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The dependence on spin-lattice (T,) relaxation of the first-
harmonic absorption EPR signal (V1) detected in phase quadra-
ture with the Zeeman modulation has been investigated both
theoretically and experimentally for nitroxide spin labels. Spectral
simulations were performed by iterative solution of the Bloch
equations that contained explicitly both the modulation and mi-
crowave magnetic fields (T. Pali, V. A. Livshits, and D. Marsh,
1996, J. Magn. Reson. B 113, 151-159). It was found that, of the
various non-linear EPR displays, the first-harmonic out-of-phase
Vi-signal, recorded under conditions of partial saturation of the
microwave absorption, is particularly favorable for determining
spin—lattice relaxation enhancements because of its superior signal
intensity and relative insensitivity to spin-spin (T,) relaxation. By
varying the Zeeman modulation frequency it is also possible to
tune the optimum sensitivity of the V/-signal to different ranges of
the T,-relaxation time. A Zeeman modulation frequency of 25 kHz
appears to be particularly suited to spin label applications. Cali-
brations are given for the dependence on T,-relaxation time of
both the amplitude and the second integral of the V;-signal re-
corded under standard conditions. Experiments on different spin
labels in solution and in membranes demonstrate the practical
usable sensitivity of the V}-signal, even at modulation frequencies
of 25 kHz, and these are used to investigate the dependence on
microwave field intensity, in comparison with theoretical predic-
tions. The practicable sensitivity to spin—lattice relaxation en-
hancements is demonstrated experimentally for a spin-labeled
membrane system in the presence of paramagnetic ions. The
first-harmonic out-of-phase V}-signal appears to be the non-linear
CW EPR method of choice for determining T,-relaxation en-
hancements in spin-labeled systems. © 1998 Academic Press

Key Words: non-linear EPR; spin—lattice relaxation; spin labels;
out-of-phase EPR.

INTRODUCTION

terms of two components of the EPR signal: those in-phase a
those out-of-phase with respect to the static field modulation. It
the latter component that records specifically the phase retardat
effects, and therefore it must be more sensitive to spin relaxatic
times than is the conventional in-phase absorption component

The absorption EPR spectra of spin labels detected at t
second harmonic, in phase quadrature with respect to the moc
lation field (i.e., the saturation transfer EPR spe&fahave been
used recently to determine spin—lattice relaxation enhancemel
induced by Heisenberg spin exchange or by dipole—dipole inte
actions with fast relaxing paramagnetic spec&s(. These new
applications of ST EPR spectroscopy, as well as convention
CW progressive saturation measurements, offer consideral
promise for structural studies of biological membranes becau
they allow determination of the location of site-specifically la-
beled groups in membrane proteins and in phospholigids)(
Because the intrinsic spin—lattice relaxation timeg 6f nitroxyl
spin labels are usually 1-2 orders of magnitude larger than tl
spin—spin relaxation times, (8, 9), the former are of primary
importance for such studies. The intensities of tespectra,
although sensitive tdr,, are also very sensitive to molecular
rotation (LO)—as is exploited in the usual application of ST EPR
spectroscopy to studying slow rotational diffusion—and addition
ally are rather sensitive td,-relaxation (1). The saturation
parameters from progressive saturation EPR experiments, on |
other hand, are less sensitiveTtpand also are dependent dp
directly (12, 13.

Partly for reasons of sensitivity and also of availability anc
ease of use, most EPR measurements on spin-labeled biol
ical systems are routinely made with conventional CW equig
ment. Therefore it is particularly useful and relevant to explor
possible new non-linear CW EPR approaches for determinir
the effective spin relaxation times. The aim of the present wor

~ The response of a spin system to modulation of the Zeemno investigate the practical utility of measuring spin-lattice
interaction is known to be phase-shifted relative to the harmoiélaxation enhancements of spin-labeled biomolecules by usi
cally modulated applied field because of the finite spin relaxati@ife out-of-phase first-harmonic EPR absorption signals (i.e
times of the systemlj. This shift in phase is usually treated inv;). It is shown here that the amplitudes or double integrals
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signal, normalized to the corresponding quantities fo
the in-phase signals, are more sensitiveTtoand are less
dependent off,, as compared with the conventional in-phase
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first-harmonic absorptioV;-spectra. The application of thisand a = T,/T,. In Egs. [1]-[3], angular frequencies are
approach to nitroxide spin labels in solution and in lipi@xpressed in terms of the transverse relaxation tifggi.e.,
membranes is demonstrated.

It should be emphasized that the spin—lattice relaxation times o = o,T,
derived from CW saturation methods are effective values, because
they contain contributions from nuclear relaxation. In general, h=7H.T,
they are smaller than the intrinsic values determined by time— D= (y.H — 0)T,, [4]
domain methods such as saturation recov@rg)( This point has

been dealt with in some detail in a previous publicatib).(The | hare ve is the electron gyromagnetic ratia, is the angular
application of CW methods with spin labels is, however, restricte,-rowave frequency, and is the static magnetic field

mostly to determining spin-attice relaxation enhancemeni§rengih. The zeroth harmonic (in-phase) solution is given &

ra_lther than absolute values ®f. An_ exgmple_z of_ this that is tha normal slow-passage absorption lineshdr, (.e.,
directly related to structural determinations is given here. The

principal advantage of the present method, relative to other CW h
saturation methods, is that it is insensitiveTig This is most Voo= 7=z,
important when comparing spin—lattice relaxation enhancements 7 1+D7°+s
from systems with different linewidths.

