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Abstract

We have developed a general electron paramagnetic resonance (EPR) method to measure electrostatic potential at spin labels on
proteins to millivolt accuracy. Electrostatic potential is fundamental to energy-transducing proteins like myosin, because molecular
energy storage and retrieval is primarily electrostatic. Quantitative analysis of protein electrostatics demands a site-specific spectro-
scopic method sensitive to millivolt changes. Previous electrostatic potential studies on macromolecules fell short in sensitivity, accu-
racy and/or specificity. Our approach uses fast-relaxing charged and neutral paramagnetic relaxation agents (PRAs) to increase
nitroxide spin label relaxation rate solely through collisional spin exchange. These PRAs were calibrated in experiments on small
nitroxides of known structure and charge to account for differences in their relaxation efficiency. Nitroxide longitudinal (R1) and
transverse (R2) relaxation rates were separated by applying lineshape analysis to progressive saturation spectra. The ratio of mea-
sured R1 increases for each pair of charged and neutral PRAs measures the shift in local PRA concentration due to electrostatic
potential. Voltage at the spin label is then calculated using the Boltzmann equation. Measured voltages for two small charged nitr-
oxides agree with Debye–Hückel calculations. Voltage for spin-labeled myosin fragment S1 also agrees with calculation based on the
pK shift of the reacted cysteine.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

1.1. Importance of protein electrostatics

Electrostatics is fundamental to protein structure,
dynamics, interactions and function [1,2]. In particular,
proteins that mediate energy or signal transduction must
transmit electrostatic energy from substrate hydrolysis [3]
or ligand binding [4,5] across their structures. In myosin,
for example, the release of ATP hydrolysis energy results
in conformational changes over distances of 5 nm or more
[6], which involve torsional and translational movements of
specific alpha helices of the myosin head [7]. These inter-
orbital forces are electrostatic [8,9] and generate highly
localized potentials. To date, protein spectroscopy has
focused on describing changes in structure and dynamics
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generated primarily by these electrostatic forces. In the
present study, we develop a method to measure these elec-
trostatic forces quantitatively, as a step toward explaining

the observed structural changes.

1.2. Dynamic range and sensitivity needed

What is the magnitude of electrostatic potential change
that must be measured? One estimate comes from sidechain
ionization, which is typically within one pK unit [10–12],
corresponding to ±59 mV for a single charge ionization
at 25 �C, based on the Tanford–Roxby equation [13]. The
SH1 cysteine of myosin S1 has an unusually large pK shift
of 2.27, corresponding to +135 mV [14,15], which we use
later. Another estimate comes from the energetics of ATP
hydrolysis, where 7.3 kcal/mol in energy is liberated with
a loss of 1 electron charge, corresponding to a 300 mV
potential change. Assuming 50% efficiency, this suggests
that a fully general method should measure potentials over
a range of ±150 mV. In most cases probes will be remote
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from such centers, so they must discern small changes with
millivolt precision.

1.3. Calculating electrostatic potential from high-resolution

structure

In principle, structures obtained from X-ray crystallog-
raphy or NMR can be used to calculate the electrostatic
potential at any point within the molecule, using the Pois-
son–Boltzmann equation. However, the uncertainty of
these calculations has been estimated to be about 40 mV
in proteins [2,16,17]. Furthermore, crystal-trapped struc-
tures can differ significantly from solution structures, which
are likely to be less ordered and more dynamic, especially in
energy-transducing proteins [18,19]. When available, an
ensemble of NMR solution structures can give a more
accurate computational voltage than that derived from an
X-ray crystal structure [20]. Some of the most critical
conformational states are transient or flexible and are thus
not easily trapped in crystals [21,22], and most supramolec-
ular assemblies (e.g., actomyosin) have not been crystallized
and are too large for high-resolution NMR analysis. There
is clearly a need for a general method that measures electro-
static potential accurately in solution under functional
conditions. Also, electrostatic modeling programs such as
DelPhi and APBS are geared toward the calculation of
relatively large potential distributions produced by surface
charges, not the highly localized potential distributions that
report energy transmission through proteins. Collisional
spin exchange offers the prospect of measuring these poten-
tials directly, going beyond these current limitations.

1.4. Site-directed probe techniques

Site-directed mutagenesis, usually producing single-cys-
teine mutants, is the most general method of obtaining
site-specific structural information in solution. Electrostatic
potentials have been estimated using cysteine reactivity to
charged reagents [4,23], but this has low time resolution
and these reactions can involve many influences. Cysteine
pK shift on a protein surface can be measured potentiomet-
rically [14], but ionization can also depend on hydrogen
bonding and hydrophobic interactions in addition to elec-
trostatic potential [24]. Also, this method requires varying
pH, a variable often important to biochemical state. Hydro-
gen exchange has been used to estimate the electrostatic
potential near metal binding sites in proteins, but is limited
to proteins with metal centers and sensitive to electrostatic
potentials of � 20 mV and above [10].

A more promising approach involves spectroscopic
measurements of the accessibility of charged relaxation
agents to a site-directed probe. Electrostatic forces perturb
local agent concentration, so changes in probe relaxation
rate are related to the local voltage through the Boltzmann
equation. For example, collisional fluorescence quenching
[25–27] and diffusion-enhanced resonance energy transfer
[27–34], using charged relaxation agents in solution, pro-
vide direct spectroscopic measurements of electrostatic
potential at specific probe sites. In most cases, the large
optical probes required limit spatial resolution and can
disrupt protein function, and the ns lifetimes of most fluo-
rescent probes require the addition of high concentrations
of relaxation agent (>100 mm), which can disrupt protein
structure and function. NMR has been used to make
electrostatic measurements on proteins, using charged nitr-
oxides as relaxation agents [35,36], but these measurements
are spatially averaged because they are dominated by long-
distance dipolar relaxation. NMR signals are also 700 times
smaller than those of EPR, making NMR less sensitive to
small voltages [35].

EPR accessibility experiments that emphasize electro-
statics have been performed previously [16,17,37–42], but
studies that actually measured electrostatic potentials at
nitroxide spin labels, utilizing paramagnetic relaxation
agents (PRAs) form a smaller set [16,17,40,42,43]. Shin
and Hubbell made pioneering measurements using elec-
tron–electron double resonance (ELDOR) with charged
and neutral 15N nitroxides as PRAs against 14N nitroxide
labels [16,17]. They estimated an electrostatic potential at
the surface of a charged lipid membrane by fitting mea-
sured values of R1 from ELDOR as ionic strength was var-
ied, and they found agreement with a previously estimated
value. However, neither the 15N nitroxide PRAs nor the
instrumentation for ELDOR measurements is commonly
available, and ELDOR is an indirect measure of accessibil-
ity because it relies on perturbing the cross-coupling
between 14N nuclear states with slowly relaxing PRAs
[44,45,42]. Also, when they measured the more localized
electrostatic potential at a spin label intercalated in
DNA, it was 14% of the value expected based on modeling.
This underestimate may be due in part to the slow (ls) R1

relaxation time of nitroxide PRAs, resulting in measure-
ment of a spatial average of the potential distribution.

Electrostatic potentials at nitroxide spin labels on phos-
pholipase A2, complexed over a charged lipid membrane,
have been measured from increases in R2 with the addition
of chromium oxalate (CrOx aka CrðC2O4Þ33�) as a PRA
[40,43]. These measurements are important precursors to
ours, but absolute accuracy remains unknown primarily
because they remain based on measurements over a large
complex system (charged membrane) having a large uni-
form electrostatic potential distribution. Calibrations are
needed on small molecules carrying single charges to ensure
that relaxation agents do indeed operate collisionally to
measure localized potential distributions. There is also a
need to account for differences in steric accessibility
between labeling sites.

