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A recent survey of nonlinear continuous-wave (CW) EPR methods
revealed that the first-harmonic absorption EPR signal, detected 90°
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out of phase with respect to the Zeeman modulation (V*1-EPR), is the
ost appropriate for determining spin–lattice relaxation enhance-
ents of spin labels (V. A. Livshits, T. Páli, and D. Marsh, 1998, J.
agn. Reson. 134, 113–123). The sensitivity of such V*1-EPR spectra

o molecular rotational motion is investigated here by spectral simu-
ations for nitroxyl spin labels, over the entire range of rotational
orrelation times. Determination of the effective spin–lattice relax-
tion times is less dependent on rotational mobility than for other
onlinear CW EPR methods, especially at a Zeeman modulation
requency of 25 kHz which is particularly appropriate for spin labels.
his relative insensitivity to molecular motion further enhances the
sefulness of the V*1-EPR method. Calibrations of the out-of-phase to

in-phase spectral intensity (and amplitude) ratios are given as a
function of spin–lattice relaxation time, for the full range of spin-label
rotational correlation times. Experimental measurements on spin
labels in the slow, intermediate, and fast motional regimes of molec-
ular rotation are used to test and validate the method. © 2000 Academic

Press

INTRODUCTION

Spin–lattice relaxation of nitroxide spin labels curre
finds increasing application in membrane biophysics. S
tural information is obtained by measuring relaxation enha
ments induced by paramagnetic relaxation agents, and
tivity to slow dynamic processes is also very much enha
(1–3). It is well known that information on spin relaxation ra
may be obtained from progressive saturation experim
These experiments use the conventionalV1-EPR spectra de
tected in phase with the first harmonic of the Zeeman m
lation field. On the other hand, the absorptionV92-EPR spectr

f spin labels detected at the second modulation harmon
hase quadrature with the modulation field (i.e., satura

ransfer EPR), are also used to measure spin–lattice rela
nhancements (3). These include relaxation enhanceme
uced by Heisenberg spin exchange or by dipole–dipole
ctions with fast-relaxing paramagnetic species.
Continuous-wave (CW) EPR experiments, as compare

ulse measurements, have the advantage of relative acces
nd high concentration sensitivity. Therefore, it is useful to
841090-7807/00 $35.00
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elaxation rates of spin-labeled molecules. Of these, theV92 satu-
ration transfer EPR spectra, although being sensitive toT1, are
lso very sensitive to molecular motion (4) and toT2 relaxation
5). In comparison, conventional CW progressive saturation
ameters are less sensitive toT1, and also they are depend

directly onT2.
Recently, we proposed the use of the out-of-phase firs
onic EPR absorption signals (V91) for determining spin–lattic

elaxation enhancements (6). This V91-EPR signal was first su
ested by Hyde and Thomas (7) as a T1-sensitive nonlinear EP
isplay. In Ref. (6) we showed both theoretically and experim

ally that theV91-EPR amplitudes or double integrals are m
ensitive toT1 and less dependent onT2 than are convention

in-phaseV1-EPR spectra. A survey of nonlinear CW EPR m
ods suggested that first-harmonic out-of-phaseV91-EPR was th

ethod of choice for determiningT1 relaxation enhancements
spin labels. These results, however, were obtained in the ab
of molecular motion and for a single-line spectrum.

For the practical application of this new CW approach,
important to investigate the dependence of theT1- andT2-sensitive
pectral parameters of theV91-EPR spectra on the dynamics
otational motion. A dependence is to be expected for nitro
pin labels under conditions of partial saturation. This is bec
olecular rotation induces spectral diffusion of microwave s

ation and provides a mechanism for transverse spin relaxat
odulation of the Zeeman and hyperfine anisotropies. The a

he present work is to extend the capability of out-of-phase
armonicV91-EPR measurements for determining theT1 relaxation

times of spin labels to the whole range of rotational correla
times. Calibrations are given for theT1-sensitive parameters of t
V91-EPR spectra at different rotational mobilities. The applicab
of this approach is demonstrated experimentally for spin lab
viscous glycerol–water mixtures in the rapid, intermediate,
slow motional regimes.

MATERIALS AND METHODS

The spin label TEMPONE (4-oxo-2,2,6,6-tetramethylpip
dine-N-oxyl) was obtained from Eastman Kodak (Roche
NY). Maleimide spin label, 3-maleimidoproxyl (5-MSL), w



from Sigma (St. Louis, MO). The TEMPONE spin label was
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85SPIN RELAXATION MEASUREMENTS
used at a concentration of 33 10 M in glycerol–wate
solutions. All samples were saturated with argon.

EPR spectra were recorded on a Varian Century Line, o
a Bruker EMX, 9-GHz EPR spectrometer. Magnetic field m
ulation frequencies of 100 and 25 kHz were used, and a
field scan range of 100 to 200 G (depending on the spe
extent at high microwave power). Samples of 5 mm le
were contained in sealed 0.7- or 1-mm-i.d. glass capilla
These were accommodated within a standard quartz EPR
that contained light silicone oil for thermal stability. The sa
ples were centered vertically in the microwave cavity.
entire sample chamber was sealed under argon. The tem
ture of the samples was controlled by nitrogen gas flow thr
a quartz Dewar and was measured by a fine-wire thermo
ple. This was located within the capillary in contact with
sample. Critical coupling conditions were used. Modula
phase settings were performed by the self-null method. A
natively, a nonsaturating reference sample, a single crys
copper sulfate, was used as described in Ref. (6). The roo
mean square microwave field,H 1, at the sample was calibrat
y using a standard solution of peroxylamine disulfonate
escribed in Ref. (8). Saturation transfer (V92) EPR spectra

where appropriate, were recorded according to the stan
ized protocol described in Ref. (9).

Spectra were simulated according to the methods desc
under Theory. Principal values for theg and hyperfine tenso
used in the simulations wereg 5 (2.0089, 2.0061, 2.0027) a
A 5 (6.0 G, 6.0 G, 34.0 G), respectively. Double-integra
intensities were obtained by numerical integration of the
ulated spectra over a magnetic field range of 200 G.