(5]

wheres = h?/a is the slow-passage saturation paramete:
Here, the zeroth harmonic absorption is defined as havir
positive polarity.

For simplicity, we consider first a single-line EPR spectrum In addition to the spectral amplitudes, the second integral

in the absence of molecular motion. The Bloch equations tHif Out-0f-phase/; r-signal and the out-of-phase/in-phase in;

include the microwaveH field and the Zeeman modulationt€9ra! ratio

field are solved as described in Rell), by following the

method of Ref. {5). A Fourier expansion is made for the , JIVi.d?D
magnetization components, (v, w) in the rotating frame, in p1= [IV,,0°D
terms of the harmonics), of the Zeeman modulation fre-

quency,wy, The resulting Fourier coefficientsi{ v, W,)) are are also of interest, because the double integrals of the EI
then expanded in a power series of the Zeeman modulatigsectra under saturation are known not to depend on the inhon
amplitude,H,, For thenth harmonic, the first non-vanishinggeneous broadening.3). In order to investigate the functional
coefficients (1, , Vi n, W, n) depend on theth power of the dependences on spin relaxation times, as well as on the expe
field modulation. The lineshapes of the in-phase and out-gfiental parametetd, andw,,, analytical expressions are derived
phase absorption signal¢, , andVy, ,, are given by the real for the integrals by using the reasonable approximationAhat
and imaginary parts, respectively, of the Fourier coefficie®w'2 For nitroxides in liquid solutions, the usual ranges Tor
Vn,n- Expressions for the absorption lineshapes detected at ##ei T, are 5x 10 =10 ° and 10°-10 " s, respectivelyg, 9.
first-harmonic, both in-phase and out-of-phase with respect|ipthese ranges, the following inequalities hold égy2 < 100
the field modulation, and under conditions of partial micrakHz: a < 1, o’ < 1, andw'%/a = 2T, T, < 1, which lead to
wave power saturation, are obtained by iterative solution of ta@proximations foA andB that are given by

Bloch equations (see Refdl] 19)

THEORY

(6]

h%a
2(D? + A) — Bw'? A~1+ o
Vi1= V0D (D2 + A)2 + Bw'? [1] 5
h
o D?+ A+ 2B B=~=2+ 2y o2 (71
11= o VgD (D2 + A)2 T Bw?’ (2]
The conditionA? > B?w’? is then equivalent to the inequality
where
o, T
(1+1s)+——2t>1, [8]
a+ w'? 0Ty S

A=1—-w?+ hziaz_’_ 2
which always holds fow,,T; < 1, and also fow,,T; > 1 in the
1-a case of low saturation (i.es, = 1).

= — 2__
B 2+h a’+ w'? [l Under these approximations, which allow one to neglect th
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second terms in the denominators of Egs. [1] and [2] and thesitions (see Results). Besides the approximate analytic
second term in the numerator of Eq. [1], the expressions for tagpressions Eqs. [11] and [13] fe4 and p;(Aw), the exact

second integrals of the in-phase and out-of-phase first-harmanitegral and amplitude ratios were obtained directly from Eqs

absorption, and for the out-of-phase/in-phase integral pgtave [1] and [2], by using numerical integration in the former case

The latter exact results are used for establishing all calibratic

omh parameters and for deriving effective spin—lattice relaxatio

J j V,,d’D = [9] times from experimental data. The approximate analytical e;

AL i<
VA+ 1+s pressions are used for illustrative purposes in discussing tl
' oh sensitivity to relaxation times anid;-field intensity.
—wW T
A dzDzﬁ( +>[ ]

JJ v JA+ 1+s A+ JA(l+s) MATERIALS AND METHODS
r— —w'i2(1+ , 11 The spin label TEMPONE (4-ox0-2,2,6,6-tetramethylpiperi:
Pr ( A+ JA(l+ S)) [11] dineN-oxyl) was obtained from Eastman Kodak (Rochestel

NY). Spin-labeled phosphatidylcholines, n-PCSL (1-acyl-2-[n
where the negative sign in Eq. [11] indicates that the out-of-phase &dl-dimethyloxazolidineN-oxyl)stearoyl]sn-glycero-3-phos-
in-phase signals have opposite polarities. The analytical exprpeecholine), were synthesized according to R&8).(Synthetic
sions, given by Egs. [10] and [11], contain the explicit dependenphosphatidylcholines, DMPC (1,2-dimyristogh-glycero-3-
of the out-of-phase spectral integral and its normalized valiye, phosphocholine) and DPPC (1,2-dipalmiteyiglycero-3-
on the relaxation time$; andT,, and also orH; andH,,. phosphocholine) were from Avanti Polar Lipids (Alabaster, AL).