In the present study, we use PRA’s with ps relaxation
times to ensure that the relaxation enhancement is due
entirely to collisional spin exchange [46], and we use small
nitroxide spin labels of known structure and charge to cali-
brate these for accurate voltage measurements. Saturation
recovery EPR, using pulsed excitation and detection, is a via-
ble alternative to conventional EPR for accessibility mea-
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surements [47,48], but the present study uses the more widely
available conventional EPR technology. We perform these
EPR experiments on a set of PRAs which encompass all
charge states (�, 0, +). The PRA spin-exchange rate is pro-
portional to the collision rate, and this is proportional to
local concentration. We employ the Boltzmann equation
to estimate electrostatic potential from the shift in charged
PRA concentration relative to bulk as observed through
relaxation due to spin exchange. Finally, we apply the
method to spin-labeled myosin to show that it can measure
small electrostatic potentials on proteins with an accuracy
of a few mV.

2. Methods

2.1. Spin exchange as a bimolecular chemical reaction

Collisional spin exchange can be described through the
kinetics of a bimolecular reaction:

NO� þ PRA
!k1

 
k�1

NO�PRA!k2
NOþ PRA� ð1Þ

Solving this equation leads to the expression for the spin
exchange reaction rate:

W ex ¼
1

½NO��
d½NO�

dt
¼ k1k2½PRA�NO

k�1 þ k2

¼ ke½PRA�NO: ð2Þ

PRA concentration bears the subscript ‘‘NO’’ to emphasize
that it is sampled at the nitroxyl group. We selected PRAs
with spin-lattice relaxation rates R1 (1/T1) much greater
than the nitroxide resonance frequency to eliminate dipolar
relaxation [46] and show that it is insignificant by calcula-
tions done in the Section 4. So collisional spin exchange is
the only mechanism that increases R1 in our measurement
system as given by

DR1 ¼ W ex ¼ ke½PRA�NO: ð3Þ

Assuming that local PRA concentration is governed by the
electrostatic potential of the nitroxyl electron, Eq. (3) indi-
cates that spin exchange rate ke is directly measurable when
it is neutral, or known. Strong collisional spin exchange
(k2� k�1 in Eqs. (1), (2)), is diffusion-controlled with
ke = k1 � 3.6 MHz/mM for idelized collisions in water at
25 �C, p154 in [49]. For real PRA-nitroxide collisions, ke is
smaller due to electronic, steric, and magnetic factors [49].
For example ke � 0.2 k1 was measured for FeðCNÞ63� in
aqueous solution with a nitroxide spin label [50]. We deter-
mine ke directly from changes in R1 for each PRA by measur-
ing spin exchange rates against small nitroxides of known
structure and charge (described below). For spin labels on
proteins ke is further reduced by steric accessibility.

2.2. Calculating voltage from relaxation enhancement

The concentration of PRA with charge Z at r, [PRA](r),
due to electrostatic potential V(r) is related to the bulk
solution concentration [PRA]1 through the Boltzmann
equation [2,16,17,38,40,42]

½PRA�ðrÞ ¼ ½PRA�1 exp � ZF ½V ðrÞ�
RT

� �
; ð4Þ

where F is the Faraday constant, R is the gas constant
and T is temperature. Here we assume an electrostatic
potential of mean force [51] acting on each PRA and
that any short range forces act to change PRA ke values
(Eq. (3)). The two relevant short-range forces are steric
Van der Waals forces and nitroxyl group hydration.
We select small PRAs of the same diameter, to ensure
that their ke values are lowered by the same amount in
collisions with a spin label in a tight protein crevice. Ni-
troxyl group hydration has been hypothesized to explain
nitroxide–nitroxide ke values that are half as large in
aqueous compared to organic solutions [49]. We later ac-
count for this water by defining the nitroxyl oxygen sur-
face from which position r in Eq. (4) is set. The key
concept of this calibration is that while PRA ke values
may vary between experiments, their ratios between such
PRAs remain the same, allowing constant correction fac-
tors to be defined in Eq. (6).

Relaxivity v is calculated by combining Eqs. (3) and (4)
[38]:

v1 �
DR1

½PRA�1
¼ ke exp

�ZFV
RT

� �
ð5Þ

There is a similar equation for v2, but our primary
interest is v1. Thus when the nitroxyl oxygen resides
in a neutral electrostatic potential (V = 0), relaxivity v
is the second-order rate constant ke unique to each
PRA (Eq. (3)). We calibrated three PRAs of positive,
negative and neutral charge (Section 2.1) against
charged and ionically neutral small nitroxides by mea-
suring their relaxivities in aqueous buffer to derive cali-
bration factors K1 for each charged PRA with respect
to the neutral:

Kþ1 �
vþ1 ðV ¼ 0Þ
v0

1ðV ¼ 0Þ ¼
kþe
k0

e

K�1 �
v�1 ðV ¼ 0Þ
v0

1ðV ¼ 0Þ ¼
k�e
k0

e

: ð6Þ

The + and � superscripts denote PRA charge state. The
potential at a nitroxide is then calculated by combining
Eqs. (5) and (6):

V þ ¼ �RT
ZþF

ln
vþ1

v0
1Kþ1

� �
V � ¼ �RT

Z�F
ln

v�1
v0

1K�1

� �
ð7Þ

Here charge values Z+/� carry sign and RT/F = 25.68 mV at
25 �C. If both charged PRAs sensed their concentration at
the same r then these voltages would agree. The r values
for our charged PRAs differ by several angstroms. Once
the calibration is established, Eq. (7) is used to determine
voltage, usually with relaxivities v1 replaced by changes in
R1, measured by adding charged and neutral PRAs at the
same concentration.
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2.3. Selecting PRAs for an EPR voltmeter

To measure electrostatic potential through collisional
spin exchange, we chose the PRAs in Fig. 1. These have
comparable small diameters and magnetic properties, are
stable in aqueous solution, and are either commonly avail-
able or easily made. The selected PRAs have spin-lattice
relaxation rates R1 > 100 GHz, (Table 4). Because these
rates are substantially above the nitroxide resonance fre-
quency, relaxation through dipolar coupling is insignificant,
leaving only relaxation through collisional spin exchange.
This relaxation rate is also fast compared with the intermo-
lecular collision frequency for the small nitroxides tested
here at 0.5 mM. So PRA addition does not cause cross-cou-
pling between different nuclear spin states of the 14N nitrox-
ide [49,52], which would complicate analysis.

The PRAs in Fig. 1 have comparable steric accessibility.
The diameter of 5.8 Å shown for RuðNH3Þ63þ ignores a
second coordination sphere of eight water molecules at
its octahedral faces, so we use its hydrated radius, as mea-
sured by Waysbort and Navon, of 3.9 ± 0.3Å [53], for both
steric accessibility and the distance r from the nitroxyl oxy-
gen surface at which it senses concentration upon colli-
sional spin exchange (Eq. (4)). FeðCNÞ63� is the smallest,
with a steric radius of 3.1Å. Because of its negative shell/
positive core structure, we take its distance r as zero during
collisional spin exchange. NiEDDA0 is hexadentate, simi-
lar to the charged PRAs with waters completing two ligand
positions [54]. It lies between the charged PRAs in size.

