y is large compared to k1i. Because the
dipole–dipole interaction is orientation dependent, radicals with
different orientations of the interspin vector in the magnetic field
will have different values of k1y and, therefore, different values of k1
(equation (3)). The result is that there is no single value of P1/2 that
can characterize the power at half saturation (equation (5)) but
rather a range of values whose extent depends on the strength of the
dipole–dipole interaction29. The effect is to ‘‘stretch’’ the P1/2 curve
along the x axis (microwave power). The presence of this stretching
can be confirmed by fitting the saturation curve (equation (4)) with
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Figure 4 | Log–log plot

showing microwave

progressive power

saturation

data for EPR signals

from (’) the tyrosine

radical YD
� in PSII

depleted of manganese,

(&) the UV-generated

L-tyrosine radical and

(�) the tyrosine radical
in RNR from Escherichia

coli at 7.0 K. YD
� (’) is

a neutral tyrosine

radical produced by

illumination of PSII at

low temperature. It

experiences a dipole–dipole interaction with the non-heme Fe(II) that can be observed when

paramagnetic manganese ions are removed from the oxygen-evolving complex. At this temperature, the

dinuclear iron center of RNR is diamagnetic (S ¼ 0). There are no paramagnetic metal ions present in the

UV-generated L-tyrosine radical sample. When equation (4) was used to fit the data for the three radical

species with b and P1/2 as adjustable parameters, the values of b were 0.73, 1.03 and 0.95 for YD
� in PSII,

the L-tyrosine radical and tyrosine radical from E. coli RNR, respectively. The lines are the best fits to the

data with b ¼ 1, the value of b at the limit of nonhomogeneous broadening. The vertical positions of the

curves are offset arbitrarily. Conditions: field modulation width, 2.0 G; field modulation frequency, 100

kHz; microwave frequency, 9.05 GHz. Inset: CW first-derivative EPR spectrum of the stable tyrosine radical

YD
� in PSII. The horizontal arrows mark the positions used to measure the peak-to-peak height S¢. The

vertical arrow marks the magnetic field position at which saturation-recovery transients were recorded3.
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Figure 3 | In the absence of electron spin–spin interactions, the saturation-

recovery transients of tyrosine-based radicals are single-exponential. Saturation-

recovery transients of (a) the UV-generated tyrosine radical at 22 K and (b) the
tyrosyl radical of the B2 subunit of RNR at 10 K with single-exponential fits

superimposed. Note the different timescales. For the UV-generated tyrosine

radical, the observing microwave power level was 2.0 mW and the saturating

microwave pulse (63 mW) was of 8-ms duration. For the tyrosyl radical of the

B2 subunit, the observing microwave power level was 0.23 mW and the saturating

microwave pulse (160 mW) was of 100-ms duration46.
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‘‘b’’ as an adjustable parameter. If the satura-
tion curves of two samples of the same
radical species are compared, one sample
with a diamagnetic metal center (or no
metal center) and one with a paramagnetic
metal center, the fitted value of ‘‘b’’ will be
smaller for the sample with the paramagnetic
center (Fig. 4). If the only sample available is
one with a paramagnetic metal center, the
presence of a dipole–dipole interaction can
still be inferred if the fitted value of b is less
than 1, as this is below the limit for an
inhomogeneously broadened line.
With a variable-temperature helium flow

cryostat, a series of microwave progressive
power saturation curves can be acquired,
each at a different temperature. This allows
the investigator to search for a temperature
regime where k1y is large relative to k1i. If a
variable-temperature cryostat is not avail-
able, it may be possible to observe this effect
at 77 K using a relatively inexpensive liquid
nitrogen finger Dewar.
If k1ex is larger than k1y, then the microwave progressive power

saturation curves may not be detectably ‘‘stretched.’’ However, the
magnitude of P1/2 will be higher in the protein sample with a
paramagnetic metal center than it will be in one with a diamagnetic
metal center. Therefore, the magnitude of P1/2 in the two samples
can be used to detect an electron spin–spin interaction between the
two sites. With two samples and a variable-temperature helium
cryostat, the investigator can plot the calculated P1/2 values versus
temperature to determine the temperature point or region where
maximal relaxation enhancement occurs.
Although relatively easy to perform, the microwave progressive

power saturation experiment is not always easy to interpret. Because
P1/2 depends on the spin–spin relaxation rate constant, k2, as well as
on the spin–lattice relaxation constant, k1, it may not be possible to
determine which is responsible for increasing the magnitude of P1/2.
Indeed, although beyond the scope of our discussion here, k2 can also
be enhanced by exchange or dipole–dipole interactions25,30. How-
ever, microwave progressive power saturation allows the detection of
exchange- or dipole–dipole-induced enhancement of k1 or k2 and the
temperature regions that produce the maximal effects. The investi-
gator will then be well positioned to determine the source of
relaxation enhancement in the saturation-recovery experiment.

