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A recent survey of nonlinear continuous-wave (CW) EPR methods
revealed that the first-harmonic absorption EPR signal, detected 90°
out of phase with respect to the Zeeman modulation (Vi-EPR), is the
most appropriate for determining spin-lattice relaxation enhance-
ments of spin labels (V. A. Livshits, T. Pali, and D. Marsh, 1998, J.
Magn. Reson. 134, 113-123). The sensitivity of such Vi-EPR spectra
to molecular rotational motion is investigated here by spectral simu-
lations for nitroxyl spin labels, over the entire range of rotational
correlation times. Determination of the effective spin-lattice relax-
ation times is less dependent on rotational mobility than for other
nonlinear CW EPR methods, especially at a Zeeman modulation
frequency of 25 kHz which is particularly appropriate for spin labels.
This relative insensitivity to molecular motion further enhances the
usefulness of the Vi-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.
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INTRODUCTION

plore new nonlinear CW approaches to the determination of s
relaxation rates of spin-labeled molecules. Of theseVfheatu-
ration transfer EPR spectra, although being sensitivé, tare
also very sensitive to molecular motio#) @nd toT, relaxation
(5). In comparison, conventional CW progressive saturation p
rameters are less sensitive Tg, and also they are dependent
directly onT,.

Recently, we proposed the use of the out-of-phase first-he
monic EPR absorption signal¥;j for determining spin—lattice
relaxation enhancements)( This Vi-EPR signal was first sug-
gested by Hyde and Thoma#g @s aT,-sensitive nonlinear EPR
display. In Ref. §) we showed both theoretically and experimen:
tally that theVi-EPR amplitudes or double integrals are more
sensitive toT, and less dependent dn than are conventional
in-phaseV,-EPR spectra. A survey of nonlinear CW EPR meth
ods suggested that first-harmonic out-of-phe$&PR was the
method of choice for determininify, relaxation enhancements of
spin labels. These results, however, were obtained in the abse
of molecular motion and for a single-line spectrum.

For the practical application of this new CW approach, it i
important to investigate the dependence offtheandT,-sensitive
spectral parameters of thg-EPR spectra on the dynamics of

Spin-lattice relaxation of nitroxide spin labels currentlyotational motion. A dependence is to be expected for nitroxic

finds increasing application in membrane biophysics. strugRin labels under conditions of partial saturation. This is becau
tural information is obtained by measuring relaxation enhand@olecular rotation induces spectral diffusion of microwave satt
ments induced by paramagnetic relaxation agents, and sefadion and provides a mechanism for transverse spin relaxation
tivity to slow dynamic processes is also very much enhancgpdulation of the Zeeman and hyperfine anisotropies. The aim
(1-3). It is well known that information on spin relaxation rateghe present work is to extend the capability of out-of-phase firs
may be obtained from progressive saturation experimenfi@rmonicvi-EPR measurements for determining Theelaxation
These experiments use the conventiod@EPR spectra de- times of spin labels to the whole range of rotational correlatio
tected in phase with the first harmonic of the Zeeman modiimes. Calibrations are given for tiig-sensitive parameters of the
lation field. On the other hand, the absorptMZ}EPR spectra Vi-EPR spectra at different rotational mobilities. The appllcablllt)
of spin labels detected at the second modulation harmonic,ohthis approach is demonstrated experimentally for spin labels
phase quadrature with the modulation field (i.e., saturati¥#$cous glycerol-water mixtures in the rapid, intermediate, ar
transfer EPR), are also used to measure spin—lattice relaxaftyv motional regimes.
enhancements3). These include relaxation enhancements in-
duced by Heisenberg spin exchange or by dipole—dipole inter-
actions with fast-relaxing paramagnetic species.
Continuous-wave (CW) EPR experiments, as compared toThe spin label TEMPONE (4-ox0-2,2,6,6-tetramethylpiperi
pulse measurements, have the advantage of relative accessiluiie-N-oxyl) was obtained from Eastman Kodak (Rochestel
and high concentration sensitivity. Therefore, it is useful to eY). Maleimide spin label, 3-maleimidoproxyl (5-MSL), was
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from Sigma (St. Louis, MO). The TEMPONE spin label wagrincipal axes. The modified Bloch equation matrix that ap
used at a concentration of & 10" M in glycerol-water pears in Egs. [1] and [2] is given by
solutions. All samples were saturated with argon.

EPR spectra were recorded on a Varian Century Line, or on T, + fr— inw,
a Bruker EMX, 9-GHz EPR spectrometer. Magnetic field mod- A,=| —7dH - Hed0, ©)]
ulation frequencies of 100 and 25 kHz were used, and a static 0
field scan range of 100 to 200 G (depending on the spectral
extent at high microwave power). Samples of 5 mm length YdH = Hed 0, ¢)] 0
were contained in sealed 0.7- or 1-mm-i.d. glass capillaries. x T+ fr—ino, —veH1 [3]
These were accommodated within a standard quartz EPR tube yeH: TP+ fr—ino,

that contained light silicone oil for thermal stability. The sam-

ples were centered vertically in the microwave cavity. Theith

entire sample chamber was sealed under argon. The tempera-

ture of the samples was controlled by nitrogen gas flow through 0 —v O
a quartz Dewar and was measured by a fine-wire thermocou- 5= ( vo 0 0 ) [4]
ple. This was located within the capillary in contact with the 0O 0 O

sample. Critical coupling conditions were used. Modulation

phase settings were performed by the self-null method. Alt% ereH . is the resonant field, ard, = /27 is the mod
natively, a nonsaturating reference sample, a single crystal of .- f?(sequency. The resonant fieIH'yres(gy o), is angular

COpper sulfate,.was useq as described in Rej. '(he_root dependent. It is determined by thge and hyperfine tensor
mean square microwave field,, at the sample was calibrated

. ) . ; anisotropies,

by using a standard solution of peroxylamine disulfonate, as

described in Ref.§). Saturation transfer\(;,) EPR spectra,

where appropriate, were recorded according to the standard- H,o6, ¢) = L

ized protocol described in Refo) e Be9(0, ¢)
Spectra were simulated according to the methods described

under Theory. Principal values for tigeand hyperfine tensors where w, is the microwave frequency and, is the nuclear

used in the simulations were= (2.0089, 2.0061, 2.0027) andmagnetic quantum number of the spin label. The tens