PRA magnetic properties relevant to collisional spin
exchange are spin quantum number S, effective magnetic
moment l, spin-lattice relaxation rate R1PRA, and unpaired
spin density in orbitals that overlap during a collision [49]
(Table 4). Both RuðNH3Þ63þ and FeðCNÞ63� have S = 1/2,
matching that of the unpaired nitroxide spin. They have
spin-lattice relaxation rates of 400 and 10,000 GHz, respec-
tively, and unpaired spin density of �0.4% coupled to their
outermost atoms [55–57]. Even though NiEDDA0 has
Fig. 1. Paramagnetic relaxation set chosen for the voltmeter set with
modeled dimensions. Models are from Fujitsu Cache�.
S = 1, we chose it as neutral because it has performed well
in other accessibility studies [58] and because of its relaxa-
tion rate of 250 GHz [59].

Unlike these transition metal PRAs, unpaired spin den-
sity resides on the nitroxyl group alone [60] for a nitroxide
and only the oxygen is sterically accessible, based on simple
modeling. As a result only �25% of the small nitroxide sur-
face presents the spin density necessary for spin exchange.

Finally, our voltmeter PRAs are stable during experi-
ments (easily past 20 h) with respect to ligand or central
ion substitution as well as redox reactions [58,61–63] in
aqueous buffer at pH 7 and 25 �C.
2.4. PRA calibration

Electrostatic potential measurements based on colli-
sional spin exchange occur at atomic dimensions. If all
the charge sources for the measured electrostatic potential
reside within a Debye length of the nitroxyl oxygen surface
then the ionic strength of the medium will not affect this
potential. Calibrations made upon the highly localized elec-
trostatic potentials of small nitroxides (Fig. 2) should
indeed be possible and prove the high degree of accuracy
achievable with appropriate PRAs. The PRA set (Fig. 1)
was calibrated to determine the factors Kþ1 and K�1 (Eq.
(6)) in a series of experiments with small nitroxides in solu-
tion. Several uncharged nitroxides were measured first to
determine first-order calibrations, and these were then
refined by matching experimental values of V (Eq. (7))
for charged nitroxides TEMPO-choline (+1 charge) and
carboxy-TEMPO (�1 charge) (Fig. 2) with those deter-
mined from Debye–Hückel theory.

The model distances shown in Fig. 2 are measured to the
center of the nitroxyl oxygen. We define a nitroxyl oxygen
reference surface as the patch over this oxygen through
which all excited spin state transfers occur. The oxygen
diameter of 1.5 and 1.0 Å for coordinated water are added
to the model distance from the test charge to reach this sur-
face in voltage calculations.

Our nitroxide test charges are approximately ellipsoids
(Fig. 3A). For lower limit of the electrostatic potential,
Vs, the nitroxide structure is ignored and the test charge
is screened by point charge ions across the distance d + r,
i.e. the distance d from test charge to nitroxyl oxygen sur-
Fig. 2. Charged nitroxides used for PRA calibration. Left: positively
charged TEMPO-choline. Right: negatively charged carboxy-TEMPO.
Center-to-center distances from charged atoms to nitroxyl oxygen are
shown.
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face (Fig. 3B) plus distance r from this surface at which the
charged PRA senses concentration:

V sðd þ rÞ ¼ Q
4pe0erd

exp
�ðd þ rÞ

kD

� �

¼ 184:6½mV 	 Å�
d þ r

exp
�ðd þ rÞ

10Å

� �
: ð8Þ

The Debye length kD is set to 10Å here using Eq. (9) (see
Eq. 12.1–27 p.162 of [64]), based on the 90 mM ionic
strength (l) typical in our experiments.

kD ¼
e0erkbT
2e2NAl

� �1=2

¼ 3:04ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l½mM�

p ½Å� ð9Þ

For a high limit of electrostatic potential, Vf, from each test
charge finite ion sizes are assumed to calculate the ‘‘inter-
nal’’ electrostatic potential (Eq. 10 e.g., see p.327 in [65]),
where a = d + aI and aI are the steric radii of FeðCNÞ63�

and RuðNH3Þ63þ (Fig. 3C).

V f ðrÞ ¼ 184:6½mV 	 Å� 1

d þ r
� 1

kD þ a

� �
ð10Þ

Eq. (10) should reflect voltages measured with FeðCNÞ63�

more closely, because the intense electric field of its nega-
tively charged shell partially saturates the water dielectric
near its point of collision. RuðNH3Þ63þ has a less intense
electric field and measures several angstroms away from
the oxygen surface, so values calculated with Eq. (8) should
be closer to these measurements. Because these charged
PRAs sense concentration at different r distances, they pro-
vide information about the gradient of the electrostatic po-
tential near the nitroxide.

2.5. Separating R1 and R2 for small nitroxides

In the simplest analysis, nitroxide R1 and R2 increase
linearly with added PRA [38].
R1 � R10 þ v1½PRA� R2 � R20 þ v2½PRA� ð11Þ

We use these expressions to explain why lineheight satura-
tion analysis is inadequate for our calibrations with small
nitroxides. Some investigators have used v1 = v2 [38,43]
as assumed in original spin exchange work with small nitr-
oxides [49]. Since lineshape analysis provides R1 values we
do not make this assumption.

In the conventional EPR accessibility experiment on
spin-labeled protein, lineheights Y are measured from
derivative peaks of progressive saturation spectra and the
resulting curve is fit to a semi-empirical equation [58,66,67]:

Y ¼ A
ffiffiffi
P
p

1þ C2Pc2

R1R2

h ie : ð12Þ

Here P is the power incident to the resonator, C is the cav-
ity factor defined in Eq. (13) which converts this power to
microwave magnetic field in the sample and
c = 1.76 · 107 s�1 G�1.

H 2
1 � C2P ð13Þ

A, P1/2 and e are constants determined by fitting the line-
height curve. Constant e ranges from 0.5 for completely
inhomogeneous to 1.5 for completely homogeneous spec-
tral lines [67,68]. Half saturation power P1/2 is the power
P at which the denominator in Eq. (12) equals 2.

P 1=2 ¼
ð21=e � 1ÞR1R2

C2c2
ð14Þ

P1/2 is proportional to R1R2, i.e.

ðR10 þ v1½PRA�ÞðR20 þ v2½PRA�Þ
¼ R10R20 þ R10v2½PRA� þ R20v1½PRA� þ v1v2½PRA�2:

ð15Þ

For fast-tumbling small nitroxides, R1 � R2, making all
terms important. This leads to a quadratic dependence of
P1/2 on PRA concentration, which we observe. At the other
extreme, rigidly labeled proteins make the nitroxide tumble
slowly in solution, so R1
 R2, p413 in [69]. Also,
v1,2[PRA]
 R2 for our PRAs, added from 0 to 10 mM.
In this limit Eq. (15) is

ðR10 þ v1½PRA�ÞðR20 þ v2½PRA�Þ ffi R10R20 þ R20v1½PRA�
ð16Þ

This differs slightly from the approximation presented in
[38]. Here P1/2 is proportional to R1. Thus when experi-
ments are performed to measure voltage at spin labels on
proteins the change in P1/2 is used in place of the change
in R1 (which replaces v1) in Eq. (7) with the same concen-
tration of added charged and neutral PRA and under the
assumption that e and R20 remain constant. However, for
very floppy spin labels on protein loops, this slow-tumbling
approximation may be poor.