The microwave saturation of the amplitudes of an EPR spec-TEMPONE was used at a concentration of 0.3/nin
trum is known to depend on the degree of inhomogeneous broadjon-saturated glycerol/water solutions. Spin-labeled pho
ening. Nevertheless, it is useful to analyze the ratio of amplitudesatidylcholine, 5-PCSL, was incorporated in bilayer mem
for the out-of-phase and in-phase first-harmonic absorption EBRines of DMPC or DPPC at a relative concentration of O.
signals as an alternative (or supplementary) parameter far,themol%, and correspondingly 16-PCSL was incorporated at O.
measurements, because one may expect that the effects of imhol% (see, e.g., Ref1()). All membrane dispersions were
mogeneous broadening are partially compensated in the amplited&urated with argon. Aliquots of the samples were loaded in
ratio (see later). The potential advantage of using this amplitude wl, 0.7 mm i.d., glass capillaries and flushed with argon
parameter is the ability to deduce relaxation properties for diff€Bample sizes were trimmed to 5 mm length to avoid inhomc
ent spin-label species which give overlapping spectra, or frapeneities in theH; andH,,, fields (17).

EPR spectra with an underlying baseline that disturbs measureEPR spectra were recorded at a microwave frequency of 9 Gl

ments of the double integral. on a Varian Century Line spectrometer equipped with nitrogen g
The ratio of theV;- to V;-amplitudes at the same fieldflow temperature regulation. Sample capillaries were positione
position, D, is given from Egs. [1] and [2] by along the symmetry axis of the standard 4 mm quartz EPR sam
tube that contained light silicone oil for thermal stability. Temperatur

’ Vi(D) , D’+A+2B was measured with a fine-wire thermocouple located within th

pi(D) = V.D) - " “ 207 A) = Ba'?" [12]  capillary in contact with the sample. Samples were centered in t

TE, o, rectangular microwave cavity and all spectra were recorde
For the less stringent conditioh > Bw'2, together with the under critical coupling conditions. The root-mean-square micrc

approximations given by Egs. [7], the expression for the af2Ve magnetic fieldH)™ at the sample was measured as de
plitude ratio becomes scribed in Ref. 17), and corrections were made for the cavity Q

as described in the same reference. The in-phase and out-of-ph
o T o T EPR spectra were recorded in the first-harmonic absorption mo
mz_ m 21 5 at modulation frequencies of 100 and 25 kHz. The modulatio

2 1+ onty field measured at the sample was 0.32 G ptp.(ST EPR
y yZHAT, T, spectra, where appropriate, were recorded under standard cor
272 2142 272 tions, as described in Refll). Progressive saturation experi-
14+ (80) T+ e HiT /(1 + onT) ments were performed using the double-integrated intensity of tl

[13] in-phaseV;-spectra, essentially as described in REB).(

Correct recording of thé&/;-signals, especially at low,-
whereAw = y,(H-H,) is the distance of the chosen fieldvalues, depends crucially on accurate setting of the modulati
position,H, from the center resonance field,. It will be noted phase, which in the standard protocols is performed at subsa
that the peak-to-peak;- and Vi-amplitudes, for motionally rating microwave field intensities. The self-null method that i
narrowed first-harmonic spectra, correspond to different fielbrmally used is not always appropriate becauséshsignal

prAw) = —
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H1(G) Ad, relative to the phase of the applied modulation field, th

observed signal is
a. 0.040

S= (wm/Zﬂ-)j ﬂmmRe{V} -codw,t + Ad)dt

— =2 (V,cosAd — VisinAg). [16]

When the phase angle is changed by a small amgynin

E,,,/\ 0.050 either side of the quadrature phase setting, = /2 * y,

// where k| < #/2, the resulting signal is given by = —%(le
+ V)); i.e., Sis approximately linearly dependent gnin the
absence of saturation, thé&-lineshape resembles that of the

d. 0.055 V,-signal, except in the wings (see Fig. 1a), and YHév,
: amplitude ratio is given approximately hy, T./2. The linear
dependence of the signal intens&fx) on the phase increment
x is distorted, however, in the vicinity af¢ = @/2, because
the p—p linewidths of th&/,- and V;-signals differ. The 90°-
E_//\ 0.060 phase setting was therefore estimated from the linear interce
\ o of Yx) with the A¢-axis by using the data points that lie
> outside the central “distortion” region. The error in this proce
dure iséy ~ V;/V,, which can be appreciable for sharp lines.
f. 0.054 Moreover, the condition for no saturatioB (=~ -2, i.e.,
S et (v.H1T,)? < 1; see Eq. [3]) is more difficult to achieve for the
MM‘J\/I\//M V}-signal than for the in-phasé;-signal (viz.s < 1). For more

accurate phase settings and also to check for possible ph:

drift, a non-saturable reference sample was used, because

g. 0.117 this the null method is quite adequate at all accessible values

H,. The reference sample was a small monocrystal of GuSO

5H,0, which has an anisotropic exchange-narrowed EPR lin

FIG.1. Dependence of the lineshape of the 90°-out-of-phéssignal on the Th|.s was attached at the S|.de of thg sample, in an 0(|entat|on.