The saturation-recovery experiment
We describe here methods for extracting a rate constant propor-
tional to the distance between the radical and the metal center and
then calculating the distance itself. For the investigator already
acquainted with the fundamental theories describing NMR, the
terms and concepts will be familiar. It is hoped that those
unfamiliar with magnetic resonance will still be able to follow the
basic outline of the experiment. We recommend the introductory
NMR texts of Roberts31 and Harris32 and the EPR texts of Weil
et al.33 and Symons34 to those interested in gaining some back-
ground in magnetic resonance.
The basic principle behind measuring distances by saturation-

recovery EPR is straightforward. Using a pulsed EPR spectrometer,

one first ‘‘saturates’’ the spins on resonance, that is, one equalizes
the two populations N+1/2 and N�1/2 rendering the magnetic
resonance signal equal to zero (equation (2)). The recovery of the
equilibrium spin populations is then recorded via the return of
the magnetic resonance signal to its full magnitude (Fig. 5). If done
properly (see Supplementary Fig. 1 online), the observed rate
of recovery is the spin–lattice relaxation rate, k1.
Consider the case of a radical in a protein, experiencing only a

dipole–dipole interaction with a metal center in the same protein.
For any one orientation of the interspin vector, the recovery of the
equilibrium population distribution and the magnetic resonance
signal, I, is described by the following equation:

IðtÞ ¼ ð1� e�k1tÞ ¼ ð1� e�ðk1i+k1yÞtÞ ð6Þ

For a single value of y, there is a single value of k1, and the recovery
will be single exponential. However, in a frozen solution of protein,
the angle y can take on all values between 0 and p, and the observed
recovery of the magnetic resonance signal will be the sum of these
single-exponential recoveries, that is,

IðtÞ ¼ 1� N

Zp
0

sin yðe�ðk1i+k1yÞtÞ dy ð7Þ

where sin y gives the appropriate weighting to each angle y andN is
a normalization constant3,35. To evaluate equation (7) and model
the actual recovery, we must have an explicit equation for k1y. For
the situation most likely to be encountered by the investigator, that
is, a spectrometer operating at X-band (9 GHz) or higher, a metal
center containing first row transitionmetals, and temperatures near
or below that of liquid nitrogen, k1y can be expressed as3,19,20

k1y ¼ k1d
ð1� 3 cos2 yÞ2

6ð1� gf=gsÞ2
T1f

T2f
+ 3 sin2 y cos2 y

(

+
3 sin4 y

2ð1+gf=gsÞ2
T1f

T2f

) ð8Þ
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Figure 5 | The anatomy
of a CW saturation-

recovery experiment. The

defense pulse switches

on before the high-power

saturating pulse and

stays on until a short

time afterward (typically

1–5 ms) to protect the

receiver electronics from

microwave power

reflected by the

resonator. The saturating

pulse stays on for a time

equal to 1/k1 (T1) for the

observed radical to

minimize the effects of spectral diffusion (see Supplementary Fig. 1 online). The saturating pulse equalizes

the populations in the two spin states, driving the observable magnetization to zero (top). The recovery of the

equilibrium spin populations is recorded at low microwave observe power for a time equal to B5/k1 (5T1),

producing a saturation-recovery transient. Note that the total time required for one complete pulse sequence

(the shot recovery time) is 6/k1 (6T1) in both the CW saturation-recovery and the spin-echo saturation-recovery

experiments to allow for the complete saturation of the radicals and suppression of spectral diffusion, 1/k1, and

their complete recovery to equilibrium, 5/k1. The horizontal broken lines indicate the zero level or ‘‘off’’ state

for each component of the pulse sequence. The vertical broken line indicates the start of data acquisition.

Time

t = 5/k1i

t = 1/k1i

Observe power

Saturating pulse

Defense pulse

Equilibrium
signal

Saturation-recovery transient
I(t)
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where the dipolar rate constant, k1d, is defined by

k1d ¼
g2sm

2
f

o2
s r

6T1f
ð9Þ

where gs is the magnetogyric ratio of the radical (the slowly relaxing
spin), mf is themagnetic dipolemoment of themetal center (the fast
relaxing spin), r is the distance between the radical and the metal
center, os equals 2pn, where n is the resonant frequency of the
radical, T1f and T2f are the spin–lattice and spin–spin relaxation
times of the metal center, respectively, and gs and gf are the g values
of the radical and metal center, respectively. For simplicity, we
assume here that gf is a single isotropic value. Others have taken the
orientation dependence of gf into account explicitly21.
There appear to be a great many terms in equations (8) and (9).