A = (6.0 G, 6.0 G, 34.0 G), respectively. Double-integrategnisotropies are given by

intensities were obtained by numerical integration of the sim-

ulated spectra over a magnetic field range of 200 G. 9(6, @) = g,L080 + gy, - SiN?0 - cofep

- M|A(0, (P)v [5]

+ gy,sin°0 - sin“p
A(0, @) = (A2c08°0 + AZsin’0 cose
+ AZsin’0 sin“p) V2, [7]

THEORY [6]
Earlier, we obtained solutions of the modified Bloch equa-

tions for small field modulation amplitudels,, (10). This was

done by using a strong jump diffusion model of molecular

rotational motion. Integral equations were derived for the ve#there the principal tensor components gre (gx. 9y, 9:2)

tor coefficients ofX,, = (Uis, V.. Zi.) that define the @ndA = (Ay, Ay, Ay)).

magnetization components that are linearhis and for the ~ The solution, = [ X,,d(, of the integral Eq. [2] for the

zero-order coefficients aKoo = (Uoo Voo Zoo) that corre first harmonic is given in matrix form byl()

spond to magnetization components independeht,ofThese

are given by the relation< Q) T,=(E = J,fp) 13y, [8]

whered, = [ A;*dQ andJ,, = [ At 5 - XodQ. The
0" Xoo= M, + fRJ X 0,000 [1] zero-order coefficientX,, of the spin magnetization vector

that are required for thé,, integral are obtained from solution
of Eq. [1]. These are given byl()

>

>
X
I

1°

1,1 fRf )21,1dQ + (’?/'Ye) . )Zo,o: [2] o n R ~ ~ ~ N
XO,OzAEl'[Mo+fR(E_JOfR)_l'JO'Mo]: [9]

wherefg = 7= is the frequency of isotropic rotational reori whered, = [ Ayt - dQ.
entation, M, = M,(0, 0, T;), and Q = (6, ¢) is the The lineshape of the first-harmonic out-of-phase absorptic
orientation of the static magnetic field relative to the magnetspectrum is finally given by
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Vi = Im{V, . [10]

The conventional first-harmonic in-phase absorption spectrum
is correspondingly given by

V; = Re{Vy 4. [11]

In Egs. [10] and [11], the value of,, is obtained from the
solution of Eq. [8], which is expressed &s = (Ups, Vi,
Z,,). Inhomogeneous line broadening due to hyperfine inter
action with methyl and environmental protons can be taken
into account by convoluting the lineshapes of Egs. [10] and
[11] with a Gaussian function.

As noted in Ref. 11), use of a hyperfine resonance field
given by Eqg. [7] is an adiabatic approximation that is not
applicable in the fast motion regiomg(< 3 X 107°s) (12). In
this region, an additional contribution to the spin—spin relax-
ation rate,T, !, arises from rotational modulation of the aniso
tropic Zeeman and hyperfine interactions. This can be deter-
mined by time-dependent perturbation theory in which the full
spin Hamiltonian is used.@). The resulting expressions for the
linewidths of the hyperfine components are written in the forﬁ‘z

FIG. 1.
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Field (gauss)

Simulated first-harmonic out-of-phad& (solid lines)- and in-
aseV, (dotted lines)-EPR spectra of nitroxide spin labels for different
quencies of isotropic rotatiorf, = 10°, 1¢°, and 10 s™*. Modulation

frequency w,/2m = 100 kHz;H,; = 0.4 G;AH, (=1/y.T,0) = 3.0 G;T, =
T,1(M,) = Tié + A+ BM, + CMZ [12] 2X 107° s. The adiabatic approximation is used in these simulations.

where T, is the residual homogeneous broadening arising

from mechanisms other than rotational motion. For isotropy EAS: [131-[15] above; (i) Eq. [12] and the above expres

rotational reorientation, tha, B, andC coefficients are13)

sions forA, B, andC without the terms dependent on nucleal

frequency {,); and (iii) the adiabatic approximation, with the

_4 2 2 3
A_IS[(Aw) + 3(8w)?]Tr| 1 +

hyperfine field given by Eq. [7]. For fixed values of residua
. 2) linewidth, T, 3, the spectral parameters used for determinatio
41+ werk of T, from the experimental spectra (i.e., the ratios of inte

7 grated intensities or low-field amplitudes of the out-of-phas
+ 4 [(AA)? + 3(8A) ] 7 and in-phase components) differ for the cases (i)—(iii). How
ever, if separate values af,; are determined for each model

1 3 1
) [13]

X + =
(1+w§7§ 71+wﬁ7§

by simulations of the low-field component of the conventiona
(linear) experimental spectra, then thevalues obtained from

the different approximations (i)—(iii) are very close to eact

8 3 1
B = E [AwAA + 38(05A]TR(1 + Z ngq_é

) [14] other.

RESULTS AND DISCUSSION

4 1
C= TS [(AA)Z + 3(8A)2]7R<1 - gﬁ
WeTr Simulations of Out-of-Phase First-Harmonié¢-EPR Spectra
_ § 1 , 2) [15] Simulated first-harmonic in-phase and out-of-phase EP
81+ wprr)’ spectra are given in Fig. 1. The simulations are for a nitroxid

spin label undergoing isotropic rotation of different rates. Ir
where the tensor anisotropiedw = [g0,, — 3(g« + the case of moderate and high microwave saturation, the ol
9,)]1BHo/f, 80 = 3(0w — 0,)BHo/fi, AA = A,, — of-phaseV}-EPR lineshape varies with rotational correlatior
3(Ax + A,), and A = 3(A. — A,,) are in angular time in a way similar to that of the in-phasg-EPR signal.
frequency units, andv, ~ %a, is the nuclear Larmor fre This means that, in contrast to the second-harmonic out-c
quency. phase spectra, th&;-EPR signals are not sensitive to slow

We have performed comparative simulations of #eEPR rotational motions on the microsecond timescale.

spectra by using different approximations. These are: (i) Eq.The V,-EPR amplitudes decrease ld$, with a decrease in
[12] with the expressions for th&, B, andC coefficients given microwaveH,-field intensity (see also ReT). At low satura
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tion, a sharp change in the lineshape occurs. In the rapid
motion region, this change is similar to that for a single-line o.20
spectrum; cf. Ref.g). If the conditionT,/T, < 1 is satisfied
(where T,* includes both the intrinsic and the rotationally
induced spin—spin relaxation ratel), can be estimated in a .
way similar to that for the “no motion” cas@)( This method
uses the microwave field amplitude?, at which the transition
in lineshape occurs.