H,-microwave field for a single EPR line. (a)-(e) Spectra calculated withoMhiCh the resonance field lies outside the range of nitroxyl spi
approximation from Eq. [2] withT, = 2.2us,AH = 1/y.T, = 1 G andw,/27 = label spectra. A phase setting precision <0.1° could be

10° s (), (9) ExperimentalV;-spectra of the central®N hyperfine line of achieved by this latter method.
TEMPONE in 90% glycerol at 20°C, withw,/2r = 10° s . Spectra are

normalized to the same height for comparison. Displayed scan widib G.
RESULTS AND DISCUSSION

in phase quadrature is not zero, even in the absence of sat&Ht-of-Phase ¥Lineshape
tion (see Eq. [2] and Fig. 1). The phase therefore was setag can be seen from Eq. [2], the lineshape of the nor
according to the following considerations of the spectral aMnearV;-signal depends strongly on the value of the pararm
plitudes and lineshapes about the region of the quadratyie, g At sufficiently low values ofH,, for which h3(1 —
phase setting, for the sample to be measured. The first-hé)r/(az + o?) < 2 (cf. Eq. [3]), the out-of-phas¥;-lineshape
monic voltage corresponding to the EPR absorption is the r¢als the form shown by the exact simulations in Figs. 1a—1i
part of the expression For the reverse condition, which holds already for rathe
moderate degrees of saturation, Mglineshape is similar

V= (V. +ivie ', [14]  to that for the in-phas¥,-signal (see Fig. 1e), and becomes

of the same polarity after phase-sensitive detection (cf. Eq

ie., [11], [16]). However, the dependences of the peak-to-pee
amplitudes and peak-to-peak linewidths on the microwav

Re(V} = V cosw,t + Visin wgt. [15] H,-field intensity are significantly different for the in-phase

and out-of-phase components, in the latter higher region «
If the phase of the lock-in-amplifier is shifted by an amourii,. As is seen from Figs. 2A and 2B,the amplitude of the
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FIG. 2. Dependence of (A) the peak-to-peak amplitudes and (B) the peak-to-peak linewidths of the in-phase (full lines) and out-of-phase (dottec
first-harmonic absorption EPR spectra on lthefield strength. Spectra were simulated without approximation according to Egs. [1] and [2] for the in-phase
out-of-phase spectra, respectively. The modulation frequeney/®m = 10° s~* and the intrinsic homogeneous linewidthA$! (=1/y.T,) = 2.0 G.

out-of-phaseV;-signal saturates at higher valuestdf, and ing value of the effective spin—lattice relaxation time esti-
the peak-to-peak linewidth increases less strongly with imated from Eq. [17] iST; =~ 2.2 us. It should be noted that
creasingH,, than the in-phase/;-amplitudes and line- the experimentally derived spin—lattice relaxation times ar
widths. The out-of-phase signal in this regiontéf-values effective values, smaller than the intrinsig as determined
is considerably sharper than the in-phase signal, whigly time—domain methods, because they contain contribi
contributes favorably to its relative amplitude. tions from nuclear relaxation (see, e.g., Ref8)). This
The transition between the two regions, for which the ougoint is treated in more detail elsewhers).

of-phaseV; EPR spectrum has very different lineshapes, is For the regime of shortéF,-values, lineshape simulations
determined by the conditioA + 2B = 0, and occurs at & yere made in the transition region of,-values for 0.7
microwave field specified bi*® = (3 + w'*)(@® + w'9/(0'® molos spin-labeled 16-PCSL phosphatidylcholine in fluic
+ 2 —.a) (see Egs. [2], [3] a_nd F_Qef16)). For the casd, < DMPC bilayer membranes. Experimental and simulate
T,, which usually holds for nitroxide spin labels, the "ans't'oﬂneshapes are given as a function f in Fig. 3. The
takes place overarath(_ar narrowinterval—t_gfvalues (see Figs. change in lineshape takes place over an intervaHgf
la-1d), and the transition value of the microwave fidfdcan values broader than that obtained for the simulations wit

then be used for direct evaluation of: longer T, in Fig. 1. Effective values for the spin-lattice
- , " relaxation time of 16-PCSL that are established in fluic
YeH: = LY1/T] + ). [17]  membranes from comparison with the simulated dependen
of theV}-lineshape orH; are given in part (a) of Table 1. It
This requires precise determination of tHefield intensity at is interesting to note that the transition in lineshape o
low microwave powers, and precise definition of the critical6-PCSL occurs consistently at somewhat higher values
transition point. For shorter spin—lattice relaxation timés€ H, for the central k1, = 0) **N hyperfine manifold than for
0.5 us), the transition interval broadens, and in this case thge low-field (M, = +1) manifold (see Fig. 3). This small
T;-values can best be determined from lineshape simulatiafgt detectable difference, which gives rise to different ef

for Hy-values in the transition region. fective values ofT, for the different hyperfine components
) ) (see Table 1a), is most probably dueft nuclear relax-
Experimental Dependence of-Vineshape on Hi ation (AM, = *1) which contributes to a greater extent to