However, gs, mf, os, gs and gf can be determined from the CW EPR
spectra of the radical andmetal center. Furthermore, at temperatures
between liquid helium and liquid nitrogen, it is likely that either the
first or the second orientation-dependent term within brackets in
equation (8) will dominate the relaxation, allowing the equation to
be simplified. The first term in brackets will dominate the dipole–
dipole relaxation enhancement if jð1� gf=gsÞj is significantly less
than one and/or if T1f /T2f is significantly greater than one.
Equation (7) tells us that the recovery of the magnetization of the

radicals will NOT be single exponential if the dipole–dipole-induced
relaxation rate is comparable to or larger than the intrinsic relaxation
rate. By substituting equation (8) into equation (7) and using
equation (7) to fit the observed recovery of the magnetization, one
can extract k1d, the dipolar rate constant. Note that the integral in
equation (7) cannot be solved analytically but can be evaluated
numerically. This can be done most efficiently by writing the integral
as a sum and then summing over equal increments of cos y (ref. 26).
Once k1d has been determined, there are two approaches to

calculate r, the distance between the radical and metal center, using
equation (9). One approach is to measure T1f and T2f directly or
indirectly21. Near liquid helium temperatures, it may be possible to
measure T1f and T2f of the metal center using the saturation-
recovery experiment and spin-echo experiments, respectively.
However, instrumental limitations make it difficult to measure

relaxation times belowB1 ms, and at these ‘‘long’’ values of T1f and
T2f, the relaxation enhancement induced by the dipole–dipole
interaction may be detectable for only ‘‘shorter’’ distances near
10 Å. At higher temperatures and shorter relaxation times, it may
be possible to estimate T1f by analyzing changes in the CW EPR
lineshape of the metal center21.
The second approach to calculate r is to use a model system, that

is, a system of known structure that contains the same metal center
and a radical at a known and fixed distance from it26. Saturation-
recovery transients are recorded in the protein of unknown
structure and in the model system and the dipolar rate constant
is extracted using equations (7) and (8). The quantities gs and os

can be determined directly from the CW EPR spectra of the
radicals, and the remaining parameters in k1d, other than r, are
the same for the two systems if the measurements are made at the
same temperature. As the distance in the model system is known,
the distance between the radical and the metal center in the protein
of unknown structure can be determined:

k1dðmodelÞ
k1dðproteinÞ

¼
r6ðproteinÞ
r6ðmodelÞ

ð10Þ

The use of a model system allows the determination of the distance
between the radical and metal center even when direct observation
of the metal center is not possible by EPR. We also note that the
radical species in the model system does not have to be the same as
the one in the protein of unknown structure. Ideally, the model
system should be a protein so that the relaxation rates and their
temperature dependence will be comparable for the metal center in
the two samples. One can verify that the temperature dependence
of the metal center’s relaxation rate is the same by comparing the
temperature dependence of k1d in the two samples.
The reader may be wondering why the recovery of the equili-

brium spin populations is measured by a saturation-recovery
experiment and not by an inversion-recovery experiment, such
as that performed in solution-state NMR experiments. This ques-
tion is addressed in an additional paragraph that accompanies
Supplementary Figure 1 of this protocol36.

MATERIALS
REAGENTS
.Ethylene glycol
.Liquid nitrogen
.Liquid helium (30 or 60 liter Dewar)
.Samples: B100 ml of B50 mM radical in 30% (vol/vol) ethylene glycol (see
sample preparation)
.Control sample—either your sample for measuring k1i (see above) or
another sample with radicals expected to have single-exponential spin–lattice
relaxation
.Protein of interest—contains both radical and paramagnetic metal center
.Model system (optional)—a known structure containing the same metal
center as your protein of interest and a radical at a fixed distance from the
metal center

EQUIPMENT
.4 mm outer diameter (OD) quartz EPR tubes (Wilmad)
.Liquid nitrogen freezer
.Small Dewar (r0.5 liter)
.Vacuum line to EPR tube adapter (Wilmad)
.CW EPR spectrometer (Bruker Biospin, JEOL)
.Cryostat for CW EPR experiment: variable-temperature helium flow cryostat
(preferred) (Oxford, Janis, Cryo Industries). Alternatively, liquid nitrogen
finger Dewar (Wilmad)
.Pulsed EPR spectrometer (Bruker Biospin)
.Variable-temperature helium flow cryostat for pulsed EPR spectroscopy
(Note: depending on the resonator used, this may be different from the
cryostat used for CW EPR spectroscopy)

PROCEDURE
Introduction of the cryoprotectant � TIMING 1–2 h
1| Cryoprotectants must be added to protein buffer solutions to suppress the formation of ice crystals that would lead to
aggregation and denaturing of protein at low temperatures. However, high concentrations of cryoprotectants can disrupt protein
structure and/or activity. In our experience, 30% (vol/vol) ethylene glycol in buffer produces a reasonably good glass upon
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rapid cooling in liquid nitrogen and preserves the activity of proteins. Glycerol and sucrose are also used as
cryoprotectants25,37,38. The investigator may want to survey the literature to see if particular cryoprotectants have been used
successfully with the protein of interest or with proteins of similar structure and/or function.