The quadratic dependence of P1/2 for small nitroxides
makes it impossible to determine changes in R1 (v1) sepa-
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rately for the general case of a partially homogeneous
(0.5 < e < 1.5) spectrum with lineheight fitting. Also, we wish
to avoid approximating changes in R1 as being proportional
to changes in the square root of P1/2, based the fast tumbling
limit assumption that R1 = R2, because these calibrations
are fundamental measurements that demand the least num-
ber of assumptions and the highest achievable accuracy.
Therefore, we performed global lineshape analysis on pro-
gressive saturation spectra to directly separate R1, R2 and
inhomogeneous linewidth CG with PRA concentration
across sets of saturation spectra for the central line (I = 0)
of small 14N nitroxides in this study. More et al. [70] pio-
neered global lineshape fitting of EPR spectra, applying it
to estimate R1 and R2 changes for a spin-labeled porphyrin
with and without high-spin Fe(III) chelated. They fitted
the central line as we do, but used an inhomogeneous broad-
ening function that included proton hyperfine splitting
explicitly to the first order. More recently, Nielsen et al.
[43] employed similar detailed global fitting for 8 spectral
aspects of the central line of tempol to compare R1 and R2

measurements from CW progessive saturation and pulsed
saturation recovery. Our focus is on the measurement of
accurate relaxivity changes. So we are less concerned about
accurate absolute relaxation rates and employ a simpler
model for inhomogeneous broadening which has proven to
be acceptable.

Nitroxide inhomogeneous broadening is caused by static
local magnetic fields [71,72]. In small rapidly tumbling nitr-
oxides, this broadening is dominated by the static dipolar
interactions of the 12 methyl protons (superhyperfine split-
ting) [73]. We focus on the 14N central line (I=0) and
assume that inhomogeneous lineshape can be accounted
for by a single Gaussian:

GðDHÞ ¼ 1ffiffiffiffiffiffi
2p
p

CG

exp � 1

2

DH
CG

� �2
" #

: ð17Þ

In global lineshape fitting we convolve this inhomogeneous
lineshape with the derivative Lorentzian lineshape, Eq. 4,
p.589 in [74]:

LðDHÞ � ALLDH
ffiffiffi
P
p

1þ cDH
R2

	 
2

þ C2Pc2

R1R2

	 
� �2
; ð18Þ

where ALL is the lineshape constant, DH as the offset from
resonant field center. Thus the lineshape V(DH) that is fit
to the data is

V ðDHÞ ¼
Z

GðDH 0ÞL0ðDH 0 � DHÞdDH 0: ð19Þ

It should be clear that the experimental line acquired across
a set of ten powers of progressive saturation, is fit by a sin-
gle Gaussian line and a single Lorentzian line with global
lineshape fitting.

Adding power P as a new dimension provides enough
information to determine R1, in addition to R2, and CG

[73,75–81], thus achieving our primary goal of accurately
determining relaxivities v1. Small nitroxides in deoxygen-
ated solution exhibit discrete superhyperfine splitting. The
effect of this partially resolved structure on fitting is
reduced by setting nitroxide concentration at 0.5 mM [45]
and by setting the field modulation amplitude close to the
central linewidth in order to obtain the most accurate mea-
surements of changes in R1 and R2 as PRA concentration is
changed (relaxivities).

2.6. Experimental

Standard aqueous buffer for these experiments con-
tained 20 mM Tris–HCl, 30 mM KCl, 5 mM MgCl2,
0.1 mM EDTA, pH 7.5, 25 �C.

Sigma–Aldrich stocks. Tempone = 4-oxo-TEMPO,
IASL = 4-(2-iodoacetimido)-TEMPO, MSL = 4-maleimi-
do-2,2,6,6-tetramethyl-1-peridinyloxy, 4-Carboxy-TEMPO,
IAPCPSL = 3-(3-(2-iodoacetimido)-propyl-carbamoyl)-proxyl,
N-Acetyl-L-cysteine methyl ester, CrðC2O4Þ33� from potassium
chromium (III) oxalate trihydrate, CoðCNÞ63� from potas-
sium hexacyanocobaltate(III), FeðCNÞ63� from potassium
hexacyanoferrate(III), CoðNH3Þ63þ from hexamine cobal-
t(III) chloride, RuðNH3Þ63þ from hexaammine ruthe-
nium(III) chloride.

Other stocks. Perdeuterated tempone = 4-Oxo-2,2,6,6-
tetramethylpiperidine-d16-1-oxyl from C/D/N Isotopes,
TEMPO-choline = 4-(N,N-dimethyl-N-(2-hydroxyethyl))
ammonium-2,2,6,6-tetramethylpiperidine-1-oxyl chloride
from Invitrogen, N-acetyl-L-cysteine allyl ester from Tor-
onto Research Chemicals, PEG derivatized resin beads are
Novabiochem 01-64-0100 PEGA amino resin, NiEDDA0

was from a stock prepared by Tara Kirby as described previ-
ously [67].

Labeling. ASL-cys-methyl and ASL-cys-allyl cases were
formed by adding fresh cysteine stocks at 0.2 M in DMF to
equimolar amounts of 0.2 M IASL DMF stocks, diluting
these mixtures to 1mM with standard buffer shifted to
pH 9 with KOH for labeling at 25 �C for 4 h and then on
ice for 20 h to ensure complete labeling. At the end of label-
ing pH was returned to 7.5 with HCl. PEG beads have
�2 · 1014 PEG chains per cross-linked resin bead with an
amine on the distal end of each chain. These were swelled
in MeOH to �3 mM and labeled by adding 0.2 M MSL
in DMF at high concentration. The beads were then
washed in MeOH and packed over glass wool in a segment
of 22 gauge thin-wall teflon to form a 22 mm long column
over which buffer solutions with different PRA concentra-
tions were washed for experiments achieving �1 label per
bead as judged by spin counting. ASL-S1 was rabbit myo-
sin S1 obtained by chymotryptic digestion and aliquots
labeled with the procedure in [82], with stocks stored for
use in LN2 with 20% added glycerol. Aliquots of ASL-S1
were cleaned and concentrated with 0.5 ml 50 kD MWCO
PES Millipore Ultrafree spin concentrators on the day of
the experiment to put EPR sample concentration at
0.36 mM after mixing with PRA stocks.

Sample handling. To keep relaxivity contrast high
between PRAs, small nitroxide concentration was set to



Table 1
Model voltages in [mV] at the nitroxyl oxygen surface for the two charged
PRAs

Test nitroxide FeðCNÞ63� RuðNH3Þ63þ

Eq. (8) Eq. (10) Eq. (8) Eq. (10)

TEMPO-choline 11.1 15.1 5.0 7.4
Carboxy-TEMPO �9.9 �13.7 �4.5 �6.9
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0.5 mM, and each sample was deoxygenated for at least
10 min in nitrogen gas at �2 atmospheres pressure (flow
rate 100 L/h) before recording spectra. This gas flow was
also used to control temperature at 25.0 �C during acquisi-
tion, limiting temperature rise to 0.040 �C/mW of incident
power, as calibrated by the EPR-detected shift in the phase
transition of DMPC vesicles [83]. Spectra were acquired
with a Bruker E500 spectrometer using a 4122shq cavity
with quartz cavity dewar insert. Aqueous sample length
was limited to 13 ± 1 mm in a �45 mm segment of 22
gauge thin-wall Teflon, critosealed on each end. This length
limits the increase in P1/2 due to nonuniform saturation to
less than 15% based on a squared cosine function model of
the resonator standing wave. Sample depth is set to
±0.1 mm accuracy by impaling one end of the teflon seg-
ment on 22 gauge wire, friction fit in a custom depth gauge
that clips atop the cavity dewar. This segment is aligned
within the quartz dewar by an insert made from 100 lL
wiretrol capillary with nested P200 pipette tips on each
end cut to fit and parafilmed at the top, to force all cooling
gas over the segment containing the sample.