THEORY

Earlier, we obtained solutions of the modified Bloch eq
tions for small field modulation amplitudes,hm (10). This was
done by using a strong jump diffusion model of molec
rotational motion. Integral equations were derived for the
tor coefficients ofX¢ 1,1 5 (u1,1, v 1,1, z1,1) that define th
magnetization components that are linear inhm, and for the
zero-order coefficients ofX¢ 0,0 5 (u0,0, v 0,0, z0,0) that corre-
spond to magnetization components independent ofhm. These
re given by the relations (10)

Â 0 z X¢ 0,0 5 M¢ o 1 fR E X¢ 0,0dV [1]

Â 1 z X¢ 1,1 5 fR E X¢ 1,1dV 1 ~ĝ/ge! z X¢ 0,0, [2]

wherefR [ tR
21 is the frequency of isotropic rotational reo-

entation, M¢ o 5 M o(0, 0, T1
21), and V [ (u, w) is the

orientation of the static magnetic field relative to the magn
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pears in Eqs. [1] and [2] is given by

Â n 5 S T2
21 1 fR 2 invm

2ge@H 2 H res~u, w!#
0

3

ge@H 2 H res~u, w!# 0
T2

21 1 fR 2 invm 2geH1

geH1 T1
21 1 fR 2 invm

D [3]

with

ĝ 5 S 0 2ge 0
ge 0 0
0 0 0

D , [4]

hereH res is the resonant field, andfm 5 vm/2p is the mod-
lation frequency. The resonant field,H res(u, w), is angula
ependent. It is determined by theg and hyperfine tens
nisotropies,

H res~u, w! 5
\vL

beg~u, w!
2 M I A~u, w!, [5]

wherevL is the microwave frequency andM I is the nuclea
magnetic quantum number of the spin label. The te
anisotropies are given by

g~u, w! 5 gzzcos2u 1 gxx z sin2u z cos2w

1 gyysin2u z sin2w
[6]

A~u, w! 5 ~ Azz
2 cos2u 1 Axx

2 sin2u cos2w

1 Ayy
2 sin2u sin2w! 1/ 2, [7]

where the principal tensor components areg 5 ( gxx, gyy, gzz)
nd A 5 ( Axx, Ayy, Azz).
The solution,I¢1 5 * X¢ 1,1dV, of the integral Eq. [2] for th

first harmonic is given in matrix form by (10)

I¢1 5 ~Ê 2 Ĵ1 fR! 21 z J¢ 10, [8]

where Ĵ1 5 * Â 1
21dV and J¢ 10 5 * Â 1

21 z ĝ z X¢ 0,0dV. The
zero-order coefficientsX¢ 0,0 of the spin magnetization vect
that are required for theJ¢ 10 integral are obtained from soluti
f Eq. [1]. These are given by (10)

X¢ 0,0 5 Â 0
21 z @M¢ o 1 fR~Ê 2 Ĵ0 fR! 21 z Ĵ0 z M¢ o#, [9]

here Ĵ0 5 * Â 0
21 z dV.

The lineshape of the first-harmonic out-of-phase absor
pectrum is finally given by



V91 5 Im$V1,1%. [10]
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86 LIVSHITS AND MARSH
he conventional first-harmonic in-phase absorption spec
s correspondingly given by

V1 5 Re$V1,1%. [11]

In Eqs. [10] and [11], the value ofV1,1 is obtained from th
olution of Eq. [8], which is expressed asI¢1 5 (U 1,1, V1,1,
1,1). Inhomogeneous line broadening due to hyperfine i-
ction with methyl and environmental protons can be ta

nto account by convoluting the lineshapes of Eqs. [10]
11] with a Gaussian function.

As noted in Ref. (11), use of a hyperfine resonance
iven by Eq. [7] is an adiabatic approximation that is
pplicable in the fast motion region (tR , 3 3 1029 s) (12). In

this region, an additional contribution to the spin–spin re
ation rate,T2

21, arises from rotational modulation of the ani-
tropic Zeeman and hyperfine interactions. This can be d
mined by time-dependent perturbation theory in which the
spin Hamiltonian is used (13). The resulting expressions fo
linewidths of the hyperfine components are written in the f

T2
21~M I! 5 T2,0

21 1 A 1 BMI 1 CM I
2, [12]

here T2,0
21 is the residual homogeneous broadening ar

from mechanisms other than rotational motion. For isotr
rotational reorientation, theA, B, andC coefficients are (13

A 5
4

45
@~Dv! 2 1 3~dv! 2#tRS1 1

3

4

1

1 1 v e
2tR

2D
1

7

45
@~DA! 2 1 3~dA! 2#tR

3 S 1

1 1 v e
2tR

2 1
3

7

1

1 1 v n
2tR

2D [13]

B 5
8

45
@DvDA 1 3dvdA#tRS1 1

3

4

1

1 1 v e
2tR

2D [14]

C 5
4

45
@~DA! 2 1 3~dA! 2#tRS1 2

1

8

1

1 1 v e
2tR

2

2
3

8

1

1 1 v n
2tR

2D , [15]

here the tensor anisotropiesDv 5 [ gzz 2 1
2 ( gxx 1

gyy)]b eH 0/\, dv 5 1
2 ( gxx 2 gyy)b eH 0/\, DA 5 Azz 2

1
2 ( Axx 1 Ayy), and dA 5 1

2 ( Axx 2 Ayy) are in angula
frequency units, andvn ' 1

2 aN is the nuclear Larmor fre-
quency.

We have performed comparative simulations of theV91-EPR
spectra by using different approximations. These are: (i)
[12] with the expressions for theA, B, andC coefficients give
m

r
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d
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g
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q.

by Eqs. [13]–[15] above; (ii) Eq. [12] and the above exp
sions forA, B, andC without the terms dependent on nucl
frequency (vn); and (iii) the adiabatic approximation, with t
hyperfine field given by Eq. [7]. For fixed values of resid
linewidth, T2,0

21, the spectral parameters used for determina
f T1 from the experimental spectra (i.e., the ratios of i-
rated intensities or low-field amplitudes of the out-of-ph
nd in-phase components) differ for the cases (i)–(iii). H
ver, if separate values ofT2,0

21 are determined for each mod
by simulations of the low-field component of the conventio
(linear) experimental spectra, then theT1 values obtained from
he different approximations (i)–(iii) are very close to e
ther.