This protocol assumes that the investigator is using 30% ethylene glycol as the cryoprotectant. The introduction of glycerol
or sucrose would be very similar, although the latter is added on a weight per volume basis. The cryoprotectant can be added to
the protein’s solution/suspension using the following options: (i) option A, if the protein sample is a solution; (ii) option B, if
it is a suspension (in a protein suspension, the protein can be easily pelleted using a refrigerated centrifuge); or (iii) option C,
if dealing with lyophilized protein. Note that the volume and concentration of protein recommended below are offered as
only rough guides. The actual volumes, concentrations or total quantities of radical/protein required will depend both on
the EPR instrument and the radical studied. If the radical has a narrow overall linewidth, significantly less protein may be
required.
(A) Protein solution

(i) In a 1.5 ml microcentrifuge tube, add 30 ml of ethylene glycol in 5 ml aliquots to 70 ml of protein solution. After the
addition of each 5 ml aliquot, vortex-mix.

(B) Protein suspension
(i) If the protein suspension still flows easily at 50 mM, add cryoprotectant as described in option A. If not, proceed as

follows: pellet the protein in a 15 ml centrifuge tube and then resuspend the pellet in 15 ml of buffer/cryoprotectant
(buffer containing 30% ethylene glycol). Again, pellet and resuspend. Finally, pellet the protein and then resuspend it in
a sufficient amount of buffer/cryoprotectant to yield a suspension that is of 50 mM protein. The conditions necessary to
pellet the protein will vary with the nature of the sample. For membranes of PSII, the membrane protein suspension is
pelleted by centrifugation at 40,000g for 30 min at 4 1C (ref. 39).

(C) Dry protein
(i) Transfer 5 nmol of the dry protein to a 1.5 ml microcentrifuge tube. Dissolve/resuspend the protein directly in 100 ml of

buffer containing 30% ethylene glycol.
m CRITICAL STEP Sodium phosphate buffer should be avoided as it acidifies upon cooling/freezing40. Potassium
phosphate does not show this behavior and can therefore be a suitable replacement.

Transferring the sample to an EPR tube � TIMING 30 min
2| Most cryostats and EPR cavities are designed for a 4 mm OD EPR tube. (JEOL EPR spectrometers may accommodate a 5 mm
OD EPR tube.) Your choice is to use the 4 mm EPR tubes designated for helium cryostats, which have thicker walls, or the
regular, thinner-walled EPR tubes. (Both types are available from Wilmad.) There are trade-offs in each case. The thicker-walled
EPR tubes are more resistant to fracture when freezing and thawing your sample (see below). However, as the inner diameter is
smaller, it is harder to transfer a viscous sample into them, and a smaller volume of sample will fit into the center of the EPR
resonator, decreasing the signal-to-noise ratio.

Transfer your protein solution/suspension to the EPR tube. We recommend using ‘‘NMR Pasteur pipettes’’ (available from
Wilmad) to effect this transfer, as these pipettes can deliver your sample to the bottom of a 4 mm EPR tube. If the sample is
particularly viscous, use a hand-cranked centrifuge to force all of the solution/suspension to the bottom of the EPR tube.

Freezing the EPR sample � TIMING 30 min
3| The term ‘‘freezing’’ is used here to describe the formation of a glass by rapid cooling of the protein solution in liquid nitrogen.
The protein sample should freeze from the bottom up to allow some expansion of the sample and prevent fracture of the EPR tube.
To achieve this goal, ‘‘dip’’ the EPR tube in liquid nitrogen, that is, repeatedly submerge it up to, or just slightly below, the surface of
the solution in the tube and then lift the tube to just above the surface of the liquid nitrogen. This ensures that the bottom of the
sample spends the most time in liquid nitrogen and hence freezes first, while still rapidly cooling the entire sample volume.
! CAUTION This step requires working with liquid nitrogen, a cryogen. Protective eyewear should be worn.
’ PAUSE POINT The sample may be placed in a liquid nitrogen freezer for storage. In this case, leave the EPR tube uncapped.
The protein solution will be stable indefinitely at liquid nitrogen temperatures.