Calibration. A cavity factor C (Eq. (13)) of 1.91 G/W1/2

was determined by PADS calibration with modulation
amplitude set at 1/4 of the peak-to-peak linewidth [84].
The sensitivity of relaxivity to modulation amplitude was
tested by varying CrOx concentration from 0 to 10 mM
against 0.5 mM tempone, finding that relaxivities v1 and
v2 were independent of modulation amplitude over the
range from 0.1 and 0.5 G.

Spectral acquisition. Progressive saturation spectra of
each 14N nitroxide derivative central line were acquired at
10 values for P from 0.6 to 40 mW (0.076–0.606 Gauss
H1) for several concentrations of each PRA with modula-
tion amplitude set to approximately half the low-power
linewidth. Global lineshape fitting to Eq. (19), to determine
both R1 and R2 for rapidly tumbling nitroxides, was per-
formed using a program designed in Visual Basic by Igor
V. Negrashov. Simple lineheight fitting to Eq. (14), which
is sufficient only for slowly tumbling nitroxides, was done
in the standard way [67,85].

3. Results

Measured small nitroxide relaxivities v1 (and v2), as
defined in Eq. (11) for each PRA, are the central findings
of this investigation (Table 2). These come from the
observed linear dependence of nitroxide R1 and R2 on
PRA concentration between 0 and 10 mM, as illustrated
in Figs. 6–10. Some nonlinearity is observed in a few R2

cases at low [PRA]. We assume that this is due to ‘‘short
circuiting’’ of the coupling between hyperfine lines due to
nitroxide-nitroxide collisions by the added PRA. At the
other end of the PRA concentration range, tempone with
added FeðCNÞ63� and MSL-PEG with added FeðCNÞ63�

are the only cases where divergence from linearity occurs
at �8 mM and above (Fig. 9). In particular, the relaxation
rates become extremely large for tempone with added
FeðCNÞ63� above 10 mM, suggesting coordination forces
that are strong enough between these two smallest agents
to form a complex. This may be similar to the evidence
for a hydrophobic interaction between oxygen and small
nitroxides found by Diakova and Bryant [86]. Neverthe-
less, in all cases there is an extensive linear range over
which relaxivities can be measured (Table 2). In all small
nitroxide cases, v2 is larger (by 10–70%) than v1.

Measured v1 for NiEDDA0 is essentially constant across
the small nitroxide experiments, supporting the assumption
that it is neutral. Tempone and IAPCPSL values are the
furthest from the rest, being about 10% higher. IAPCPSL
is the only proxyl small nitroxide tested. A few
CrðC2O4Þ33� (CrOx) experiments are reported (Table 2)
because it is often used in EPR accessibility studies. CrOx
small nitroxide v values are indeed 2–3 times larger than
corresponding values of FeðCNÞ63� [87]. We avoided CrOx
because of its slower relaxation rate (Table 4), but primar-
ily because with hydration, its diameter would be a few
angstroms larger than our other PRAs. The abnormally
low ASL-S1 v1 results for CrOx confirm this.
3.1. Correction factors and voltages

To find the most neutral nitroxide case the ratios of
charged-to-neutral PRA relaxivity in Table 3 are used in
expression j lnðv�1 =vþ1 Þj to find a minimum. The minimum
occurs because charged PRA concentrations shift in oppo-
site senses when a voltage is present. The IASL-labeled cys-
teine cases (ASL-cys-allyl/methyl) come closest to having
the nitroxyl oxygen at neutral potential, providing initial
K factors (Eq. (6)) of 1.70 for FeðCNÞ63� and 1.50 for
RuðNH3Þ63þ. Applying these to TEMPO-choline and car-
boxy-TEMPO (Fig. 2), FeðCNÞ63� measured voltages are
+12.3 mV and �14.8 mV, respectively, while RuðNH3Þ63þ

voltages are +4.7 mV and �4.7 mV. The Fe(CN)63- values
match finite ion model (Eq. (10)) voltages in Table 1 within
3 mV. By adding an offset of +1.9 mV, both are just 6%
lower than calculated. Similarly, the RuðNH3Þ63þ voltages
agree with the point charge model (Eq. (8)) shown in Table
1 to 0.2 mV. We refine the K+ factor to add +0.2 mV offset.
The refined K factors are then 1.35 for FeðCNÞ63� and 1.54
for RuðNH3Þ63þ. These are used to determine measured
voltages in the last column of Table 3 and future measure-
ments using Eq. (7).

Because measured results, determined from Eq. (7),
match those from simple Debye–Hückel theory so closely,
they support the model that charged PRAs are completely



Table 2
PRA relaxivities from nitroxide experiments

Experiment PRA v1 [MHz/mM] v2 [MHz/mM]
v2

v1

Tempone Cr 1.9 ± .1 2.94 ± .05 1.5

Tempone Fe 0.72 ± .02 0.91 ± .03 1.3
Ni 0.67 ± .02 0.95 ± .01 1.4
Ru 0.92 ± .02 1.28 ± .02 1.4

IASL Fe 1.62 ± .02 2.06 ± .03 1.3
Ni* 0.61 ± .01 0.77 ± .01 1.3
Ru 0.81 ± .02 1.01 ± .05 1.2

IAPCPSL Cr 1.36 ± .06 2.30 ± .04 1.7
Fe 0.71 ± .01 0.86 ± .02 1.2
Ni* 0.68 ± .01 0.89 ± .02 1.3
Ru 1.14 ± .03 1.42 ± .05 1.2

ASL-cys-allyl Fe 1.01 ± .07 1.58 ± .03 1.6
Ni* 0.58 ± .01 0.93 ± .01 1.6
Ru 0.91 ± .01 1.36 ± .01 1.5

ASL-cys-methyl Fe 1.04 ± .01 1.60 ± .03 1.5
Ni 0.61 ± .01 0.91 ± .01 1.5
Ru 0.90 ± .01 1.35 ± .02 1.5

Deuterated tempone Cr 1.76 ± .02 2.84 ± .01 1.6
Fe 1.17 ± .04 1.34 ± .03 1.1
Ni 0.65 ± .01 0.90 ± .01 1.4
Ru 0.91 ± .04 1.17 ± .02 1.3

TEMPO choline (+) Fe 4.7 ± .1 6.5 ± .1 1.4
Ni 0.62 ± .01 1.02 ± .01 1.6
Ru 0.54 ± .01 1.06 ± .01 2.0

Carboxy TEMPO (�) Fe 0.180 ± .005 0.22 ± .01 1.2
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dissociated from counterions when they collide at the
nitroxyl oxygen reference surface. In most cases
FeðCNÞ63� voltages are significantly larger than
RuðNH3Þ63þ voltages. This fits our simple model that it
measures concentration at r = 0 distance from the oxygen
surface while RuðNH3Þ63þ measures concentration at
r = 4 Å. Using IAPCPSL and deuterated tempone results,
we estimate the correction factor for CrOx, KCrOx = 2.4
and use this to present voltages measured with this PRA
in Table 3.