Both types ofVi-lineshapes described above can be redhe centralM, = 0 N hyperfine component (e.g., Ref.
ized experimentally. The out-of-phase first-harmonic EPE8)). Also for this reason, the effective values obtained fo
spectra of TEMPONE in a 90% glycerol/water mixture af1 are lower than the intrinsic values @ determined in
20°C, measured at two differei,-fields with a Zeeman comparable systems by saturation recovery EPR. (t will
modulation frequency of 100 kHz, are given in Figs. 1f ande noted that the accuracy of determining effectig
1g. The microwave field corresponding to the transitiomalues by this method depends essentially only on the a
from spectrum la to spectrum le in this experimental sysdracy of the determination of the absoltig-values, but
tem isH} ~ 0.054 G (cf. Figs. 1c and 1f). The correspondrequires precise setting of the modulation phase.



118 LIVSHITS, PALI, AND MARSH

slow-passage conditions (i.&,< 1 + s) because thé-term takes

" (@) into account the rapid passage through the resonance at high Zeel
modulation frequencies (cf. Eg. [7]). In the limit of low modulation
WA J 0.220 J frequencies, i.eq' < a, thenA = 1 + sand the usual slow-passage
expression for the double integral of the in-phase first-harmon
[ V absorption is obtained. For low microwave saturation, vihen—2,

A~ 1, ands ~ 0, it follows from Eg. [11] that the out-of-phase/in-
phase integral intensity ratio is very small, i@g.~ O.

The opposite situation, in which thg-lineshape is similar to
0247 J that for the in-phas¥,-signal (see Fig. 1e), is realized already for

J W—] [ /, rather moderate saturation, for instanceHe= 0.2 G withT, =

0.5 us. In this case, under conditions for whiBh= h%(a® + '?)
and the approximation given by Eq. [7] for theterm holds, the
integral intensity ratio is given from Eq. [11] by

J , 0.275 ’ / mel
L= -

2

o s

X | TefTu 1+s+ w3T?
+ A+ )L+ ATHA+ s+ BT

[18]

0.305

For low modulation frequencies, corresponding to the cond
tion w2 T2 < 1, further simplification is possible and the

FIG. 3. Comparison of théd;-dependence of experimentéd]-lineshapes mtegral Intensity ratio is then given by
with simulation.Left: 16-PCSL lipid spin label in DMPC membranes at 50°C.
Centerandright: Exact simulations corresponding to the low-field and central , [ Y Y2H2T, T,
hyperfine manifolds, withT, = 0.23 and 0.215us, respectively. Field scan p1= — T T,/T, + 2(1 T V2HIT. T )) [19]
width displayed is 60 G, in each case. YeMilal2

Dependence of the First-Harmonic Out-of-Phase IntensitiesWhere itis expected that the first term in Eqs. [18] and [19] i
on H small, becaus@,/T,; < 1.
1 The dependence dd,-field strength of the normalized inten-
The saturation of the intensity of the double-integrated in-phasity and amplitude ratios of the out-of-phase first harmonic sign:

absorption component specified by Eg. [9] is less than that fare given for different values of; in Fig. 4. Exact numerical

TABLE 1
Effective Spin-Lattice Relaxation Times of the 16-PCSL Lipid Spin Label in DMPC Fluid-Phase Membranes at 30° and 50°C
Deduced from (a) Lineshape Simulations of the V/-Spectra at H,-field Strengths in the Transition Region, (b) Ratios of the
Double-Integrated Intensities of the Out-of-Phase V’-Spectra to the In-Phase V,-Spectra, and (c) Saturation Parameters of the In-Phase
V, EPR Absorption, /27 = 10° s™*

T T, H; p1 T T
(°C) (usy? G) (usy (msy
M, = +1) M, = 0)
30 0.25 0.23 0.615 2.5% 1072 0.24 0.23(5)
50 0.23 0.21(5) 0.63 2.38 102 0.22 0.23
0.59 2.09X 102 0.21
0.50 1.62x 1072 0.20

2 Determined from lineshape simulations without approximation oMhe= +1 andM, = 0 manifolds of theV;-spectra, in the range 0.21 G H; < 0.31 G.

b Determined from the double-integrated intensity ratip, using simulations without approximation.

¢ Determined by fitting the power saturation curves of the double-integhatéadtensities as a function dfi;, and fitting theV,-lineshapes to obtain the
Lorentzian linewidth (cf. Ref.X3)).