Degassing the cryoprotectant/buffer solution of the protein: freeze-pump–thaw � TIMING 2 h
4| Dissolved oxygen is paramagnetic and can affect the observed P1/2 values or relaxation rates. Typically, oxygen is removed
by the ‘‘freeze-pump–thaw’’ technique described here, which involves repeatedly freezing the sample and then thawing it under
vacuum. As not all proteins will maintain their activity when repeatedly frozen and thawed, we recommend that you try
preparing your control sample with and without degassing to see if degassing is necessary. Note that, to familiarize yourself
with this technique, we recommend practicing the freeze-pump–thaw technique with an EPR tube containing only
cryoprotectant/buffer before performing this on your sample.
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5| Connect the EPR tube to a vacuum or Schlenk line with an intervening stopcock. The specialized fitting necessary to make
this connection is available from Wilmad or can be fabricated by a glass blower. Freeze the EPR sample in liquid nitrogen as
described in Step 3 with the frozen protein solution still immersed in liquid nitrogen, open the stopcock to expose it to vacuum
for a few seconds.
! CAUTION This procedure uses both liquid nitrogen and a vacuum system. Wear protective eyewear and/or a face-shield while
carrying out this step.

6| Close the stopcock immediately above the EPR tube and thaw the sample as follows: when thawing the protein sample, the
goal is to melt the top of the sample first to relieve any pressure that develops as the sample goes through the glass transition
point and ice crystals transiently form. Remove the EPR sample from liquid nitrogen and wipe the sample portion 2–3 times with a
KimWipe or paper towel. Rapidly rub your bare fingers over the sample-containing section of the EPR tube, concentrating on the
top. Once the top begins to melt, warm the rest of the sample with your bare hands. Note that as the sample thaws, gas and some
water vapor will escape from the sample into the space above it. It is possible to control the rate of ‘‘boiling’’ and prevent ‘‘bump-
ing’’ of the solution by placing one’s fingers at the level of the solution/gas interface. Wait until the evolution of gas is complete.
! CAUTION The EPR tube will be extremely cold. Avoid using your fingertips.
! CAUTION There is some risk of the EPR tube breaking explosively. Wear protective eyewear at all times.
m CRITICAL STEP Warm rapidly as it will reduce the amount of ice formed, minimizing the damage to the protein and the risk
of the EPR tube breaking.

7| Repeat the steps of freeze-pump–thaw at least two more times.

8| Once the process is complete, fill the manifold above the EPR tube with nitrogen, or argon gas, at atmospheric pressure.
Open the stopcock above the EPR tube to allow the inert gas into the EPR tube and seal the EPR tube with a gas-tight cap
to prevent oxygen from re-entering the EPR tube. Alternatively, maintain vacuum on the EPR tube after the third cycle of
freeze-pump–thaw and flame-seal the top of the quartz EPR tube closed using a propane/oxygen torch.
’ PAUSE POINT The sample may be frozen in liquid nitrogen and then placed in a liquid nitrogen freezer for storage. If the sample
is capped, rather than flame-sealed, remove the cap immediately before placing the sample in the liquid nitrogen freezer. When
removing samples in open EPR tubes from the liquid nitrogen freezer, wipe the outside of the EPR tube with a Kimwipe or paper
towel to boil off any condensed gases, immediately replace the gas-tight seal and place the sample in a small Dewar (r0.5 liter)
half-filled with liquid nitrogen. Once a degassed protein sample has been frozen in liquid nitrogen, it is generally kept frozen to
reduce the risk of breaking the EPR tube and to prevent damage to the protein from additional freezing and thawing cycles.

Programming the pulse sequence � TIMING 2 h
9| If the CW saturation-recovery or spin-echo-detected saturation-recovery experiment has not been performed before, the
first step is to write the pulse sequence. Usually, an existing pulse program can be adapted for this experiment. Figure 5 shows
the essential components of the CW saturation-recovery pulse sequence. We suggest that the saturating pulse be phase-cycled
by 1801 with each repetition of the sequence to eliminate contributions of the free induction-decay to the observed saturation-
recovery transient. (This is likely to be a problem only as k1 approaches k2.) The defense pulse must remain on for B1–5 ms
after the end of the high-power pulse so that the receiver is not saturated by the resonator ring-down.

The spin-echo-detected saturation-recovery experiment differs in two ways from that shown in Figure 5. First, the saturating
pulse is replaced by a train of saturating p/2 pulses, ideally with a spacing {1/k1, although the actual spacing may be
limited by the duty cycle of the traveling wave tube (TWT) amplifier used to produce the high-power pulses. Second, instead of
continuously observing the recovery of the magnetization using a low level of observe power, the recovery is sampled at discrete
time steps via a spin-echo pulse sequence. A recovery time (shot recovery time) of approximately 5/k1 is still required between
each repetition of the pulse sequence to allow full recovery of magnetization.