RESULTS AND DISCUSSION

Simulations of Out-of-Phase First-Harmonic V91-EPR Spectra

Simulated first-harmonic in-phase and out-of-phase
spectra are given in Fig. 1. The simulations are for a nitro
spin label undergoing isotropic rotation of different rates
the case of moderate and high microwave saturation, the
of-phaseV91-EPR lineshape varies with rotational correla
time in a way similar to that of the in-phaseV1-EPR signal

his means that, in contrast to the second-harmonic ou
hase spectra, theV91-EPR signals are not sensitive to sl
otational motions on the microsecond timescale.

The V91-EPR amplitudes decrease asH 1
2, with a decrease

microwaveH 1-field intensity (see also Ref.7). At low satura-

FIG. 1. Simulated first-harmonic out-of-phaseV91 (solid lines)- and in
phaseV1 (dotted lines)-EPR spectra of nitroxide spin labels for diffe
frequencies of isotropic rotation:fR 5 105, 108, and 109 s21. Modulation
requency,vm/2p 5 100 kHz;H 1 5 0.4 G;DH 0 (51/g eT2,0) 5 3.0 G;T1 5
2 3 1026 s. The adiabatic approximation is used in these simulations.
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87SPIN RELAXATION MEASUREMENTS
motion region, this change is similar to that for a single-
spectrum; cf. Ref. (6). If the conditionT2/T1 ! 1 is satisfied
(where T2

21 includes both the intrinsic and the rotationa
nduced spin–spin relaxation rate),T1 can be estimated in
way similar to that for the “no motion” case (6). This method
uses the microwave field amplitude,H*1, at which the transitio
n lineshape occurs.

ensitivity of Out-of-Phase Intensities to T1: Dependence on
Rotational Frequency

More generally, the spin–lattice relaxation times may
determined from the integrated intensities, or amplitude
the V91-EPR spectra. In the absence of motion, usefulT1-
ensitive parameters are dimensionless ratios of the do
ntegrated intensities,r91, and of the low-field amplitude
r91(M I 5 11), for out-of-phase and in-phase spectra meas
t the same value ofH 1 (6). These ratios are used again here

quantitation of the spectra in the presence of rotational m
ular motion. For integrated intensities and amplitudes,
ratios are, respectively,

r91 5
* * V91d

2H

* * V1d
2H

[16]

r91~M I 5 11! 5
V91~M I 5 11!

V1~M I 5 11!
. [17]

n Eq. [17],V91(M I 5 11) andV1(M I 5 11) are the maximum
ineheights of the out-of-phase and in-phase spectra, re
ively, in the low-field region. A local maximum (ignorin
bsolute sign) is well defined in the low-field region of
pectra, at all rotational frequencies (see Fig. 1). TheT1 de-
endences of the integrated intensity ratio are presented i
, for modulation frequencies of 100 and 25 kHz,H 1 5 0.5 G,

and different values offR. The values of ther91 ratio have a
onmonotonic dependence on rotational frequency. The
rease with increasingfR over the range 106–108 s21, but

increase with increasingfR, for fR $ 108 s21. Typical depen-
ences of the intensity ratior91 and the absolute out-of-pha

ntensity* * V91d
2H on fR are given in Fig. 3,for T1 5 3 ms

ndH 1 5 0.5 G. The dependence for the in-phase integ*
* V1d

2H is similar to that for the effective spin–spin relaxat
rate, 1/T2

eff; see Ref. (10). On the other hand, that for
ut-of-phase integral* * V91d

2H is relatively weaker an
multiphasic (see Fig. 3b). This latter dependence mean
rotational motion affects the value of the out-of-phase ma
tization through changes additional to those in the valu
1/T2

eff. This will be analyzed in more detail below.

alibration of Integral Ratio T1 Dependences

For all rotational frequencies in the range up tofR 5 1011 s21,
the dependence of the intensity ratio onT1 can be fitted by a
e

e
of

le-

ed
r
c-
e

ec-

ig.

e-

e

at
e-
of

empirical expression of the same form as that used in
absence of molecular rotation (6),

r91 5 r 1
09 1

a91T1
m

1 1 b91T1
m , [18]

where the fit parametersa91, b91, r 1
09, andm depend onfR, as

ell as onH 1, T2,0, andvm. ForH 1 5 0.5 G andvm/2p 5 100
Hz, satisfactory fits were obtained for all values offR andT2,0

with m 5 2. For a modulation frequency ofvm/2p 5 25 kHz,
tted values of the exponent arem 5 1.3–1.5, where the

range ofm applies to differentT1 intervals.
The fit parameters,a91 andb91, determine the slopes of theT1

dependences in relaxation-enhancement experiments. T
fore it is important to know their variation with the rotatio
frequencyfR and transverse relaxation time,T2,0 (or intrinsic
inewidth, DH 0 5 1/g eT2,0). Typical dependences of the
arameters on rotational frequency for different intrinsic l
idths are given in Figs. 4a and 4b. The absolute value

hese parameters, and ranges offR, DH 0, andT1 for which fits
were performed, are given in Tables 1 and 2. These v
were obtained with the adiabatic approximation, throug
the entire range of rotational frequencies. Their validity for
rapid motional region is established later, under Experim
Applications. The value ofr1

09 is close to zero over most of t
range offR. The dependences of thea91 andb91 parameters o
fR are both similar to that forr91, at a modulation frequency
100 kHz (see Fig. 3). Thea91 and b91 parameters decrea

pproximately linearly withDH 0, but their absolute value
change by only 30–40% whenDH 0 changes from 0.5 to 3.0
see Figs. 4a and 4b). Moreover, this dependence bec
ven weaker when approaching the region of maximum s

ral diffusion rate (fR ' 107 s21), from both low and hig
rotational frequencies.