T

atio
o
&

0.10 -

p,, 2ndint. r

Sensitivity of Out-of-Phase Intensities ta Dependence on 005

Rotational Frequency

More generally, the spin—lattice relaxation times may be %%,
determined from the integrated intensities, or amplitudes, of T, (us)
the V1-EPR spectra. In the absence of motion, uséfu _ _ _ _
sensitive parameters are dimensionless ratios of the doubléC:2- Simulated dependences on spin-lattice relaxation fimeof the

. . " , . . ratio, p3, of the integrated intensities of the first-harmonic out-of-phase spect
mtegrated Intensitiesp,, and of the low-field ampIIIUdeS' to those of the in-phase spectra, for different rotational frequenties;

p1(M, = +1), for out-of-phase and in-phase spectra measurggl_1g® s*, and modulation frequencies,,/27, of 100 and 25 kHz, with

at the same value &1, (6). These ratios are used again here fa#, = 0.5 G,AH, (=1/y.T,) = 2.0 G.

quantitation of the spectra in the presence of rotational molec-

ular motion. For integrated intensities and amplitudes, the

ratios are, respectively, empirical expression of the same form as that used in tf
absence of molecular rotatioB)(

’ f f V:’I'dZH [16] rTm
P =Ty g , aTy
V,d“H A T R
(M, = +1) = M = 1) 17
paM, = +1) = V,(M, = +1)° [17] where the fit parameteis,, b}, py, andm depend orfy, as

well as onH,, T,,, andw,,. ForH,; = 0.5 G andw,,/27 = 100
In Eq. [17],V4(M, = +1) andV,(M, = +1) are the maximum kHz, satisfactory fits were obtained for all valued oandT,,

lineheights of the out-of-phase and in-phase spectra, respdfh m = 2. For a modulation freque_ncy of,/2m = 25 kHz,
tively, in the low-field region. A local maximum (ignoring 1ttéd values of the exponent are = 1.3-1.5,where the

absolute sign) is well defined in the low-field region of th&an9€ ofm applies to different’, intervals.
spectra, at all rotational frequencies (see Fig. 1). Thale | e fit parameters; andb’, determine the slopes of tig

pendences of the integrated intensity ratio are presented in ElgPendences in relaxation-enhancement experiments. The
2, for modulation frequencies of 100 and 25 ki, = 0.5 G fore it is important to know their variation with the rotational

and different values of.. The values of the), ratio have a frequencyfr and transverse relaxation timé&;, (or intrinsic

nonmonotonic dependence on rotational frequency. They d@ewidth, AH, = 1/v.T,,). Typical dependences of these
crease with increasing over the range 1910° s, but parameters on rotational frequency for different intrinsic line

increase with increasinty, for fr = 10° s, Typical depen widths are given in Figs. 4a and 4b. The absolute values |
dences of the intensity ratip, and the absolute out-of-phasd"1€S€ parameters, and range$fAH,, andT, for which fits

intensity f | V,d?H on f. are given in Fig. 3for T, = 3 s were performed, are given in Tables 1 and 2. These valu
andH, = 0.5 G. The dependence for the in-phase integralwere obtained with the adiabatic approximation, throughot
J V,d?H is similar to that for the effective spin—spin relaxatioﬁhe entire range of rotational frequencies. Their validity for the
rate, 175" see Ref. 10). On the other hand, that for the@pid motional region is established later, under Experiment
out-of-phase integrall | Vid?H is relatively weaker and Applications. The value o} is close to zero over most of the

multiphasic (see Fig. 3b). This latter dependence means tf§i9€ Off= The dependencels of the andb’, parameters on
rotational motion affects the value of the out-of-phase magnig-are both similar to that fop;, at a modulation frequency of

tization through changes additional to those in the value PO kHz (see Fig. 3). The; and bi parameters decrease
LTS, This will be analyzed in more detail below. approximately linearly withAH,, but their absolute values
change by only 30—40% wheXH, changes from 0.5t0 3.0 G

(see Figs. 4a and 4b). Moreover, this dependence becon
even weaker when approaching the region of maximum spe
For all rotational frequencies in the range ute= 10" s™*, tral diffusion rate frz ~ 10’ s %), from both low and high

the dependence of the intensity ratio Dncan be fitted by an rotational frequencies.

Calibration of Integral Ratio T Dependences
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022] ' ' L T o As seen in Fig. 3a, the values of the integral parameter,
o R 1"0 ] are identical for no rotational motion and for very rapid rota
021 B tion, even though the lineshapes are completely different ft
0204 i the two cases. This is because both spectral diffusion and t
S 41el \ ] rotational contribution to the spin—spin relaxation rate ar
) T /o 297 absentin these two limits.
€ 0.18- 4
g 047 . T ' 30 4  Calibration of Amplitude Ratio TDependences
"< 0164 _ i The dependence of the amplitude rati¢(M,), onT, can be
0151 \\ P _/ ] fitted by an expression of the form
0.14 4 — — ’ m
, ay(M)T]
T ’ — 0
2 :‘ é é 110 12 pl(MI) - pl(MI) + 1+ b&(M|)Tr1n [19]
log,, f5(s™)
o This is similar to Eq. [18] for the integrated intensity ratio.
b ' ' o ' Equation [19] applies over the whole range of rotational fre
40
T T T T T
_ ¥ 022 AH, (G)
(3]
2 ] 10 ]
D 36 0.20 -
e . |
he] LA =
& 34 | % 0.18 - E
> W g 016 20
32 4 / i © |
oo = 1.0 & 0.144 30 ]
30 _ L_: J
- ~0.124 —
T T T T ©
2 4 6 8 10 12 1
R 0.10 4 B
log,, Ta(s™) ]
FIG. 3. Simulated dependences on rotational frequeficyf (a) the ratio, 0.08 ) ' 5 ' s ' 0 12
p1, of the integrated intensities of the out-of-phase and in-phase spectra, and (b) P
the integrated intensities of thg signal, for different spin-packet width&H, log,, fz(s )
(=1/y.T,,), a modulation frequency of 100 kHz, ahd = 0.5 G, T, = 3 X
10’6 S. b 1.0 T T T T T T T T
| AH_(G)
The dependence of the intensity ratios on rotational fre- 44| o o ° 10|
quency,fg, is substantially reduced at lower modulation-fre . o/
guencies. This is seen in Fig. 2 fes,/2m = 25 kHz, in & O
comparison withw,/2m = 100 kHz. The exponentn, is % 087 ~ % ¥ aa 20 7
smaller at lower modulation frequenciem (= 1.3 for 25 8 » o
kHz). Nevertheless, the dependences of the fit paramaters = 5 . & w30
andbj onfg andT,, are qualitatively similar to those for 100 .:* Tl A
kHz. The linear dependencesaf andb’ onT,, have smaller - "_
slopes aw,/2 = 25 kHz. In addition, these differences areto %7 7
a large extent compensated in the absolute values of the out-
of-phase intensities, at the lower modulation frequency. Again, g5 . :