10| Confirm that a ‘‘defense pulse’’ is incorporated into your pulse program and that it comes on before the saturating pulse(s) and
turns off after its/their completion. The defense pulse protects the receiver while the sample is irradiated with high-power pulses.
m CRITICAL STEP Failure to protect the receiver during high-power pulsing of the sample may damage the receiver electronics.
When in doubt, check the pulse sequence on an oscilloscope with very low microwave power and the TWT amplifier on standby.

Testing the pulse sequence � TIMING 2 h
11| Test the pulse sequence at room temperature (20–30 1C) using a sample such as strong pitch or irradiated quartz41 that has
a strong signal and reasonably slow relaxation rate. Note that the saturation-recovery transients from strong pitch will not be
single exponential because of interactions between radicals. With proper phase cycling, a good pulse sequence will produce a
flat line at the zero level off-resonance.
’ PAUSE POINT To conserve helium, we recommend a pause here unless you have at least 5 h in which to cool the cryostat
(B1 h) and collect data (4 h).
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Adjustment of pulse parameters and measurement of k1i � TIMING 5 h
12| Following the manufacturer’s instructions, cool the helium flow cryostat to its base temperature of 4 K and then bring the
temperature up to 20–40 K. Insert the control sample. In cryostats that leave the top of the EPR tube exposed to the atmosphere,
the EPR tube must be sealed, either with an air-tight cap or by flame-sealing. For other cryostats, it may be necessary to remove
any external caps or seals from the EPR tube to mount it in the cryostat. Follow the instructions of the cryostat manufacturer.

13| With the control sample in place, determine the center of the radical’s resonance by collecting a CW EPR spectrum. The
maximum signal strength for the saturation-recovery experiment will be found at the center field position (see inset in Fig. 4).
With the magnetic field set to the center field position, the saturation-recovery pulse sequence may now be started. Please
note that for those conducting a spin-echo-detected saturation-recovery experiment, it may be easier to locate the center of
the radical’s resonance by collecting a field-swept spin-echo spectrum. In this case, the center field position corresponds to the
position of maximum spin-echo intensity. The pulse power is then set to produce the maximum echo intensity at the center
field position. The same pulse power level is used for both the saturating pulse train and the spin-echo detection pulses. The
length of the saturating pulse train is adjusted as described above for the CW saturation-recovery experiment.

14| Determine the length of the saturating pulse and its power level by trial and error: make an initial guess as to the saturation-
recovery rate, k1, of the radical and set the length of the saturating pulse to a time of 1/k1. Set the saturating pulse power level
to a high value that is known to be within the safe operating range for the instrument. For our study of the UV-generated tyrosine
radical (Fig. 3a), the saturating pulse power was set to 63 mW. However, safe pulse power levels are highly instrument dependent.
Consult the manual for your pulsed EPR instrument, or the manufacturer, regarding maximum pulse power levels.

15| Record the saturation-recovery transient for a time equal to approximately 5/k1 (5T1) and fit to a single exponential (see
Fig. 5). If 1/k1 from the fit is greater than or approximately equal to the length of the saturating pulse, increase the length of
the saturating pulse and record another saturation-recovery transient. The saturating pulse may be longer than 1/k1 with no
adverse effect, so long as the pulse does not heat the sample.

16| Once the saturating pulse is of appropriate length, test for sample heating: if k1 decreases when the saturating pulse power
is lowered, then sample heating may be a problem. Lower the power until the recovery rate stops decreasing. In our experience,
sample heating is rarely a problem, and once an appropriate saturating pulse power is found, little adjustment is needed.

17| Set the observe power to a low value that still allows the saturation-recovery transient to be recorded with reasonable
signal-to-noise ratio in a 5- to 15-min period of time; see Step 20 for further discussion on this point.

18| Once the length and power level of the saturating pulse have been appropriately set, evaluate the saturation-recovery transient
of the control sample. Non-single-exponential saturation-recovery transients can arise from spectral diffusion or artifacts in an
improperly designed pulse sequence. Therefore, the investigator should first establish that the control sample produces single-
exponential saturation-recovery transients in the temperature range of interest. This will give the investigator confidence that non-
single-exponential saturation-recovery transients observed in the protein are the result of dipole–dipole interactions between the
radical and the metal center. For a study of the enzyme RNR by the authors, the control sample consisted of a tyrosine radical
generated by illuminating a frozen solution of tyrosine in borate buffer4,42. Figure 3 shows the saturation-recovery data confirming
that both the UV-generated tyrosine radical and the tyrosyl radical of the B2 subunit of RNR are well fit by a single exponential
at low temperatures. Note that the saturating pulse power is many orders of magnitude higher than the observe power.