Even small nitroxides selected to be ionically neutral dis-
play small voltages at their nitroxyl oxygen, probably due
to dipoles from coordinated water. Most notable is IASL
at 5 mV, an ionically neutral six membered ring nitroxide
which should present the positive pole of an electrostatic
dipole at its nitroxyl oxygen in response to strongly electro-
negative Iodine. IAPCPSL is the lone proxyl showing
slightly negative voltage whereas the remaining neutrals
show slightly positive voltages. The MSL-PEG column
case has one MSL nitroxide label reacted out of a sea of
2 · 1014 amines that reside at the distal ends of PEG chains
attached to each resin bead, which explains why
RuðNH3Þ63þ and FeðCNÞ63� both measure a +5 mV
potential.

Considering all the calculated voltages an overall accu-
racy of 1 mV is evident for our voltmeter PRAs against
small nitroxides.
Ni 0.60 ± .02 0.94 ± .02 1.6
Ru 1.56 ± .06 2.17 ± .02 1.4

MSL-PEG bead column Fe 1.4 ± .2 0.45 ± .02 0.32
Ni 0.58 ± .01 0.42 ± .03 0.72
Ru 0.528 ± .005 0.54 ± .01 1.0

ASL-S1 Cr 0.040 ± .002
Myosin S1 Fe 0.069 ± .001
Labeled at Ni* 0.044 ± .001
Cys707 Ru 0.052 ± .004

Cr = CrðC2O4Þ33�, Fe=FeðCNÞ63�, Ni=NiEDDA0 and
Ru = RuðNH3Þ63þ.

* Indicates NiEDDA0 solutions with CoðNH3Þ63þ and CoðCNÞ63�

diamagnetics in solution.
3.2. Comparing ASL-S1 voltages from lineshape and

lineheight fitting

Rabbit myosin S1 labeled at Cys707 (SH1) with no
nucleotide present (ASL-S1) has turned out to be a good
choice to validate our PRAs for three reasons. First, the
label resides in a tight crevice such that its spectrum indi-
cates strong immobilization. So the site tests our PRAs at
the low-accessibility limit [88] and provides an extreme test
of global lineshape fitting, as Fig. 12 and Table 2 indicate.
The FeðCNÞ63� R1 and R2 results from lineshape fitting are
clearly linear functions of PRA concentration while the
remaining PRAs show more scatter in Fig. 12. Second,
the pK of the SH1 thiol is known to be 6.28 [15] which
explains the high reactivity that favors its specific labeling.
Third, this region of S1 is relatively thin so there is water
above and below the site, which allows the potential caus-
ing the thiol pK shift to be estimated at the nitroxyl oxygen
surface using Eq. (10).

Voltages for ASL-S1 in the apo state at the spin label are
+3 and +1 mV for FeðCNÞ63� and RuðNH3Þ63þ from line-
shape fitting (Table 3). These voltages are +4 and +3 mV,
respectively, using more accurate lineheight fitting based on
PRA concentrations set to 5 mM.

Taking the in situ pK of a cysteine thiol in an electrostat-
ically neutral region to be 8.55 ± 0.03 [14], the voltage
responsible for the pK shift to 6.28 at SH1 is Vs = 135 mV,
based on the Tanford–Roxby equation [89] at 25 �C:
V S ¼ 59:1 mV½pKðinsituÞ � pKðobservedÞ�: ð20Þ

This 135 mV potential results from essentially one positive
charge. Molecular modeling indicates that the distance
from the cysteine thiol to the nitroxyl oxygen for a spin la-
bel reacted at Cys707 is 9.0 Å. Using Eq. (10) we calculate
that the potential measured by FeðCNÞ63� should be
+6 mV (observed +4 mV) and by RuðNH3Þ63þ +4 mV (ob-
served +3 mV). So even in this extreme case measurements
are accurate to within a few mV.
3.3. Measured R10 and R20

All small nitroxide R10 relaxation rates are around
1 MHz as expected. In this fast-tumbling limit R20/R10

ranges from 1.4 to 3.3 in our global lineshape fitting results.



Table 3
Charged-to-neutral PRA (NiEDDA0) R1 relaxivity ratios and corre-
sponding voltages indexed by charged PRAs indexed as in Table 2

Experiment ±PRA v�
1

v0
1

j ln v�
1

vþ
1

j V [mV]

Tempone Cr 2.85 +1.5

Tempone Fe 1.08 0.24 (�1.9)
Ru 1.37 +1.0

IASL Fe 2.58 0.63 +5.5
Ru 1.37 +1.0

IAPCPSL Cr 2.11 �1.0
Fe 1.04 0.47 �2.2
Ru 1.67 �0.7

ASL-cys-allyl Fe 1.70 0.09 +2.0
Ru 1.55 +0

ASL-cys-methyl Fe 1.70 0.15 +2.0
Ru 1.46 +0.5

deuterated tempone Cr 2.70 +1.1
Fe 1.79 0.24 +2.4
Ru 1.41 +0.7

TEMPO choline (+1) Fe 7.12 2.1 +14.2
Ru 0.87 +4.9

Carboxy TEMPO (�1) Fe 0.30 2.1 �12.9
Ru 2.6 �4.5

MSL-PEG column Fe 2.4 0.38 +4.9
Ru 0.91 +4.5

ASL-S1 Cr 1.1 (�6.6)
Fe 2.0 0.36 3.4
Ru 1.4 0.8

Voltages distorted by short ranges forces, as specified in the text, are given
in parentheses.

Fig. 5. R1 measured from saturation recovery decays using 1 (squares)
and 2 (triangles) exponential fits compared with R1 from lineshape fitting
(circles) for deuterated tempone and IAPCPSL with NiEDDA0 added
from 0 to 10 mM.
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As expected, this ratio increases to 100 for the rigid spec-
trum of IASL reacted at cys707 on myosin S1 in the apo
state (ASL-S1). The mobile spectrum of MSL tethered to
a bead with a polyethylene glycol segment (MSL-PEG)
has a ratio of 3 and provides a lower limit for the mobile
Fig. 4. Scatter plot of inhomogeneity parameter from lineheight versus
fractional homogeneity from lineshape fitting.
spectra from labels on protein loops. This low ratio sug-
gests that lineshape may be more appropriate than line-
height fitting to determine voltages from mobile spectra
with conventional EPR.
Table 4
Aqueous PRA magnetic properties at 25 �C

paramagnet Spin S TPRA (ns) leff (lB)

CrðC2O4Þ33� 1.5 0.5 (a) 3.44 (f)
FeðCNÞ63� 0.5 0.0001 (b) 2.33 (g)
NiEDDA0 1 0.0043 (c) 3.21 (h)
RuðNH3Þ63þ 0.5 0.0025 (d) 2.15 (i)
O2 1 0.0075 (e) 1.2 (j)
Nitroxide 0.5 �1000 1.73

TPRA is PRA spin-lattice relaxation time and leff is PRA magnetic moment
in Bohr magnetons. (a) Table 8, p.105 in [93]; (b) by NMRD [94]; (c)
hexaqua Ni complex [59]; (d) by NMR [55] (e) by NMR [95]; (f) [96]; (g)
p.935 [61]; (h) [54]; (i) [97]; (j) [98].