FIG. 2. Simulated dependences on spin–lattice relaxation time,T1, of the
atio,r91, of the integrated intensities of the first-harmonic out-of-phase sp

to those of the in-phase spectra, for different rotational frequencies,fR 5
04–1010 s21, and modulation frequencies,vm/2p, of 100 and 25 kHz, wit

1 5 0.5 G, DH 0 (51/g eT2,0) 5 2.0 G.
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88 LIVSHITS AND MARSH
The dependence of the intensity ratios on rotational
quency,fR, is substantially reduced at lower modulation-

uencies. This is seen in Fig. 2 forvm/2p 5 25 kHz, in
omparison withvm/2p 5 100 kHz. The exponent,m, is
maller at lower modulation frequencies (m 5 1.3 for 25
Hz). Nevertheless, the dependences of the fit parametea91

andb91 on fR andT2,0 are qualitatively similar to those for 1
kHz. The linear dependences ofa91 andb91 on T2,0 have smalle
slopes atvm/2p 5 25 kHz. In addition, these differences are

large extent compensated in the absolute values of th
f-phase intensities, at the lower modulation frequency. Ag
s for vm/2p 5 100 kHz, the dependence onT2,0 become

weaker when approaching the region of maximum spe
diffusion rate. Thus, the sensitivity of the first-harmonic in
sity ratio toT2,0 is weaker than that for the progressive s-
ration parameter (10), over the entire rotational freque
range. Moreover, it can be decreased even further by low
the Zeeman modulation frequency.

FIG. 3. Simulated dependences on rotational frequency,fR, of (a) the ratio
r91, of the integrated intensities of the out-of-phase and in-phase spectra,
the integrated intensities of theV91 signal, for different spin-packet widths,DH 0

(51/g eT2,0), a modulation frequency of 100 kHz, andH 1 5 0.5 G,T1 5 3 3
026 s.
-

ut-
n,

al
-

y
ng

re identical for no rotational motion and for very rapid ro
ion, even though the lineshapes are completely differen
he two cases. This is because both spectral diffusion an
otational contribution to the spin–spin relaxation rate
bsent in these two limits.

alibration of Amplitude Ratio T1 Dependences

The dependence of the amplitude ratio,r91(M I), onT1 can be
tted by an expression of the form

r91~M I! 5 r 1
09~M I! 1

a91~M I!T1
m

1 1 b91~M I!T1
m . [19]

This is similar to Eq. [18] for the integrated intensity ra
Equation [19] applies over the whole range of rotational

FIG. 4. Simulated dependence on rotational frequency,fR, of the fit
parameters, (a)a91 and (b)b91 in Eq. [18] withm 5 2 andT1 in ms, for differen
pin-packet widths,DH 0 (51/g eT2,0), and a modulation frequency of 1
Hz; H 1 5 0.5 G. Dotted lines are fits to a Gaussian curve, and solid
hose to a Lorentzian.

(b)
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TABLE 1
T

[
a

.69

.64

.61

.62

.57

.55

.55

.57

.60

.65

.68

.69

.70

r d.
r

T tion

[
k

724
701
632
50
430
429
438
460
529
633
673
718
735

r d.
r

T tion

c values
o Hz;
H
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quencies, withm 5 1.6 for vm/2p 5 100 kHz andm 5 1.3
for vm/2p 5 25 kHz. Examples of the dependences onT1 are
shown in Fig. 5, for the amplitudes of both theM I 5 11 and
M I 5 0 hyperfine manifolds. Values of the fit paramet
r 1

09(MI 5 11), a91(M I 5 11), and b91(M I 5 11), for the
ow-field (i.e.,M I 5 11) amplitude are given in Tables 3and
. The adiabatic approximation was used throughout, bu
alidity for the rapid motional regime is established later un
xperimental Applications.

1 Calibration of the Intensity Ratio Fitting Parameters in Eq.
18] (with m 5 2) for a Zeeman Modulation Frequency of 100 kHz,
nd Rotational Frequencies in the Range 104–3.16 3 1010 s21 a

fR (s21) r1
09 a91 b91

104 0.0134–0.0037 0.202–0.133 0.91–0
105 0.0146–0.0044 0.180–0.123 0.81–0

3.163 105 0.0147–0.0047 0.162–0.114 0.78–0
106 0.0129–0.0042 0.142–0.104 0.78–0

3.163 106 0.0096–0.0031 0.115–0.094 0.63–0
107 0.0053–0.0022 0.113–0.093 0.56–0

3.163 107 0.0037–0.0016 0.116–0.094 0.57–0
108 0.0040–0.0017 0.120–0.097 0.60–0

3.163 108 0.0053–0.0022 0.134–0.105 0.68–0
109 0.0076–0.0026 0.164–0.118 0.80–0

3.163 109 0.0102–0.0031 0.190–0.128 0.88–0
1010 0.0120–0.0034 0.200–0.133 0.91–0

3.163 1010 0.0127–0.0035 0.204–0.134 0.92–0

a Results are given for different values of the intrinsic linewidth,DH 0, in the
ange 1–3 G, over the rangeT1 5 0.2–5.1ms for which fitting was performe

The microwave field amplitude,H 1, is 0.5 G. Values ofa91 andb91 are given fo

1 in ms. The adiabatic approximation is used throughout for the simula

TABLE 2
T1 Calibration of the Intensity Ratio Fitting Parameters in Eq.