as for w,/2m = 100 kHz, the dependence dn,, becomes
weaker when approaching the region of maximum spectral

log,, fo(s™)

10

diffusion rate. Thus, the sensitivity of the first-harmonic inten- ' _ _
sity ratio to T, is weaker than that for the progressive saty F'G- 4. Simulated dependence on rotational frequerfgy, of the fit
tion parameter 10), over the entire rotational fre uenCyparameters, (a8} and (b)b} in Eq. [18] withm = 2 andT, in us, for different
L P N q spin-packet widthsAH, (=1/y.T,,), and a modulation frequency of 100
range. Moreover, it can be decreased even further by lowerigg: 1, = 0.5 G. Dotted lines are fits to a Gaussian curve, and solid line

the Zeeman modulation frequency. those to a Lorentzian.
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TABLE 1 a,,. ]
T, Calibration of the Intensity Ratio Fitting Parameters in Eq.
[18] (with m = 2) for a Zeeman Modulation Frequency of 100 kHz,
and Rotational Frequencies in the Range 10°-3.16 x 10" s~*? o 03
fe(s) o a; b} °
Q.
10* 0.0134-0.0037 0.202-0.133 0.91-0.69 § 02 4
10° 0.0146-0.0044 0.180-0.123 0.81-0.64 =~
3.16 X 10° 0.0147-0.0047 0.162-0.114 0.78-0.61 }
10° 0.0129-0.0042 0.142-0.104 0.78-0.62 =
3.16 % 10° 0.0096-0.0031 0.115-0.094 0.63-057 < 0] 7
10’ 0.0053-0.0022 0.113-0.093 0.56-0.55
3.16 X 10’ 0.0037-0.0016 0.116-0.094 0.57-0.55
10° 0.0040-0.0017 0.120-0.097 0.60-0.57 0.0 —
3.16 x 10° 0.0053-0.0022 0.134-0.105 0.68-0.60 0
10° 0.0076-0.0026 0.164-0.118 0.80-0.65
3.16 x 10° 0.0102-0.0031 0.190-0.128 0.88-0.68
10" 0.0120-0.0034 0.200-0.133 0.91-0.69
3.16 X 10° 0.0127-0.0035 0.204-0.134

0.92-0.70 b o5

# Results are given for different values of the intrinsic linewidthi,, in the
range 1-3 G, over the rande = 0.2-5.1us for which fitting was performed.
The microwave field amplitudéd ,, is 0.5 G. Values o&’; andb} are givenfor o
T, in us. The adiabatic approximation is used throughout for the simulationsfﬂ__? 034

quencies, witm = 1.6 for o,/27 = 100 kHz andm = 1.3
for o, /27 = 25 kHz. Examples of the dependencesTiqrare %—
shown in Fig. 5, for the amplitudes of both tMg = +1 and =%
M, = 0 hyperfine manifolds. Values of the fit parameters,
pYM, = +1), ai(M, = +1), andby(M, = +1), for the
low-field (i.e.,M, = +1) amplitude are given in Tablesehd 0.0

0.4 4

g o014

T T T 4 T T T

4. The adiabatic approximation was used throughout, but the o ' 1 2 3 4

validity for the rapid motional regime is established later under

Experimental Applications.

T, Calibration of the Intensity Ratio Fitting Parameters in Eq.

TABLE 2

T, (us)

FIG. 5. Simulated dependences @n of the ratio,p}(M,), of the amph
tudes of (a) the low-fieldMl, = +1) and (b) the centralM, = 0) hyperfine
components of the out-of-phase and in-phase EPR spectra, for different vall
of rotational frequencyfz and a Zeeman modulation frequency of 25 kHz;
H, = 0.5 G;AH, (=1/ycT,) = 2.0 G.

[18] (with m = 1.3) for a Zeeman Modulation Frequency of 25

kHz, and Rotational Frequencies in the Range 10*-3.16 x 10 s™*?

fr (s7)

pY

ay

The central part of an EPR spectrum in the slow motiol
b region contains the contributions from thg = =1 hyperfine

1x 10
1x10°
3.16x 10°
1% 10°
3.16x 10°
1x 10
3.16x 10’
1x 10°
3.16x 10°
1% 10°
3.16x 10°
1x 10"
3.16x 10%

0.0007-0.0025
0.0010-0.0023
0.0013—0.0021
0.0008—0.0023

—0.0013-0.0030
—0.0030-0.0034
—0.0035--0.0037
—0.0032-0.0036
—0.0023--0.0033
—0.0012-0.0030
—0.0002-0.0028
—0.0003--0.0027
—0.0005--0.0026

0.0361-0.0303
0.0344-0.0291
0.0310-0.0273
0.0273-0.0254
0.0278-0.0254
0.0300-0.0260
0.0309-0.0263
0.0305-0.0264
0.0309-0.0269
0.0334-0.0285
0.0355-0.0294
0.0363-0.0302
0.0366-0.0305

components. Nevertheless, amplitudes in this regn= 0)
0.1051-0.0724are also useful ;-sensitive parameters. The advantage of thi
0.1041-0.0701cantrg| M, = 0, region of the spectrum is that it has a large
0.0928-0.0632 . A .
0.0635-0.050 @mplitude than the low- and high-field components. It is see
0.0486—-0.0430from Fig. 5 that the sensitivity of thigi,(M, = 0) amplitude
0.0490-0.0429ratio to T, is about the same as fpr,(M, = +1), in the rapid
0.0510-0.0438motion region. In the slow motion region, the sensitivity is
0.0542-0.04600yen greater than for the low-field amplitude rafig(M, =
0.0664-0.0529 " , X .
0.0868-0.0633 T 1)- Additionally, thep(M, = 0) parameter is only relatively
0.0990-0.0673Weakly sensitive to inhomogeneous broadening.
0.1033-0.0718 In comparison with the integrated intensities;, the