SPIN RELAXATION MEASUREMENTS 119

0.8 T T T T T T T T T T T
T, (us) ]
0.20 - 0.7 B. 3.0 .
0.16 =R ]
o [ 2.0
p=1 o 05| .
g ]
o 012 = I
E= a 04 i
£
o ]
N o008 S 03 f 1.0 -
< 3
2 o2t .
0.04 - = |
0.1 -
0.00 [l L . I L 1 . I L ! 0.0 |
0.1 0.2 0.3 04 05 0.6 : 0.6
H, (G)

FIG. 4. Dependence of the out-of-phase to in-phase ratios of (A) the double-integrated spectral intensities and (B) the spectral peak amplitude
first-harmonic absorption EPR spectra on Hhgfield strength. Spectra were simulated without approximation according to Egs. [1] and [2] for the value:
T, indicated and their intensities evaluated (full lines). The integral intensities calculated from the approximate analytical Eq. [18] are given by the dotte
in (A). The modulation frequency ie,/27 = 10° s~* and the intrinsic homogeneous linewidthA#l (=1/y,T,) = 2.0 G.

results obtained directly from Egs. [1] and [2] are compared wigponding dependences ap for the normalized peak ampli-
calculations based on the approximate analytical expression gitedes of the out-of-phase first-harmonic absorption spectru
by Eq. [18]. The analytical expression is seen to agree well witlne given in Fig. 6. Again, the dependences predicted from tt
the exact solution fow,,,T; < 1 and to deviate from this fap,,T, approximate analytical solution (Eqg. [18]) agree with the exac
> 1, in line with the approximations that were made in derivingumerical solution (cf. Egs. [1] and [2]) fap,,T; < 1, but
the former. The ratio of the out-of-phase to in-phase integrdéviate considerably fop,,T; > 1. (In particular, the approx-
intensities increases strongly with increadihgand tends to level imate expression does not exhibit such pronounced leveling c
off at high values oH, (i.e., fors> 1). High values oH, (H, = of the intensity ratio at higif;). The optimumT,-sensitivity at
0.5 G) are needed in order to obtain apprecialflesignal a modulation frequency of 100 kHz is in the rangeTgf=
strengths and, correspondingly, values of the intensity ratio with5—3 us (Fig. 5A). This interval, however, can be increasec
good signal-to-noise ratio. considerably to higher values &f by using lower modulation
The dependence of the peak amplitude ratiogris qual- frequencies. In fact, as seen from Eq. [19], &f T2 < 1 the
itatively similar to that for the integrated intensity ratio. Thelependence of the integrated intensity ratio no longer levels c
amplitude ratio increases strongly with increadihgin agree- with increasingT;. For a Zeeman modulation frequency of 25
ment with Eq. [12], such that comparable values of the out-dfHz, the integral intensity ratio increases approximately lin
phase and in-phase amplitude can be achieved atHijdlor early with T, for values up toT, = 5-6 us and continues to
long T,-values. increase steadily beyond this (see Fig. 5B). Moreover, tt
intensity ratios at high microwavd,-fields can become com-
Dependence of the First-Harmonic Out-of-Phase Intensitiesparable to, or even greater than, those at a modulation fr
on T, (and T)) quency of 100 kHz. These conditions favor using high value
It follows from Egs. [18] and [19] that the ratio of theOf H1 and lower modulation frequencies fog-determinations

integrated intensitie,, increases with increasing spin—latticd"©mM non-linear first-harmonic EPR spectra.
relaxation time ag? at moderate degrees of saturation, and s 't i found from Eq. [18] and the form of Fig. 5 that the
linear in T, at higher degrees of saturation. Thus, the out-ofi€Pendence of the integral intensity ratio on Tyeelaxation

phase non-linear, first-harmonic spectrum is more sensitive f§P€ can be approximated by the semi-empirical expression

T,-measurements than are conventional progressive saturation
experiments on the first-harmonic in-phase spectrum. The dou- , a,Tr"
ble-integrated intensity of the latter is determined by the factor PI=PL T e [20]
VA + V(1 + s), which depends on spin-lattice relaxation e
time approximately a3+’ (see Eq. [9]).

The predicted dependences on spin-lattice relaxation timevdiere the parametess andb; depend oH,, theT,-relaxation
the normalized double-integrated intensity of the out-of-phatime, and the Zeeman modulation frequency. The function:
first-harmonic absorption spectrum are given in Fig. 5, fdorm that is given in Eq. [20] can be used to parameterize th

Zeeman modulation frequencies of 100 and 25 kHz. Correalibration of the measured integral intensity ratios in terms ¢
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FIG. 5. Dependence on spin—lattice relaxation tirfig, of the out-of-phase to in-phase ratjg, of the double-integrated intensity for the first-harmonic
absorption EPR spectrum. (A) Modulation frequensy/27 = 10° s~ %, (B) Modulation frequencyw,/27 = 2.5 X 10*s™%; for the values of théi,-field shown.
Full lines are exact calculations from Egs. [1] and [2] and dotted lines are from the approximation given by Eq. [18]. The intrinsic linevd{k-i/y.T,)
= 2.0 G, except for the two full lines correspondingHg = 0.5 G given in (B), which represent the limits faAH = 1.0 G (upper) andH = 2.5 G (lower).