19| If the control sample is appropriate for the determination of k1i, the investigator is now ready to make saturation-recovery
measurements of k1i over the temperature range of interest. Typically this range will be from B5 to 100 K, although data from
prior CW EPR microwave progressive power saturation experiments may allow the investigator to target a particular temperature
regime. For the stable tyrosyl radical of the B2 subunit in RNR, the UV-generated tyrosine radical in a borate glass proved to be
a suitable model for k1i (Fig. 6). At low temperatures, o20 K, where the dinuclear iron center of RNR is essentially diamagnetic
(S ¼ 0), the saturation-recovery transients of the two radical species were single exponential and the values of k1 (1/T1)
essentially equal. At higher temperatures (40–70 K), the B2 tyrosyl radical experiences a significant dipole–dipole and exchange
interaction with the dinuclear iron center, as its paramagnetic (S ¼ 1) excited state becomes populated. The relaxation rate
constant due to dipole–dipole interactions, k1d, becomes significant at these temperatures, and the orientation-independent
exchange rate constant, k1ex, becomes greater than k1 of the UV-generated tyrosine radical.

20| In the CW saturation-recovery experiment, the observe microwave power used to record the saturation-recovery transient
can itself enhance the saturation-recovery rate, k1. Because this enhancement is not orientation dependent, it affects only k1i.
The true value of k1i, that is k1i at zero power, can be determined as follows: record 3–4 saturation-recovery transients at the
same temperature, but each at a different value of the observe power. Fit each saturation-recovery transient to the appropriate
equation, a single exponential or equation (7), to determine k1i(observe power 1), k1i(observe power 2), etc. Plot k1i versus
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observe power and extrapolate to zero
power. Please note that this step is not
required for the spin-echo-detected
saturation-recovery experiment.

Collecting saturation-recovery
transients of your protein sample

� TIMING 5 h
21| Insert the protein sample
containing both the radical and
paramagnetic metal center into the EPR
cavity. Collect saturation-recovery
transients over the temperature range
described in Step 19. The length of the
saturating pulse or pulse train should
be B1/k1i. This will be known if an
appropriate control was available
(see above), or one can determine it
by fitting the data as it is collected.
Alternatively, one can look at the
saturation-recovery transient and
determine where the curve reaches a plateau. This will be B5/k1i. Note that the time required for each complete pulse sequence
(the shot recovery time) should be 6/k1i to allow complete recovery of all the radicals. It is better to overestimate the shot
recovery time needed than to underestimate it.

Collecting saturation-recovery transients of the model system � TIMING 5 h
22| Record saturation-recovery transients of your model system at the same temperatures as your protein sample. This allows
direct calculation of the interspin distance, r, and direct comparison of the temperature dependence of k1d in the two samples.
For example, to measure the distance between the non-heme Fe(II) in PSII and its stable tyrosine radical YD

�, we used the
photosynthetic reaction center from the purple non-sulfur bacterium Rhodobacter sphaeroides as a model system. This protein
also contains a non-heme Fe(II) and the crystal structure was known43. A stable cation radical, P+, 28 Å away from the
non-heme Fe(II), was generated by illumination of the bacterial reaction center at low temperatures. Saturation-recovery
transients of P+ were recorded and found to be non-single exponential (Fig. 7) as expected.

Data analysis � TIMING 3 days
23| If your control sample is an appropriate model for
determining k1i, this rate constant can be extracted from
single-exponential fits to the saturation-recovery data.
At this time, no commercial programs set up to perform the
fit described by equations (7) and (8) are known. However,
fitting routines can be written within a number of commercial
software packages, including Mathematica and MatLab.
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Figure 6 | The
relaxation behavior of

the UV-generated

tyrosine radical and the

tyrosyl radical of the

B2 subunit of RNR

as a function of

temperature. The

single-exponential rate

constants (k1 or 1/T1)

obtained by fitting the

saturation-recovery

transients of the

UV-generated tyrosine

radical (m) are

shown for the entire

temperature range. The

single-exponential rate

constants obtained by fitting the saturation-recovery transients of the B2 tyrosyl radical (+) are shown for

temperatures below 20 K. The saturation-recovery transients of the B2 tyrosyl radical were also fit with

equations (7) and (8), where the first term in equation (8) was taken to be the dominant source of

dipole–dipole-induced relaxation enhancement. The open squares (&) represent k1i/k1ex and the closed

squares (’) represent k1d (ref. 4).
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Figure 7 | Saturation-recovery transient from the radical P+ in the bacterial

reaction center at 10 K. In (a), the fit of equation (7) is shown superimposed

on the data. In fitting the saturation-recovery transient, it was assumed that

only the second term in equation (8) made a significant contribution to the

relaxation enhancement. The value of k1d from this fit was 3,500 s�1. The

observe microwave power level was 720 nW and the saturating microwave

pulse (160 mW) was of 6-ms duration. The residual spectra (the difference

between the saturation-recovery transient and the fitted curve) are shown on

an expanded vertical scale for (b) equation (7) and (c) a single exponential.