0.1047-0.0735dependence of the amplitude rati@,(M, = +1), onfy is

? Results are given for different values of the intrinsic linewidth,, in the
range 1-3 G, over the range = 0.2-5.1us for which fitting was performed.

stronger and more asymmetric. This is also true for th
individual V, and V' amplitudes. This is evident in Fig. 5

The microwave field amplitudé , is 0.5 G. Values o&} andb’, are given for fOr the amplitude ratios, a'_']d also in the dependences ¢
T, in ps. The adiabatic approximation is used throughout for the simulatiorotational frequency of the fit parametees(M, = +1) and
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TABLE 3 aon L
T, Calibration of the M, = +1 Amplitude Ratio Fitting Param- 1 AH (G}
eters in Eq. [19] (with m = 1.6) for a Zeeman Modulation Fre- 010 eome 10 ]
quency of 100 kHz, and Rotational Frequencies in the Range . ] " e 20 ]
10°-3.16 x 10%° g~'a % 0.09 /A/A/A U
g 7/ _ae 30
fr (s pi (M, = +1) ai(M, = +1) bi(M, = +1) &= 0987 /-/. 7
1x 10 —0.0060-0.0116 0.352-0.260 0.629-0.560 ,I: 0.07 - R ./ T
1x10° 0.0007—-0.0065 0.337-0.250 0.623-0.555 ‘E s \
3.16x 10° 0.0007—0.0080 0.269-0.216 0.544-0.487 = 0.06- \Z y -
1% 10° —0.0001—0.0076 0.219-0.190 0555-0485 = { \\KH%,/
3.16x 10° —0.0060-0.0095 0.175-0.171 0.473-0.452 0.05 e
1x 10 —0.0120-0.0110 0.174-0.169 0.436-0.437 p =g
3.16x 107 —0.0134—0.0108 0.188-0.177 0.461-0.451  go4 —
1% 10° —0.0126—0.0120 0.251-0.218 0.528-0.498 0 2 4 6 8 10 12
3.16x 10° —0.0173—0.0156 0.370-0.285 0.494-0.481 -1
1x10°  —0.0169-0.0171 0.440-0.330 0.500-0.480 109, fo(5 )
3.16x 10° —0.0151-0.0175 0.464-0.352 0.507-0.483
1x10°  —0.0141—0.0176 0.470-0.360 0508-0485 DOV T T T T T T
3.16%x 10" —0.0139-0.0176 0.470-0.361 0.508-0.486 o 09_- . . |
] T AH_ (G)]
“ Results are given for different values of the intrinsic linewidthi,, in the Coo0sd  ° I oo . 20
range 1-3 G, a peak-to-peak inhomogeneous linewidth of 1.4 G, over the ran ] . \A 07/8::? %g ]
T, = 0.2-5.1pus for which fitting was performed. The microwave field & 0.07 - T ) :/-/' -
amplitude,H,, is 0.5 G. Values o0& (M, = +1) andb’}(M, = +1) are given : g \\ 1
for T, in us. The adiabatic approximation is used throughout for the simula]_"'_r 0.06 \ A
tions. = 1 \ i
T 0.05
. A = 004 .
b'(M, = +1)in Eq. [19]. The latter are presented in Fig. 6. |

The asymmetry is explained by the hyperfine- ajtensor 0.03 - -
anisotropy. In the absence of motion, and at low rotational T
frequencies, this results in an anisotropic distribution of ®®* T 1T I = " L o +

TABLE 4

T, Calibration of the M, = +1 Amplitude Ratio Fitting Param-
eters in Eq. [19] (with m = 1.3) for a Zeeman Modulation Fre-
quency of 25 kHz, and Rotational Frequencies in the Range 10°—

3.16 x 10" s™*?

log,, fR(s’T)

FIG. 6. Dependence on rotational frequenéy, of the fit parameters (a)
aj(M, = +1) and (b)by(M, = +1) for theT, dependence of the amplitude of
the low-field hyperfine line in Eq. [19] witm = 1.3 andT, in us, for different
values ofAH, (=1/v.T,,) and a Zeeman modulation frequency of 25 kHz;
H, = 0.5 G.

ajy(M, = +1)

bi(M, = +1)

fe (s p (M, = +1)
1x 10 —0.0027—0.0055
1x10 —0.0017—0.0053
3.16x 10° —0.0007—0.0050
1x10° —0.0016—0.0057
3.16x 10° —0.0059-0.0074
1% 10 —0.0084—0.0082
3.16% 10’ —0.0085—0.0075
1x 10 —0.0074—0.0077
3.16x 10° —0.0092—0.0090
1x 10 —0.0081-—0.0093
3.16x 10° —0.0071-0.0093
1x 10" —0.0066—0.0092
3.16% 10" —0.0065—0.0092

0.0677-0.0568
0.0620-0.0540
0.0530-0.0495
0.0440-0.0458
0.0439-0.0456
0.0471-0.0465
0.0491-0.0473
0.0586-0.0537
0.0846-0.0690
0.0948-0.0780
0.0972-0.0814
0.0978-0.0826
0.0978-0.0829

0.090-0.073 fesonance fields. At high rotational frequencies this anist
0.087-0.063 tropic distribution is motionally averaged. The dependenc
0.072-0.051 of the p’(M)) ratio on fg is determined by thd, depen
0.040-0.036 gences of the individuaV, and V) amplitudes. TheV,
8:8;3:8:833 amplitude forw,/27m = 100 kHz is less dependent dpin
0.033-0.033 the slow and intermediate motional regions. At higher rota
0.056-0.050 tional frequencies, however, it increases more strongly the
0.075-0.066 does the in-phase amplitude. For thgM,) parameter, this
0.079-0.071 dependence is similar to that fer,(M,) itself. The mini
0.079-0.073 1 im in the regionf;, ~ 10’ s is caused by the stronger

0.079-0.074 R ™ i
0.078-0.074 effect of spectral diffusion on th¥, amplitude compared

# Results are given for different values of the intrinsic linewidthi,, in the

with that on theV)| amplitude (see Fig. 6a). As for the
integrated intensities, going to lower modulation frequen

range 1-3 G, a peak-to-peak inhomogeneous linewidth of 1.4 G, over the rapggs (i e. 25 kHZ) results in weaker dependencesTg)gl

T, = 0.2-5.1 us for which fitting was performed. The microwave field
amplitude,H,, is 0.5 G. Values o0& (M, = +1) andb’}(M, = +1) are given

This is true both for the amplitude ratip;(M, = +1), and

for T, in us. The adiabatic approximation is used throughout for the simulif0r the fit parametersai(M, = +1) and by(M, = +1)

tions.