0.0 2.5 5.0 7.5 10.0

0.4

0.6

0.8

1.0

1.2

G

L

Li
ne

w
id

th
, G

au
ss

[Fe(CN)
6

3-], mM
0 2 4 6 8 10

30

60

90

120

150

P 1/
2, m

W

[Fe(CN)6
3-], mM

 lineshape P1/2

 line height P1/2

P1/2 = 17 + 11[PRA] + 0.3[PRA]2

0.0 2.5 5.0 7.5 10.0

0.4

0.5

0.6

0.7

0.8

G

LLi
ne

w
id

th
, G

au
ss

[NiEDDA0], mM
0.0 2.5 5.0 7.5 10.0

20

40

60

80

100

 lineshape P1/2

 line height P1/2

P 1/
2, 

m
W

[NiEDDA0], mM

P1/2 = 18 + 4.8[PRA] + 0.33[PRA]2

0 2 4 6 8 10

20

40

60

80

100

120

140

 lineshape P1/2

 line height P1/2

P1/2 = 18 + 9[PRA] + 0.3[PRA]2

P 1/
2, m

W

[Ru(NH3)6
3+], mM

0.0 2.5 5.0 7.5 10.0

0.4

0.6

0.8

1.0

G

L

Li
ne

w
id

th
, G

au
ss

[Ru(NH3)6
3+], mM

a b c

0.0 2.5 5.0 7.5 10.0

3

6

9

12

15

18

21

R2

R1R
el

ax
at

io
n 

ra
te

, M
H

z

[Fe(CN)6
3-], mM

0.0 2.5 5.0 7.5 10.0

3

6

9

12

15

R1

R2

 +[Co(CN)6
3-]

 +[Co(NH3)6
3+]

 +[Co(CN)6
3-]

 +[Co(NH3)6
3+]

R
el

ax
at

io
n 

ra
te

, M
H

z

[NiEDDA0], mM

0.0 2.5 5.0 7.5 10.0

4

8

12

16

20

R1

R2

R
el

ax
at

io
n 

ra
te

, M
H

z

[Ru(NH3)6
3+], mM

Fig. 6. Effects of PRAs on the saturation of ASL-cys-methyl. Values plotted in columns (a) and (b) come from global lineshape fitting based on the
convolution of Eq. (18) with Eq. (17) show linear increases in R1 and R2 and a decrease in CG with added PRA in each case. Downward pointing triangles
in column (c) are half saturation values determined directly from lineheight fitting using Eq. (12). For this, as in other small nitroxide cases, curves usually
have quadratic curvatures. Upward pointing triangles are half-saturation values generated from the combination of lineshape R1, R2 and e using. Fig. 4
and Eq. (14). These are matched to lineheight values at 5 mM with constants from 1.0 to 1.4 across all data sets, here 1.24 for all PRA cases. The close fit
between curvatures validates the accuracy of relaxivities as determined from lineshape fitting and this is found in all experiments. The constants indicate
error in the absolute values of R1, R2 and e. Spectra with NiEDDA0 were taken with the specified diamagnetic ions to balance ionic strength with the
charged PRA cases. As shown explicitly in the NiEDDA0 case of column (a), these additions did not change the measured parameters.
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3.4. Scatter plot between inhomogeneity parameter and

fractional homogeneity

Haas et al. estimated the effects of inhomogeneous
broadening on lineheight fitting with simulated spectra
[90]. Our goal is simpler here in that we wish to show con-
sistency between lineshape and lineheight results by dis-
cerning the functional relationship of inhomogeneous and
homogeneous aspects of small nitroxide spectra. We
assume that this relationship is valid for all nitroxide spec-
tra. In Figs. 6–12, half-saturation power P1/2 curves from
lineheight fitting are compared to P1/2 curves based on
Eq. (14) using R1 and R2 derived from global lineshape fit-
ting. To set the inhomogeneity parameter e, we determine
its relationship with the ratio of CL = R2/c to total line-
width across the data set, which we term the fractional
homogeneity X. Experimental values of fractional homoge-
neity are determined by combining CL = R2/c and CG in the
linewidth relation found by Dobryakov and Lebedev to
recapitulate the total peak-to-peak linewidth Cpp without
saturation broadening [91] in Eq. (21). These values (not
shown) are just below all experimental linewidths. We
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Fig. 7. Positively charged TEMPO-choline. Values plotted as in Fig. 6. Positive voltage at the nitroxyl oxygen enhances the interaction with FeðCNÞ63�

based on the much larger relaxation rates in column (a). The loss in inhomogeneous broadening in column (b) is also much greater and the quadratic
curvature of half-saturation power P1/2 is column (c) is much more pronounced. The weaker interaction of RuðNH3Þ63þ is associated with more divergence
from linearity near zero PRA concentration for both linewidths. The half-saturation power curves from line height (downward triangles) match lineshape
results when the latter are multiplied by 1.16, 1.27 and 1.29 in column (c) for added FeðCNÞ63�, NiEDDA0 and RuðNH3Þ63þ, respectively.
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define the ratio of the Lorentzian component to this total
linewidth as the fractional homogeneity in Eq. (22).

Cpp ¼
CLffiffiffi

3
p þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

L

3
þ 4C2

G

s
ð21Þ

X � 2CLffiffiffi
3
p

Cpp

ð22Þ

The scatter plot in Fig. 4 combines fractional homogeneity
from lineshape analysis with the inhomogeneity parameter
e determined from lineheight fits using the same set of pro-
gressive saturation spectra, selecting cases with lineheight
peaks below 40 mW and e values that increase or remain
the same as PRA concentration increases. The resulting
scatter plot fits provides e values to generate P1/2 curves
from lineshape R1 and R2 using Eq. (14). P1/2 curves match
well in all cases within a constant, column C of Figs. 6–12
provide specific examples.
3.5. Absence of dipolar broadening checked

A control experiment was performed to verify that total
dipolar broadening was low for our fast-relaxing PRAs.
The increase in half-saturation power, DP1/2, due to
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Fig. 8. Negatively charged carboxy TEMPO. Values plotted as in Fig. 6. Here the spin exchange interaction is reversed from Fig. 7 with the RuðNH3Þ63þ
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5 mM FeðCNÞ63� against IASL-labeled myosin S1 at 25 �C
changed from 33.7 mW at 1 cP viscosity to 3.32 mW at
10 cP. The 10 cP case was created by adding 60% glycerol
by weight in solution.

3.6. Lineshape vs saturation recovery R1 values

R1 data from lineshape fitting agrees with that from sat-
uration recovery for deuterated tempone and IAPCPSL
with NiEDDA0 added from 0 to 10 mM (Fig. 5).

Pulsed saturation recovery measurements were made at
the National Biological EPR Center in Milwaukee. They
were performed with a 300 nS excitation pulse at micro-
wave field amplitude from 1.0 to 2.0 G and a low power
microwave observing field of �50 lG. Decays were
acquired for 2 lS.
4. Discussion

4.1. Dipolar broadening error limits for PRAs

Nitroxide relaxation can occur through both collisional
spin exchange and magnetic dipolar interactions. Dipolar
interactions come in the form of static field heterogeneity
(increasing linewidth) and resonant relaxation (assumed
to increase R1 and R2 equally) and are often assumed to
be insignificant for paramagnetic ions in solution [92],
but some effects have been reported [46]. By selecting
fast-relaxing PRAs here, we ensure that collisional spin
exchange is strongly favored over dipolar interactions.
Since X-band EPR involves resonant absorption at
1010 Hz, PRAs that relax at significantly faster rates should
have no significant overlap in spectral density or static