Note that a perfect fit to the data would yield a residual spectrum that was

perfectly flat (horizontal), except for noise. Residual spectrum (b) shows

that the fit of equation (7) comes close to this ideal. The inability of a single

exponential to adequately fit the observe saturation-recovery transient of

the radical, residual spectrum (c), is characteristic of the presence of a

dipole–dipole interaction46.
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24| In the absence of exchange cou-
pling between the radical and the metal
center, fit the data using equations (7)
and (8) to obtain values for k1i and k1d.
Use k1d to calculate the distance
between the radical and the metal cen-
ter, as described above. Compare k1i
obtained from the protein sample to
the k1i of the control sample. If the
values of k1i determined from the pro-
tein sample are larger than k1i from the
control sample and the two differ in
their temperature dependence, then it
may be that an exchange coupling also
exists between the radical and metal
center in the protein. In this case,
accurate determinations of both the
exchange and dipole–dipole couplings
will require an equation that incorpo-
rates both sources of relaxation enhancement into the fitting of the saturation-recovery transient21.
? TROUBLESHOOTING

� TIMING
Step 1: 1–2 h
Step 2: 30 min
Step 3: 30 min
Steps 4–8: 2 h
Steps 9 and 10: 2 h
Step 11: 2 h
Steps 12–20: 5 h
Step 21: 5 h
Step 22: 5 h
Steps 23 and 24: 3 days

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.
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Figure 8 | Plotting of

the dipolar rate

constants k1d versus

temperature for P+ (&),

the cation radical of the

special pair in

photosynthetic reaction

centers of Rb.

sphaeroides, and for the

tyrosine radical YD
�

(’) in Mn-depleted

PSII. Since the P+–

Fe(II) distance, r, is

shorter than the

YD
�–Fe(II) distance, the

dipolar rate constant for

P+ is greater at each

temperature. The lines

show the best power law fit (k1d ¼ ATn) for each set of rate constants26. The fact that the dipolar rate

constants for P+ and YD
� have the same temperature dependence is consistent with the non-heme Fe(II)

being the source of relaxation enhancement in both the reaction center and Mn-depleted PSII.

8010

Temperature (K)

102

103

104

kc 1d
 (

s–1
)

TABLE 1 | Troubleshooting table.

Problem Possible reason Solution

Weak or no saturation-recovery
EPR signal

Magnetic field position is not at the center field
position of EPR signal

Adjust the magnetic field position as described in Step 13

Shot recovery time too short Lengthen shot-recovery time

Spin-echo-detected saturation recovery:
(1) Spin-echo pulses not optimized (1) Increase/decrease power or length of pulse
(2) T2 very short (2) Change temperature

Control sample recoveries are
not single exponential

Saturating pulse or saturating pulse sequence is
too short

Lengthen saturating pulse or saturating pulse sequence

Concentration of radicals is too high or radicals
are aggregating

(1) Dilute the solution or try a different cryoprotectant
(2) Use a different control (radical) that will remain
dispersed in solution

A piperidinyloxy (piperidine-oxyl) spin label is
the radical47

(1) Include the orientation dependence of k1i for these
radicals in the fits to the saturation-recovery data24,48

(2) Substitute a pyrrolinyloxy (pyrroline-oxyl) spin label if
possible5
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ANTICIPATED RESULTS
Comparison of k1d arising from Fe(II) in PSII and Rb. sphaeroides reaction center
Both PSII and the bacterial reaction center from Rb. sphaeroides contain a non-heme Fe(II) coordinated by four histidine
ligands. At the time of these experiments26, the structure of the bacterial reaction center was known43, allowing it to serve as a
model system for PSII. In the bacterial reaction center, k1d was extracted from fits of equation (7) to the spin–lattice relaxation
transients of P+, the cation radical of the special pair. In PSII depleted of manganese, k1d was extracted from fits of equation (7)
to the spin–lattice relaxation transients of YD

�. The plot in Figure 8 shows that the temperature dependence of k1d is the same
in the two systems, indicating that the non-heme Fe(II) is the source of relaxation enhancement for both P+ and YD

�. The ratio
of the dipolar rate constants in the two systems predicted a distance of 37 ± 5 Å between YD

� and the non-heme Fe(II) of PSII
(equation (10)) (ref. 26). The x-ray crystal structure of PSII has since been solved at 3.5 Å (ref. 44) and 3.0 Å (ref. 45)
resolution. These structures show a distance of 37 Å between YD

� and the non-heme Fe(II).

Note: Supplementary information is available via the HTML version of this article.
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