(compare Tables 3 and 4).
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Experimental Applications maximum uncertainty i, of ~11% forT, = 0.3-3 us with
, wn/27m = 100 kHz, and of~10% for T, = 0.3-6 us with
V- andV;-EPR spectra were measured for TEMPONE ang /> — 25 kHz. For higher rotational frequencies, the uncer
5-MSL in glycerol-water mixtures _of dlfferent_wscosnles. Thefainty inf, is much lower and correspondingly the uncertainty
measurements were performed with modulation frequencies; ot is reduced. Fof, = 5 X 10'-5 X 10° 5%, an uncertainty
100 and 25 kHz. To extract effective spin—lattice relaxatio(l_r)1f 56% inf, results irF; an uncertainty ifi, of ’~2% (forT, =

times from the experimental values of thigandp’(M)) ratios, 0.3-3 us With w,/2m = 100 kHz), or~1% (for T, = 0.3—6

calibrations of the fitting parameters for the appropriate rotﬂ-S With w,/27 = 25 kHz).

tional correlation times were used (Tables 1-4). Additionally, The above error estimates were madeTodeterminations

spectral simulations were performed for fitting to the eXPeTom the integrated intensity ratip;. For the amplitude ratios,

mental dependences @f and pi(M, = +1) ratios on the .
microwave field intensityH,. Rotational correlation times p1(M,), the corresponding errors In, are of the same order of

were determined from the conventiondl-EPR spectra by magnltudde. H0\|/yte\(/jer, utr_lhke Ithe(;ntegrgted tlﬂtegsny ran?sé t
using calibrations or equations given in Refé42{14. As measured amplitude ratios aiso depend on Ihe degree of L>al

noted above, the dependence of e p’(M, = +1), and ian inhomogeneous broadening. Simulations using the pres
ph(M, = 0) ,ratios onAH, is relativelylunilmportan} at a Mmethods show that the effects of inhomogeneous broadeni

modulation frequency of 25 kHz. However, this dependen@@ the amplitude ratios are qualitatively similar to those for th
must be taken into account at/27 = 100 kHz to obtain NO motion case (see Réj). The accuracy of determining the
sufficiently preciseT, estimates. Residual (i.e., intrinsic) line iNhomogeneous broadening for simulations is similar to th:
widths (AH, = 1/y.T,,) were determined from Iineshapefor the homogeneous broadening. This amounts to an unc
simulations of the low-field maximum in the conventional@inty of 20—-30%. For an uncertainty in inhomogeneous broa
V,-EPR spectra. Inhomogeneous Gaussian broadening Wa#19 of 25%, withAH, = 1 G, the uncertainty ifT, deter
included explicitly in these simulations. mination from the amplitude ratio is 3.5-7%, depending on th
In the rapid motional regime, rotational correlation timegange ofT,. This applies to low and high rotational frequen
f-*, were estimated from the ratio of low- and high-fiel&ies, i.e.fr = 10° or 1°~10"° s™*. At intermediate rotational
lineheights, together with the central linewidth4). The total frequencies {x = 10°-10" s*), the above uncertainty iff,
uncertainty, allowing also for inhomogeneous broadening, decreases to 1-1.5%. This is because rotational relaxati
unlikely to exceed 20-30%. In the intermediate and slolroadening dominates in this regime. Correspondingly, th
motional regimes, the rotational correlation times were detexmplitude ratios are also less sensitive to inhomogeneo
mined from the values of the outer hyperfine splitting, relatiieroadening at larger intrinsic homogeneous linewidth
to rigid limit values from the literaturel@). The error arising (AH, > 1 G).
from uncertainties in these _values is.in the region of 20-30%.1  TEMPONE in glycerol-water mixturesThe glycerol
H.owever,. for small free spin labels in th? slow gnd Interm‘Eontent and temperature were adjusted to obtain rotation
diate regimes, a much greater uncertainty arises from t

motional model assumed for the calibrations. This can amOLfH{grerLaet:;)igt:?ei igrfspg?ﬂl?g ith(:hi glgwa (; 3;3?'9
to an uncertainty of 200-300%L%). (Note that for spin- R ' P T i

labeled macromolecules, the motion is Brownian diffusion al nd';) motional regimes. The fit parameters presented in Tabl

this uncertainty does not exist.) The residual homogeneou_4 were obtained with the adiabatic approximation for th

linewidths,AH,, were determined from lineshape simulation%’ROIe range of. To check the accuracy of such an approac

of the low-field spectral components in the conventional, low®" the rapid motion region, additional simulations were per

power V,-EPR spectra. Models appropriate to the differergi)rmed_that did not_ rely on this approximation. T_hese furth_e
motional regimes were used in the simulations. Allowance wainulations used: (i) Egs. [12]-{15] for the rotational contri-

also made for inhomogeneous broadening. It is estimated tR4fioN to the linewidth from time-dependent perturbation the
the error inAH, does not exceed 20%. ory with the full spin Hamiltonian, or (ii) the same equations