theT,-relaxation time, wheres, b;, and the exponemh are the Eg. [13]). Moreover, the sensitivity of the amplitude ratiolois
calibration parameters. These values are given in Table sBmewhat better than that fof, at higher values of,. As for the
along with corresponding values for an equivalent calibratiantegrated intensity ratio, the sensitivity of the amplitude ratio
of the amplitude ratios from Fig. 6. In all cases, tfig- longer values ofT, increases at lower Zeeman modulation fre-
dependences in Figs. 5 and 6 obtained from exact simulatiangencies (see Figs. 6A, and 6B). The out-of-phase first-harmor
are well fit by the empirical form given by Eqg. [20], with theamplitudes are seen to be comparable to the in-phase amplitu
parameters given in Table 2. Differences of the fits from tha high values oH, and of T, (i.e., pi(peak)~ 1). This ensures
full lines shown would be barely discernible in these figuregiood signal-to-noise ratio in the non-linear amplitude measur
From comparison of Fig. 6 with Fig. 5 it is seen that thenents, under these conditions. As mentioned above, the calib
dependence of the first-harmonic out-of-phase/in-phase amplittida parameters for th&,-dependence of the amplitude parame:
ratio, p;(peak) onT, is qualitatively similar to that of the ratio of ters are given in Table 2.
the integrated intensitiep;. Again, the amplitude ratio measured For the non-linear first-harmonic EPR method to be particularl
at fixed field position also increases Esand asT, at moderate suited to measurements of spin-lattice relaxation, it is desirak
and higher saturation, respectively, as for the integral ratio (d#bat the dependence of the out-of-phasefin-phase integral a
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FIG. 6. Dependence of the out-of-phase to in-phase ratigpeak), of the peak amplitudes for the first-harmonic absorption EPR spectrum on spin—lat
relaxation timeT,, at a microwave field oH, = 0.5 G. (A) Modulation frequencyy,/27 = 10° s *. (B) Modulation frequencyw,/27 = 2.5 X 10* s Full
lines are from simulations without approximation using Egs. [1] and [2] with the intrinsic homogeneous linettits1/y.T,) shown, and dotted lines are
with an additional Gaussian inhomogeneous broadening of 1.4 G.
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TABLE 2 cancellation of the effects of inhomogeneous broadening on ti

Parameterization of Calibrations for the T,-Dependence of the out-of-phase and in-phase signals when taking the amplitu
First-Harmonic Absorption Out-of-Phase/In-Phase Ratio in Terms  ratio, pj(peak). The out-of-phase/in-phase integrated intensi
of Eq. [20] for Both the Double Integral Intensities and the Am- ratio, p}, is completely insensitive to inhomogeneous broader

plitudes® ing, just as in progressive saturation measuremes (
w2 H, AH
(kHz) © © p3 a by m  Experimental Determination of Out-of-Phase/In-Phase Ratio

for First-Harmonic Absorption Amplitudes

Imfgchals 05 20 00067 01562 0754 20 and Integrated Intensities
188 g:g ;:8 8:38‘1% g:éggi 8:238 2:0 Determinations of the non-lir_1ear _first-hgrmonic EPR spectr
25 0.5 20 0.0026 00347  0.0967 1.3have been made for a small nitroxide spin label (TEMPONE
25 0.4 2.0 0.0035  0.0315  0.0897 1.3in homogeneous solution, and for spin-labeled lipids (5- an
25 0.3 2.0 0.0045 00263  0.0760  1.316-PCSL) in phospholipid bilayer membranes. Both the depel
Amplitudes dence of the saturation behavior on the microwdysdield and
100 0.5 1.0 —-0.0160  0.553 0.538 1.6 the spin—lattice relaxation enhancement by paramagnetic io
100 0.5 15 —0.0170 0.496 0.507 1.6 have been investigated_
188 g'g ;g :8-813; g'ﬁg g'igi 16 The dependence of the out-of-phase/in-phase ratida_d;ld'reld
25 05 10  -00037 01055 00787 3 _stre_ngth f_or T_EMPONE in a 90% glycerpl—water so_lutlon at ZQ°C
25 0.5 1.5 —00084 01014 00753 1.3 IS given in Figs. 7A and 7B, for the first-harmonic absorptior
25 0.5 20 —-0.008  0.0975 0.0720 1.3 integrated intensities and peak-to-peak amplitudes, respective
25 0.5 25 -00100  0.0938  0.0690 1.3 ExperimentaV;-spectra for this system at a modulation frequenc!

.of 100 kHz and lower values ¢f, were shown in Figs. 1f and 1g.