18] (with m 5 1.3) for a Zeeman Modulation Frequency of 25
Hz, and Rotational Frequencies in the Range 104–3.16 3 1010 s21 a

fR (s21) r1
09 a91 b91

1 3 104 0.0007–20.0025 0.0361–0.0303 0.1051–0.0
1 3 105 0.0010–20.0023 0.0344–0.0291 0.1041–0.0

3.163 105 0.0013–20.0021 0.0310–0.0273 0.0928–0.0
1 3 106 0.0008–20.0023 0.0273–0.0254 0.0635–0.0

3.163 106 20.0013–20.0030 0.0278–0.0254 0.0486–0.0
1 3 107 20.0030–20.0034 0.0300–0.0260 0.0490–0.0

3.163 107 20.0035–20.0037 0.0309–0.0263 0.0510–0.0
1 3 108 20.0032–20.0036 0.0305–0.0264 0.0542–0.0

3.163 108 20.0023–20.0033 0.0309–0.0269 0.0664–0.0
1 3 109 20.0012–20.0030 0.0334–0.0285 0.0868–0.0

3.163 109 20.0002–20.0028 0.0355–0.0294 0.0990–0.0
1 3 1010 20.0003–20.0027 0.0363–0.0302 0.1033–0.0

3.163 1010 20.0005–20.0026 0.0366–0.0305 0.1047–0.0

a Results are given for different values of the intrinsic linewidth,DH 0, in the
ange 1–3 G, over the rangeT1 5 0.2–5.1ms for which fitting was performe

The microwave field amplitude,H 1, is 0.5 G. Values ofa91 andb91 are given fo

1 in ms. The adiabatic approximation is used throughout for the simula
,

he
r

The central part of an EPR spectrum in the slow mo
egion contains the contributions from theM I 5 61 hyperfine
omponents. Nevertheless, amplitudes in this region (M I 5 0)

are also usefulT1-sensitive parameters. The advantage of
entral,M I 5 0, region of the spectrum is that it has a lar

amplitude than the low- and high-field components. It is s
from Fig. 5 that the sensitivity of thisr91(M I 5 0) amplitude
ratio toT1 is about the same as forr91(M I 5 11), in the rapid
motion region. In the slow motion region, the sensitivity
even greater than for the low-field amplitude ratio,r91(M I 5

1). Additionally, ther91(M I 5 0) parameter is only relative
weakly sensitive to inhomogeneous broadening.

In comparison with the integrated intensities,r91, the
dependence of the amplitude ratio,r91(M I 5 11), on f R is
stronger and more asymmetric. This is also true for
individual V1 and V91 amplitudes. This is evident in Fig.
for the amplitude ratios, and also in the dependence
rotational frequency of the fit parameters,a91(M I 5 11) and

s.

s.

FIG. 5. Simulated dependences onT1 of the ratio,r91(M I), of the ampli-
tudes of (a) the low-field (M I 5 11) and (b) the central (M I 5 0) hyperfine
omponents of the out-of-phase and in-phase EPR spectra, for different
f rotational frequencyfR and a Zeeman modulation frequency of 25 k

1 5 0.5 G; DH 0 (51/g eT2,0) 5 2.0 G.
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90 LIVSHITS AND MARSH
b91(M I 5 11) in Eq. [19]. The latter are presented in Fig
he asymmetry is explained by the hyperfine- andg-tenso
nisotropy. In the absence of motion, and at low rotati

requencies, this results in an anisotropic distribution

1 Calibration of the MI 5 11 Amplitude Ratio Fitting Param-
eters in Eq. [19] (with m 5 1.6) for a Zeeman Modulation Fre-
quency of 100 kHz, and Rotational Frequencies in the Range
104–3.16 3 1010 s21 a

fR (s21) r 1
09(M I 5 11) a91(M I 5 11) b91(M I 5 11)

1 3 104 20.0060–20.0116 0.352–0.260 0.629–0.5
1 3 105 0.0007–20.0065 0.337–0.250 0.623–0.5

3.163 105 0.0007–20.0080 0.269–0.216 0.544–0.4
1 3 106 20.0001–20.0076 0.219–0.190 0.555–0.4

3.163 106 20.0060–20.0095 0.175–0.171 0.473–0.4
1 3 107 20.0120–20.0110 0.174–0.169 0.436–0.4

3.163 107 20.0134–20.0108 0.188–0.177 0.461–0.4
1 3 108 20.0126–20.0120 0.251–0.218 0.528–0.4

3.163 108 20.0173–20.0156 0.370–0.285 0.494–0.4
1 3 109 20.0169–20.0171 0.440–0.330 0.500–0.4

3.163 109 20.0151–20.0175 0.464–0.352 0.507–0.4
1 3 1010 20.0141–20.0176 0.470–0.360 0.508–0.4

3.163 1010 20.0139–20.0176 0.470–0.361 0.508–0.4

a Results are given for different values of the intrinsic linewidth,DH 0, in the
ange 1–3 G, a peak-to-peak inhomogeneous linewidth of 1.4 G, over the

1 5 0.2–5.1 ms for which fitting was performed. The microwave fi
amplitude,H 1, is 0.5 G. Values ofa91(M I 5 11) andb91(M I 5 11) are given
for T1 in ms. The adiabatic approximation is used throughout for the sim-
tions.

TABLE 4
T1 Calibration of the MI 5 11 Amplitude Ratio Fitting Param-

eters in Eq. [19] (with m 5 1.3) for a Zeeman Modulation Fre-
quency of 25 kHz, and Rotational Frequencies in the Range 104–
.16 3 1010 s21 a

fR (s21) r 1
09(M I 5 11) a91(M I 5 11) b91(M I 5 11)

1 3 104 20.0027–20.0055 0.0677–0.0568 0.090–0.0
1 3 105 20.0017–20.0053 0.0620–0.0540 0.087–0.0

3.163 105 20.0007–20.0050 0.0530–0.0495 0.072–0.0
1 3 106 20.0016–20.0057 0.0440–0.0458 0.040–0.0

3.163 106 20.0059–20.0074 0.0439–0.0456 0.026–0.0
1 3 107 20.0084–20.0082 0.0471–0.0465 0.027–0.0

3.163 107 20.0085–20.0075 0.0491–0.0473 0.033–0.0
1 3 108 20.0074–20.0077 0.0586–0.0537 0.056–0.0

3.163 108 20.0092–20.0090 0.0846–0.0690 0.075–0.0
1 3 109 20.0081–20.0093 0.0948–0.0780 0.079–0.0