We have made error estimates fbr arising from a 25% Without the nuclear frequency-dependent terms. Experimen
uncertainty in linewidthAH, and a 250% uncertainty in rota dependences of the andp’(M, = +1) ratios orH, are given
tional frequencyf. This was done for the different motionalfor TEMPONE in 100% glycerol at 30°C in Fig. 7a. Those for
regimes and for different ranges ®f. The uncertainty inT, TEMPONE in 80% glycerol at 20°C are given in Fig. 7b. The
from the linewidth measurements increases from 2 to 10% owmulated dependences of these parameterd Qrealculated
the rangeT, = 0.3-2.5us, with w,/2r = 100 kHz. For a With method (i) and also with the adiabatic approximation, ar
modulation frequency ob,/2m = 25 kHz, this uncertainty is given in the same figures. When valuesifi, were deter
reduced to 1-4% over the extended raiige= 0.3—6us. In  mined consistently from simulations with the correspondin
both cases, this applies to rotational frequencies in the rargeeshape equations, the values obtainedTfpfrom the two
fr = 10°~10° s *. The uncertainty iri; is maximum (250%) approximations were closely similar (see Figs. 7a and 7b). Tt
for values offy = 10°-~10" s *. In this range, it results in a values determined fakH, from the two models are 0.75 and
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a ol ] 0.95 G for TEMPONE in 100% glycerol, and 0.42 and 0.55 C
] 2] for TEMPONE in 80% glycerol, respectively.
0.20 80% glycerol, 20°C )J,,f*"‘ . Satisfactory fits for the dependence of bpfrandpi(M, =
1 LB +1) onH,, and agreement between the values deduced,for
0'18__ A O ] are obtained from the two approximations. This result is ¢
016 4 ’_,,,;A’ ° J considerable importance. It means that the calibrations in T
o 1 ) bles 1-4 can be used with confidence throughout the enti
= 0147 . range of rotational frequencies. However, the absolute valu
:,-, 0.12__ 1 of T, determined from the amplitudes are somewhat lower the
2 ] ] those obtained from the integrated intensities. The effect «
é 010 . inhomogeneous broadening is insignificant for TEMPONE be
N 005 ] ] cause the inhomogeneous linewidth is very small for thi
& 100% glycerol, 30°C | nitroxide (0.215 G peak-to-peak}l%). The slight difference
0.06 . between therl, values may be attributed to differencesTin
1 (and possibly iMAH,) for the three hyperfine components.
0081 i The spin relaxation parameters of the TEMPONE radical i
P i different motional regimes were measured in 90% glycerol
1 various temperatures (26;1, and—30°C). At lower temper-
0.00 LS S S S atures, one predicts that tfig values lie outside the region of
0.1 0.2 0.3 0.4 0.5 . e .
H. (gauss) optimum T, sensitivity (T.l = 4 us) for a modulation fre
! quency of 100 kHz (see Fig. 2). Therefore, these measureme
bosl — 7 T T T ] were performed with a modulation frequency of 25 kHz. The
B values ofT, for the intermediate and slow motional regimes
_ ,;;g‘*‘" were determined from the andp’(M, = +1) ratios measured
o o A at two values oH 4, 0.4 and 0.5 G, by using the calibrations in
057 80% glycerol, 20°C e o | Tables 2 and 4. These values, together with the spin-pack
5 . widths (AH,), are given in Table 5The T, values determined
-% 04 /O” | from the ratio of integrated intensities agree satisfactorily fo
o the independent measurements with = 0.4 and 0.5 G.
S A /o 1 Similar agreement is observed for the values determined
E). 0 ,;5‘) | from the amplitude ratiogi(M, = +1). However, the latter
© T, values are somewhat lower than the former ones, as not
"f A’/ : above for TEMPONE in 100 and 80% glycerol solutions a
n_ FA-4 | 20°C.
; 027 8 100% glycerol, 30°C Consistency is obtained between the valu€et,afetermined
« . by fitting theH, dependence for TEMPONE in 90% glycerol
N o | at 20°C, and those obtained from the calibrations given i
Tables 1 and 2 for measurements with a different (i.e., 1C
! kHz) modulation frequency (see Table 5). At a modulatiol
00 L frequency of 25 kHz, th& , values obtained from the adiabatic
01 02 03 0.4 05 approximation and from simulation method (i) again bott
H, (gauss) agree, as found already at a modulation frequency of 100 kH

These results serve as further experimental validation of tt

FIG. 7. Experimental and simulated dependences on microwave ficimulation methods used. Also, the valuesTgfobtained for
strengthH,, of the ratio of (a) the integrated intensitigg, and (b) the low-field  TEMPONE in 80% glycerol at 20°C are very close to thos
amplitudes,pi(M, = +1), of the first-harmonic out-of-phase and in-phase EPBhtained for small spin labels with similar rotational correla

spectra, for the TEMPONE radical in 100% glycerol at 302 gnd 80% glycerol . : :
at 20°C (). The Zeeman modulation frequency is 100 kHz. Simulations we'[Ion times by saturation recovery methodﬁ)( The value of

performed with the adiabatic (dotted lines) and second-order perturbation (dastlfedObtamEd for TEMPONE_ at a rotational Corr'elat'on time of

lines) models. The best-fit values of rotational frequency and spin-packet widttme = 10 ns (see Table 5) is close to that estimated from th

the linearV;-EPR spectra for the two models dge= 1.1 X 10°s™, AH, = 0.95  progressive saturation parameter and linewidth measureme
i ° —1 . . . .

and 0.75 G, respectively, for 100% glycerol at 30°C, &ne= 2.1 X 10°S™,  fr 5 gimilar small spin label in glycerol-water. For 4-hydroxy-

AH, = 0.55 and 0.42 G, respectively, for 80% glycerol at 20°C. Thealues . . o +
determined from the simulatéd, dependencies are (a) 2.0 and 2240 ° s, and 2,2,6,6-tetramethy|plperldlnN-oxyI at7e = 8.5* 0.5 ns we

(b) 1.6 and 1.7x 10°° s, respectively, for 100% glycerol at 30°C, and (a) 2.4 andl€termined a value of, = 4.8 = 0.6 ps by progressive
26X 10°°s, and (b) 1.75 and 1.85 10°° s, respectively, for 80% glycerol at 20°C. saturation {0). More direct comparison with progressive sat-
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TABLE 5

Spin Relaxation Properties of TEMPONE in Glycerol-Water Mixtures of Different Viscosities Deduced from the Spectral
Parameters of the Out-of-Phase and In-Phase First-Harmonic EPR Spectra at Modulation Frequencies of 100 and 25 kHz