0 5 10 15 20
0.0

0.4

0.8

1.2

ΓG

ΓL

Li
ne

w
id

th
, G

au
ss

[NiEDDA0], mM

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

ΓG

ΓL

Li
ne

w
id

th
, G

au
ss

[Fe(CN)6

3-
], mM

0 5 10 15 20
0.00

0.35

0.70

1.05

1.40

1.75

ΓG

ΓL

Li
ne

w
id

th
, G

au
ss

[Ru(NH3)6
3+], mM

0 4 8 12 16 20
0

40

80

120

160

200

240

 lineshape P1/2

 line height P1/2

P 1/
2, m

W

[Ru(NH3)6
3+], mM

P1/2 = 3 + 6.1[PRA] + 0.25[PRA]2

0 2 4 6 8 10
0

20

40

60

80

P1/2 = 5.8 + 3.0[PRA] + 0.23[PRA]2

 lineshape P1/2

 line height P1/2

P 1/
2, 

m
W

[Fe(CN)6
3-], mM

0 4 8 12 16 20
0

40

80

120

160
P1/2 = 4 + 3.7[PRA] + 0.18[PRA]2

 lineshape P1/2

 line height P1/2

P 1/
2, m

W

[NiEDDA0], mM

0 2 4 6 8 10

3

6

9

12

R2

R1

R
el

ax
at

io
n 

ra
te

, M
H

z

[Fe(CN)6
3-], mM

0 4 8 12 16 20

5

10

15

20

R2

R1

R
el

ax
at

io
n 

ra
te

, M
H

z

[NiEDDA0], mM

0 4 8 12 16 20

5

10

15

20

25

30

R2

R1

R
el

ax
at

io
n 

ra
te

, M
H

z

[Ru(NH3)6
3+], mM

Fig. 9. Tempone spin relaxation results. Values plotted as in Fig. 6. Tempone is the smallest nitroxide tested. R1 and R2 go strongly supra-linear for
FeðCNÞ63� past 9 mM in column (a). This case is notable as the pairing of the smallest nitroxide with the smallest PRA. Inhomogeneous broadening is also
minimal, going to zero between 7 and 10 mM of added PRA in column (b). Half saturation power plots in column (c) match when all lineshape-derived
values are multiplied by 1.0, reflecting near-homogeneity.

J.T. Surek, D.D. Thomas / Journal of Magnetic Resonance 190 (2008) 7–25 19
broadening and so produce no observable dipolar broaden-
ing. We wish to estimate the broadening for each of our
PRAs. To do so, we extrapolate experiments between
0.5 mM tempone and the paramagnetic complex
CuðenÞ2ðH2OÞ22þ done by Anisimov [59]. Table 3.3 on
p.133 of [49] recapitulates this work with corrections.

In those experiments glycerol-water mixtures were used
at 25 �C to decrease translational diffusion and so minimize
spin exchange. The residual tempone linewidth due to the
combination of static dipolar broadening and broadening
from dipolar relaxation was limited to 12% of that found
in water with CuðenÞ2ðH2OÞ22þ added from 0 to 50 mM,
i.e. CD/CSE < 0.12. We extrapolate from this limit to calcu-
late corresponding limits for our PRAs using the relevant
dipolar term from theory of proton relaxation enhance-
ment with dissolved paramagnetic ions formulated by
Bloembergen and Morgan [99,100], repeated in Eq. (23).

CD /
leff T PRA

15
7þ 13

1þ ðxsT PRAÞ2

 !
ð23Þ

We normalize for linewidth using 1.47 G for 10 mM
Cu(en)2H2O2

2þ with 0.5mM tempone in water, p.133 in
[49] and use measured linewidths of 10 mM [CrðC2O4Þ33�,
FeðCNÞ63�, NiEDDA0, RuðNH3Þ63þ] from our 0.5 mM tem-
pone experiment = [1.64, 0.53, 0.55, 0.72] G. Then
Cu(en)2H2O2

2þ values leff = 1.9 [61] and TPRA =
2.7 · 10�9 s [59] are combined with values from Table 4 to
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form ratios based on Eq. (23) (xs = 5.9 · 1010 rad/s) for
upper bounds on broadening due to dipolar relaxation as
[CrðC2O4Þ33�, FeðCNÞ63�, NiEDDA0, RuðNH3Þ63þ] =
[32,0.0015, 0.15, 0.04]%.

4.2. Effective spin exchange rates compared to diffusion-

controlled model

The spin exchange rate constants for NiEDDA0,
FeðCNÞ63�, RuðNH3Þ63þ and CrðC2O4Þ33� are 0.60, 0.81,
0.92 and 1.4 MHz/mM, respectively, against small six-mem-
bered ring nitroxides in aqueous buffer at 25�C. These come
from measured increases in R1 (v1) and so represent complete
transfers of the excited spin state, much lower than the
3.6 MHz/mM rate anticipated for aqueous diffusion con-
trolled reactions, p.154 in [49]. These values are reasonable
considering other ke measurements for transition metal com-
plexes against nitroxides as given on p7 in [49]. We determine
the probability of spin exchange for FeðCNÞ63� collisions
with nitroxides is 0.81/3.6 = 0.22, matching the value of
0.2 found by [50].

4.3. Application ranges for lineheight and global lineshape fitting

In future voltage measurements approximate forms of
Eq. (7) will be used based on ratios of parameters between
charged and neutral PRAs. In the fast tumbling limit
R1 = R2 proves adequate, allowing the ratio to be between
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square roots of P1/2 changes from lineheight fitting. In the
slow tumbling limit R2� R1 making direct ratio of the P1/2

changes the most accurate approximation. Lineshape fit-
ting may be used to find the ratio between the changes in
R1 for such pairs across the whole range of cases, being less
accurate that lineheight fitting only in the slow tumbling
limit. We believe that it will be an important tool for accu-
rate determination of voltage in intermediate cases where a
label is floppy on a protein site.

4.4. Error between P1/2 curves

P1/2 curves derived from lineshape must be multi-
plied by constants from 1.0 for deuterated tempone
to 1.4 for ASL-cys-allyl, with added CoðCNÞ63� or
CoðNH3Þ63þ ions, to match those from lineheight, with
specific examples in Figs. 6–12. The constant reveals
an error that correlates with the degree of inhomoge-
neity in spectra. We attribute this to the absolute
value of R1 from lineheight fitting being more sensitive
than the R1 obtained from lineshape fitting to errors
associated with discrete superhyperfine splitting and
its averaging by setting the modulation amplitude close
to peak-to-peak linewidth. Since our goal here has
been to determine accurate relaxivities we are less con-
cerned about the absolute value of R1, which is not
determined directly in lineheight measurements on pro-
teins anyway.
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5. Conclusions

We have calibrated a set of fast-relaxing PRAs for volt-
age measurements on spin labeled proteins with conven-
tional EPR. We found correction factors of 1.35 for
FeðCNÞ63� and 1.54 for RuðNH3Þ63þ, to account for their
higher spin exchange rates with respect to NiEDDA0.
Using these correction factors, measured voltages for
TEMPO-choline and carboxy-TEMPO lie within 1 mV of
values calculated with Debye-Hückel theory. We validated
the voltages measured with our PRAs on rabbit myosin S1
labeled at Cys707 with IASL, finding a match between
measured voltages determined through lineheight fitting
and those calculated based on the pK shift at Cys707 (thiol
SH1) to about 1 mV. R1 values were determined for small
nitroxides from progressive saturation spectra through glo-
bal lineshape fitting to perform these calibrations. The
method and PRA set works even in the extreme case of a
rigid label in a protein crevice as our measured voltages
from lineshape and lineheight fitting on ASL-S1 show.
We conclude that our calibrated set of PRAs can measure
voltage with 1 mV accuracy for all nitroxides in buffer solu-
tion, from freely tumbling small molecules to spin-labeled
proteins.
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