3.163 109 20.0071–20.0093 0.0972–0.0814 0.079–0.0
1 3 1010 20.0066–20.0092 0.0978–0.0826 0.079–0.0

3.163 1010 20.0065–20.0092 0.0978–0.0829 0.078–0.0

a Results are given for different values of the intrinsic linewidth,DH 0, in the
ange 1–3 G, a peak-to-peak inhomogeneous linewidth of 1.4 G, over the

1 5 0.2–5.1 ms for which fitting was performed. The microwave fi
amplitude,H 1, is 0.5 G. Values ofa91(M I 5 11) andb91(M I 5 11) are given
for T1 in ms. The adiabatic approximation is used throughout for the sim-
tions.
.

al
f

esonance fields. At high rotational frequencies this an
ropic distribution is motionally averaged. The depende
f the r91(M I) ratio on f R is determined by thef R depen-

dences of the individualV1 and V91 amplitudes. TheV91
amplitude forvm/2p 5 100 kHz is less dependent onf R in
he slow and intermediate motional regions. At higher r
ional frequencies, however, it increases more strongly
oes the in-phase amplitude. For thea91(M I) parameter, thi

dependence is similar to that forr91(M I) itself. The mini-
um in the regionf R ' 107 s21 is caused by the strong
ffect of spectral diffusion on theV1 amplitude compare
ith that on theV91 amplitude (see Fig. 6a). As for t

integrated intensities, going to lower modulation frequ
cies (i.e., 25 kHz) results in weaker dependences onT2,0.
This is true both for the amplitude ratio,r91(M I 5 11), and
for the fit parameters,a91(M I 5 11) and b91(M I 5 11)
compare Tables 3 and 4).

ge

ge

FIG. 6. Dependence on rotational frequency,fR, of the fit parameters (
a91(M I 5 11) and (b)b91(M I 5 11) for theT1 dependence of the amplitude
he low-field hyperfine line in Eq. [19] withm 5 1.3 andT1 in ms, for differen
values ofDH 0 (51/g eT2,0) and a Zeeman modulation frequency of 25 k
H 1 5 0.5 G.
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91SPIN RELAXATION MEASUREMENTS
V91- andV1-EPR spectra were measured for TEMPONE
-MSL in glycerol–water mixtures of different viscosities. T
easurements were performed with modulation frequenc
00 and 25 kHz. To extract effective spin–lattice relaxa

imes from the experimental values of ther91 andr91(M I) ratios,
calibrations of the fitting parameters for the appropriate
tional correlation times were used (Tables 1–4). Addition
spectral simulations were performed for fitting to the exp
mental dependences ofr91 and r91(M I 5 11) ratios on th
microwave field intensity,H 1. Rotational correlation time

ere determined from the conventionalV1-EPR spectra b
sing calibrations or equations given in Refs. (12–14). As
oted above, the dependence of ther91, r91(M I 5 11), and

r91(M I 5 0) ratios on DH 0 is relatively unimportant at
odulation frequency of 25 kHz. However, this depende
ust be taken into account atvm/2p 5 100 kHz to obtain

ufficiently preciseT1 estimates. Residual (i.e., intrinsic) lin-
idths (DH 0 5 1/g eT2,0) were determined from linesha

simulations of the low-field maximum in the conventio
V1-EPR spectra. Inhomogeneous Gaussian broadening
ncluded explicitly in these simulations.

In the rapid motional regime, rotational correlation tim
R
21, were estimated from the ratio of low- and high-fi
ineheights, together with the central linewidth (14). The tota
ncertainty, allowing also for inhomogeneous broadenin
nlikely to exceed 20–30%. In the intermediate and s
otional regimes, the rotational correlation times were d
ined from the values of the outer hyperfine splitting, rela

o rigid limit values from the literature (13). The error arisin
rom uncertainties in these values is in the region of 20–3
owever, for small free spin labels in the slow and inter
iate regimes, a much greater uncertainty arises from
otional model assumed for the calibrations. This can am

o an uncertainty of 200–300% (13). (Note that for spin
abeled macromolecules, the motion is Brownian diffusion
his uncertainty does not exist.) The residual homogen
inewidths,DH 0, were determined from lineshape simulati
f the low-field spectral components in the conventional,
ower V1-EPR spectra. Models appropriate to the diffe
otional regimes were used in the simulations. Allowance
lso made for inhomogeneous broadening. It is estimate

he error inDH 0 does not exceed 20%.
We have made error estimates forT1 arising from a 25%

uncertainty in linewidthDH 0 and a 250% uncertainty in rot-
tional frequency,fR. This was done for the different motion
egimes and for different ranges ofT1. The uncertainty inT1

from the linewidth measurements increases from 2 to 10%
the rangeT1 5 0.3–2.5ms, with vm/2p 5 100 kHz. For a

odulation frequency ofvm/2p 5 25 kHz, this uncertainty
educed to 1–4% over the extended rangeT1 5 0.3–6ms. In

both cases, this applies to rotational frequencies in the r
fR 5 106–109 s21. The uncertainty infR is maximum (;250%
or values offR 5 106–107 s21. In this range, it results in
d
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vm/2p 5 100 kHz, and of;10% for T1 5 0.3–6 ms with
vm/2p 5 25 kHz. For higher rotational frequencies, the un-
ainty in fR is much lower and correspondingly the uncerta
in T1 is reduced. ForfR 5 5 3 107–5 3 109 s21, an uncertaint
of 50% in fR results in an uncertainty inT1 of ;2% (for T1 5
0.3–3ms with vm/2p 5 100 kHz), or;1% (for T1 5 0.3–6
ms with vm/2p 5 25 kHz).