93

Glycerol (%) T(°C) = (NS) AH, (G) wn/2m (kHz) H. (G) pi T1 (us) pi(M) Ty (us)
80 20 0.48 0.55 100 0.15- f(Hy)*? 2.4 f(Hy)*? 1.75
0.42 0.5 2.6° 1.85
100 30 0.9 0.95 100 0.15— f(H,)? 2.0 f(H,)? 1.6
0.7%° 0.5 2.2 1.7
90 20 0.67 0.9 100 0.5 0.195 2.85 0.62 2.35
0.7 0.195 3.0 245
90 20 0.67 0.9 25 0.15— f(Hy)*? 3.0 f(Hy)*? 2.7
0.7 0.5 3.1° 2.8
90 -1 10 1.8 25 0.4 0.148 5.4 0.262 4.8
0.5 0.173 55 0.309 49
90 -30 33 2.0 25 0.4 0.17 6.5 0.278 57
0.5 0.218 6.9 0.355 5.8

T, values are obtained from fitting the intensipi) or amplitude p3(M))) ratios as a function ofi,, over the range given.
®Values determined from time-dependent perturbation theory. All other values are obtained by using the adiabatic approximation.

uration experiments for the fast and very slow motional r&; are found to be higher for MSL than for TEMPONE, at the
gimes can be found in our previous papéy. ( same glycerol content and temperatures. The valug,cét

Table 5 shows that it is sufficient to perforfi-EPR mea —2°C can be compared with the value of @8 for this label
surements at a single high microwave field intensity. Consiseund to hemoglobin in a 90% glycerol-water mixture at 0°(
tent values are obtained fdy from single-point measurements(4).
atH, = 0.4 G andH; = 0.5 G. These values are also
consistent with those obtained by fitting the compléte
dependence. Routinely, therefor&/;-EPR measurements
would be made atl, = 0.4 or 0.5 G, and the calibrations of The advantages of the first-harmonic out-of-phs$eEPR
Tables 1-4 used. method that were previously established for QWdetermi

2. 3-Maleimide proxyl in glycerol-water mixturesSimi- nations are insensitivity td@,, favorable signal strength, and
lar T, measurements were performed for the 5-MSL spin labability to tune the range of sensitivity td, by varying the
in 90% glycerol-water mixtures, with a modulation frequenc¥eeman modulation frequency)( These results, however,
of 25 kHz. Again measurements were made in the rapidgere obtained only for spin labels in the very fast or very slov
intermediate, and slow motional regimes. For 5-MSL, theseotional regimes and by theoretical simulations for single-lin
motional regimes correspond to higher temperatures than fmrectra. The present work extends the validity of these concl
TEMPONE (40, 20, and-2°C). TheT, values, as well as sions by simulations of the complete nitroxide spin-laté&l
homogeneous linewidths and rotational correlation times, &E®R spectrum and by investigating the full range of nitroxid
given in Table 6. For this spin label thE, values obtained spin-label rotational correlation times. An important furthel
from the integrated intensities agree satisfactorily with tho$i@ding is thatT, relaxation time determinations by thg-EPR
determined from the amplitude ratios. The absolute valuesmkthod are less affected by rotational motion of the spin lab

CONCLUSIONS

TABLE 6

Spin Relaxation Properties of 3-Maleimide Proxyl Spin Label in Glycerol-Water Mixtures of Different Viscosities Deduced
from the Spectral Parameters of the Out-of-Phase and In-Phase First-Harmonic EPR Spectra

Glycerol (%) T(°C) Tr (NS) AH, (G) H, (G) pi Ty (us) pi(M) Ty (us)
90 +40 1.1 1.6 0.4 0.068 25 0.195 2.4
1.3 2.5 2.5
90 +20 10 2.0 0.4 0.1 3.7 0.202 3.7
0.5 0.14 4.2 0.266 4.1
90 -2 33 2.1 0.4 0.15 5.5 0.283 5.6

Note. The modulation frequency is 25 kHz.
#Values determined from time-dependent perturbation theory. All other values are obtained by using the adiabatic approximation.
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than are other nonlinear methods. This result reinforces the T. Pali, V. A. Livshits, and D. Marsh, Dependence of saturation-
usefulness o¥/,-EPR as a “pure"l'l-sensitive display as was transfer EPR intensities on spin-lattice relaxation, J. Magn. Reson.
. . - . ' B 113, 151-159 (1996).
suggested originally in Ref.7f. Particularly, this holds for T - , ,
Zeeman modulation frequencies in the region around 25 kH@ V. A. Livshits, T. Pali, and D. Marsh, Spin relaxation measurements
. . . . . using first-harmonic out-of-phase EPR signals, J. Magn. Reson.
that are appropriate for use with spin labels. Calibrations that 134113 123 (1998)
ar_e presented for Fhﬁl dependenc_e Of,the mtens_lty and 6jm 7. J. S. Hyde and D. D. Thomas, New EPR methods for the study of
plitude ratios for different correlation times (_:On5|derab|)’_|m'. very slow motion: Application to spin-labeled hemoglobin, Ann.
prove the precision of the method at modulation frequencies in N.Y. Acad. Sci. 222, 680692 (1973).
the standard range around 100 kHz. 8. P. Fajer and D. Marsh, Microwave and modulation field inhomoge-
The results presented here should help to establish this newneities and the effect of cavity Q in saturation transfer ESR spectra.
nonlinear CW EPR method on a firm basis, and to stimulate Dependence on sample size, J. Magn. Reson. 49, 212-224 (1982).
further applications. Its use in studying paramagnetic rela@ M.A. Hemminga, P. A. de Jager, D. Marsh, and P. Fajer, Standard
ation enhancement of spin-labeled fatty acids bound to bovine conditions for the measurement of saturation transfer ESR spectra,
. . J. Magn. Reson. 59, 160-163 (1984).
serum albumin will be reported elsewhere. One further exteno— V. A Livshits. T. PAli and b. Marsh. Relaxation time determinati
. . . . . V. A. Livshits, T. Pali, and D. Marsh, Relaxation time determinations
sion that can be enVIS?‘ged Is to epr0|t the dependenfrq of by progressive saturation EPR: Effects of molecular motion and
sensitivity on mOdU|at|0n frequenCY_tO study heterogeneous zeeman modulation for spin labels, J. Magn. Reson. 133, 79-91
systems with differenT, values that give unresolved or over  (1998).

lapped conventional EPR spectra. 11. R. C. McCalley, E. J. Shimshick, and H. M. McConnell, The effect
of slow rotational motion on paramagnetic resonance spectra,
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