The above error estimates were made forT1 determination
rom the integrated intensity ratio,r91. For the amplitude ratio

r91(M I), the corresponding errors inT1 are of the same order
magnitude. However, unlike the integrated intensity ratios
measured amplitude ratios also depend on the degree of G
ian inhomogeneous broadening. Simulations using the pr
methods show that the effects of inhomogeneous broad
on the amplitude ratios are qualitatively similar to those for
no motion case (see Ref.6). The accuracy of determining t
inhomogeneous broadening for simulations is similar to
for the homogeneous broadening. This amounts to an u
tainty of 20–30%. For an uncertainty in inhomogeneous br
ening of 25%, withDH 0 5 1 G, the uncertainty inT1 deter-
mination from the amplitude ratio is 3.5–7%, depending on
range ofT1. This applies to low and high rotational frequ-
ies, i.e.,fR 5 106 or 109–1010 s21. At intermediate rotationa
requencies (fR 5 108–107 s21), the above uncertainty inT1

decreases to 1–1.5%. This is because rotational relax
broadening dominates in this regime. Correspondingly,
amplitude ratios are also less sensitive to inhomogen
broadening at larger intrinsic homogeneous linewi
(DH 0 . 1 G).

1. TEMPONE in glycerol–water mixtures.The glycero
ontent and temperature were adjusted to obtain rota
orrelation times corresponding to the slow (tR > 33 ns)
ntermediate (tR > 10 ns), and rapid (tR > 0.5, 0.67, and 0.
ns) motional regimes. The fit parameters presented in T
1–4 were obtained with the adiabatic approximation for
whole range offR. To check the accuracy of such an appro
or the rapid motion region, additional simulations were
ormed that did not rely on this approximation. These fur
imulations used: (i) Eqs. [12]–[15] for the rotational con
ution to the linewidth from time-dependent perturbation
ry with the full spin Hamiltonian, or (ii) the same equatio
ithout the nuclear frequency-dependent terms. Experim
ependences of ther91 andr91(M I 5 11) ratios onH 1 are given

for TEMPONE in 100% glycerol at 30°C in Fig. 7a. Those
TEMPONE in 80% glycerol at 20°C are given in Fig. 7b. T
simulated dependences of these parameters onH 1, calculated

ith method (i) and also with the adiabatic approximation,
iven in the same figures. When values ofDH 0 were deter-
ined consistently from simulations with the correspon

ineshape equations, the values obtained forT1 from the two
approximations were closely similar (see Figs. 7a and 7b)
values determined forDH 0 from the two models are 0.75 a



0.95 G for TEMPONE in 100% glycerol, and 0.42 and 0.55 G
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92 LIVSHITS AND MARSH
for TEMPONE in 80% glycerol, respectively.
Satisfactory fits for the dependence of bothr91 andr91(M I 5

11) onH 1, and agreement between the values deduced foT1,
are obtained from the two approximations. This result i
considerable importance. It means that the calibrations in
bles 1–4 can be used with confidence throughout the e
range of rotational frequencies. However, the absolute v
of T1 determined from the amplitudes are somewhat lower
hose obtained from the integrated intensities. The effe
nhomogeneous broadening is insignificant for TEMPONE
ause the inhomogeneous linewidth is very small for
itroxide (0.215 G peak-to-peak) (15). The slight differenc
etween theT1 values may be attributed to differences inT1

(and possibly inDH 0) for the three hyperfine components
The spin relaxation parameters of the TEMPONE radic

different motional regimes were measured in 90% glycer
various temperatures (20,21, and230°C). At lower temper
atures, one predicts that theT1 values lie outside the region
ptimum T1 sensitivity (T1 # 4 ms) for a modulation fre-
uency of 100 kHz (see Fig. 2). Therefore, these measure
ere performed with a modulation frequency of 25 kHz.
alues ofT1 for the intermediate and slow motional regim

were determined from ther91 andr91(M I 5 11) ratios measure
at two values ofH 1, 0.4 and 0.5 G, by using the calibrations
Tables 2 and 4. These values, together with the spin-p
widths (DH 0), are given in Table 5.TheT1 values determine
from the ratio of integrated intensities agree satisfactorily
the independent measurements withH 1 5 0.4 and 0.5 G

imilar agreement is observed for theT1 values determine
from the amplitude ratios,r91(M I 5 11). However, the latte

1 values are somewhat lower than the former ones, as
above for TEMPONE in 100 and 80% glycerol solutions
20°C.

Consistency is obtained between the values ofT1 determined
by fitting theH 1 dependence for TEMPONE in 90% glyce
at 20°C, and those obtained from the calibrations give
Tables 1 and 2 for measurements with a different (i.e.,
kHz) modulation frequency (see Table 5). At a modula
frequency of 25 kHz, theT1 values obtained from the adiaba

pproximation and from simulation method (i) again b
gree, as found already at a modulation frequency of 100
hese results serve as further experimental validation o
imulation methods used. Also, the values ofT1 obtained fo

TEMPONE in 80% glycerol at 20°C are very close to th
obtained for small spin labels with similar rotational corr
tion times by saturation recovery methods (16). The value o
T1 obtained for TEMPONE at a rotational correlation time
tR 5 10 ns (see Table 5) is close to that estimated from
rogressive saturation parameter and linewidth measure

or a similar small spin label in glycerol–water. For 4-hydro
,2,6,6-tetramethylpiperidine-N-oxyl at tR 5 8.5 6 0.5 ns we

determined a value ofT1 5 4.8 6 0.6 ms by progressiv
saturation (10). More direct comparison with progressive

ld

e
hed
to
FIG. 7. Experimental and simulated dependences on microwave
strength,H1, of the ratio of (a) the integrated intensities,r91, and (b) the low-field
amplitudes,r91(MI 5 11), of the first-harmonic out-of-phase and in-phase
pectra, for the TEMPONE radical in 100% glycerol at 30°C (E) and 80% glycero
t 20°C (‚). The Zeeman modulation frequency is 100 kHz. Simulations
erformed with the adiabatic (dotted lines) and second-order perturbation (

ines) models. The best-fit values of rotational frequency and spin-packet w
he linearV1-EPR spectra for the two models arefR 5 1.13 109 s21, DH0 5 0.95
nd 0.75 G, respectively, for 100% glycerol at 30°C, andfR 5 2.1 3 109 s21,
H0 5 0.55 and 0.42 G, respectively, for 80% glycerol at 20°C. TheT1 values
etermined from the simulatedH1 dependencies are (a) 2.0 and 2.23 1026 s, and
b) 1.6 and 1.73 1026 s, respectively, for 100% glycerol at 30°C, and (a) 2.4

2.63 1026 s, and (b) 1.75 and 1.853 1026 s, respectively, for 80% glycerol at 20°
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Spin Relaxation Properties of TEMPONE in Glycerol–Water Mixtures of Different Viscosities Deduced from the Spectral
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93SPIN RELAXATION MEASUREMENTS
uration experiments for the fast and very slow motiona
gimes can be found in our previous paper (6).

Table 5 shows that it is sufficient to performV91-EPR mea-
surements at a single high microwave field intensity. Co
tent values are obtained forT1 from single-point measuremen
t H 1 5 0.4 G andH 1 5 0.5 G. These values are a
onsistent with those obtained by fitting the completeH 1

dependence. Routinely, therefore,V91-EPR measuremen
ould be made atH 1 5 0.4 or 0.5 G, and the calibrations
ables 1–4 used.

2. 3-Maleimide proxyl in glycerol–water mixtures.Simi-
ar T1 measurements were performed for the 5-MSL spin l
n 90% glycerol–water mixtures, with a modulation freque
f 25 kHz. Again measurements were made in the ra

ntermediate, and slow motional regimes. For 5-MSL, th
otional regimes correspond to higher temperatures tha
EMPONE (40, 20, and22°C). The T1 values, as well a

homogeneous linewidths and rotational correlation times
given in Table 6. For this spin label theT1 values obtaine
rom the integrated intensities agree satisfactorily with th
etermined from the amplitude ratios. The absolute valu

Parameters of the Out-of-Phase and In-Phase First-Harmon

Glycerol (%) T (°C) tR (ns) DH 0 (G) vm/2p (k

80 20 0.48 0.55
0.42b

100

100 30 0.9 0.95
0.75b

100

90 20 0.67 0.9
0.7b

100

90 20 0.67 0.9
0.7b

25

90 21 10 1.8 25

90 230 33 2.0 25

a T1 values are obtained from fitting the intensity (r91) or amplitude (r91(M
b Values determined from time-dependent perturbation theory. All oth

TAB
Spin Relaxation Properties of 3-Maleimide Proxyl Spin Labe

from the Spectral Parameters of the Out-of-P

Glycerol (%) T (°C) tR (ns) DH 0 (G)

90 140 1.1 1.6
1.3a

90 120 10 2.0

90 22 33 2.1

Note.The modulation frequency is 25 kHz.
a Values determined from time-dependent perturbation theory. All oth
-

s-

el
y
d,
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re
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T1 are found to be higher for MSL than for TEMPONE, at
same glycerol content and temperatures. The value ofT1 at

2°C can be compared with the value of 6.6ms for this labe
ound to hemoglobin in a 90% glycerol–water mixture at
4).

CONCLUSIONS

The advantages of the first-harmonic out-of-phaseV91-EPR
method that were previously established for CWT1 determi-
nations are insensitivity toT2, favorable signal strength, a
ability to tune the range of sensitivity toT1 by varying the
Zeeman modulation frequency (6). These results, howev
were obtained only for spin labels in the very fast or very s
motional regimes and by theoretical simulations for single
spectra. The present work extends the validity of these co
sions by simulations of the complete nitroxide spin-labelV91-

PR spectrum and by investigating the full range of nitro
pin-label rotational correlation times. An important furt
nding is thatT1 relaxation time determinations by theV91-EPR
ethod are less affected by rotational motion of the spin

PR Spectra at Modulation Frequencies of 100 and 25 kHz

H 1 (G) r91 T1 (ms) r91(M I) T1 (ms)

0.15–
0.5

f(H 1)
a 2.4

2.6b

f(H 1)
a 1.75

1.85b

0.15–
0.5

f(H 1)
a 2.0

2.2b

f(H 1)
a 1.6

1.7b

0.5 0.195
0.195

2.85
3.0b

0.62 2.35
2.45b

0.15–
0.5

f(H 1)
a 3.0

3.1b

f(H 1)
a 2.7

2.8b

0.4
0.5

0.148
0.173

5.4
5.5

0.262
0.309

4.8
4.9

0.4
0.5

0.17
0.218

6.5
6.9

0.278
0.355

5.7
5.8

atios as a function ofH 1, over the range given.
values are obtained by using the adiabatic approximation.

6
Glycerol–Water Mixtures of Different Viscosities Deduced

e and In-Phase First-Harmonic EPR Spectra

1 (G) r91 T1 (ms) r91(M I) T1 (ms)

0.4 0.068 2.5
2.5a

0.195 2.4
2.5a

0.4
0.5

0.1
0.14

3.7
4.2

0.202
0.266

3.7
4.1

0.4 0.15 5.5 0.283 5.6

values are obtained by using the adiabatic approximation.
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than are other nonlinear methods. This result reinforces the
as

s r
Z kH
t th
a m
p im
p es
t

n
n la
f la
a vi
s te
s of

eou
er

and

5. T. Páli, V. A. Livshits, and D. Marsh, Dependence of saturation-
transfer EPR intensities on spin–lattice relaxation, J. Magn. Reson.
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usefulness ofV91-EPR as a “pure”T1-sensitive display, as w
uggested originally in Ref. (7). Particularly, this holds fo
eeman modulation frequencies in the region around 25

hat are appropriate for use with spin labels. Calibrations
re presented for theT1 dependence of the intensity and a-
litude ratios for different correlation times considerably
rove the precision of the method at modulation frequenci

he standard range around 100 kHz.
The results presented here should help to establish this

onlinear CW EPR method on a firm basis, and to stimu
urther applications. Its use in studying paramagnetic re
tion enhancement of spin-labeled fatty acids bound to bo
erum albumin will be reported elsewhere. One further ex
ion that can be envisaged is to exploit the dependenceT1

sensitivity on modulation frequency to study heterogen
systems with differentT1 values that give unresolved or ov-
lapped conventional EPR spectra.
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