Note.In the case of the amplitude ratios, a form identical to Eq. [20] i t 7 dulati fi d f bt. the d
assumed. Calibrations are obtained from fitting the results of exact simulatio Ige eeman modulation frequency used for obtaining the da

given in Figs. 5 and 6 for integrals and amplitude ratios, respectively. ~ given in Fig. 7 is 25 kHz, which is appropriate to determining
2 Parametersy, andb, are given forT, in us. longer spin—lattice relaxation times from the out-of-phase inter

sities (as opposed to lineshapes). The inhomogeneous broader
is known to be very small for the TEMPONE spin Iab@HSp =

amplitude ratios on the transverse relaxation tilebe relatively 0.215 G (9). The Lorentzian spin packet widthH(=1/v,T.
slight. It is seen from Egs. [18] and [19] that the main contribi®.9 G, was obtained from spectral simulations of the in-phgse
tion to the integral ratio, foll,/T, < 1, comes from the secondEPR spectra at subsaturating microwave power. This value, t
term in the outer brackets. The dependence of this term gether with Egs. [1] and [2], was used to calculate the predicte
T, becomes weaker at lower modulation frequencies and at @ependences of the integral and amplitude ratiosHgtfield
creasing extents of microwave saturation. In fact,éfiT> < 1, strength. For the intensities, a sum was made over all thr
when Eg. [19] holds, the integral ratig;, must be virtually hyperfine lines and, for the amplitudes, the low-field line wa:
independent of, at large values of the saturation parameter, used. A satisfactory fit to the experimental dependences is c
v2H2T,T,. This conclusion is confirmed quantitatively by exadained for effective values df, = 3.0 us (Fig. 7A) andT, = 2.85
numerical calculations performed far, /27 = 25 kHz (see Fig. wus (Fig. 7B). These effective values @f obtained from the
5B for H; = 0.5 G). As for the integral ratio, the amplitude ratidntegral and amplitude ratios are close to one another and are
pi(peak) is also relatively insensitive to the homogeneous broadasonably satisfactory agreement with the estimate2® us
ening AH = 1/y.T,), and this residual sensitivity diminishes yebbtained from th&/;-lineshape transition (see Eq. [17] above, anc
further at lower Zeeman modulation frequencies (see Figs. 6A drids. 1c,f).
6B). The sensitivity of non-linear first harmonic EPR Tg is The 16-PCSL spin label in fluid lipid bilayer membranes
therefore considerably less than that of the conventional saturai@dso gives rise to sharp spectra in which the three hyperfir
parameter ¥2H2T,T,) in progressive saturation measurementspmponents are non-overlapping and devoid of anisotropy (s
and than that of the standard second-harmonic non-linear ST BHAR. 3). The out-of-phas¥;-intensities at highH,-fields have
(cf. Ref. (LD)). been used to determine the effectiVgrelaxation times, for

The effect of Gaussian inhomogeneous broadening on th&PCSL in this membrane system, as described previously f
first-harmonic out-of-phase/in-phase amplitude ratio is al§EMPONE in homogeneous solution. In this case, a Zeems
given in Fig. 6. For Gaussian peak-to-peak IinewidthAHiffp modulation frequency of 100 kHz, which is appropriate fol
= 1.4 G, which is the maximum value for different nitroxideshorterT,-values, was used. The results of these determin;
spin labels in the rapid motion regiohq, 20, the dependence tions are given in Table 1 above. It is seen that the effectiv
of the amplitude ratio o, is close to that for the case ofT,-relaxation times obtained by the out-of-phase intensit
homogeneous broadening. This is possibly due to a partmakthod at highH, agree rather well with those derived from
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FIG. 7. Experimental dependence bh-field strength of the out-of-phase to in-phase ratios of (A) the double-integrated intensities and (B) the peak-to-
low-field amplitudes in the first-harmonic absorption EPR spectra from the TEMPONE spin label in 90% glycerol/water solution at 20°C. The modL
frequency isw,/2m = 2.5 X 10* s~ %, The lines give the predicted dependence without approximation according to Egs. [1] and [2] with a homogeneous line
of AH = 0.9 G and (A)T, = 3.0 us (full line); (B) T, = 2.9 us (dotted line) ofT, = 2.8 us (dashed line).

lineshape simulations at lowdt;-fields. They are also in harmonic spectra at differeit,-field strengths. The effective
agreement with the values obtained from conventional progrepin—lattice relaxation rate, T, obtained from the out-of-
sive saturation of the double-integrated intensity of the iphase/in-phase ratios increases linearly with"Non concen-
phaseV;-spectra, combined with linewidth measurements, thathtion, as expected for a true paramagnetic relaxation enhan
are given in the same table. The effective spin-lattice relagrent (see Fig. 8). The non-linear first-harmonic EPR spect
ation times are all rather short, in comparison with timegre therefore seen to be suitable for determining spin-lab

domain measurements on comparable systems, most probgblye|axation enhancements in biological systems.
because of contributions from Heisenberg spin excha@pe (

and possibly also nuclear relaxatich8).

The effective rotational correlation time for the 5-PCSL TABLE
phosphatidylcholine spin label in gel-phase DPPC bilayer frecti i Lattice Relaxati 3_|__ f the 5-PCSL. Libid
membranes at 15°C, as estimated from the ST EPR specgraﬁ ective Spin-Lattice Relaxation Times of the 5-PCSL Lipi
. L . . pin Label in DPPC Gel-Phase Membranes at 15°C Deduced from
lineshapes, is in the region ¢f10 us (e.g., Ref. 21)). This

| d he riaid limit f he firsth .the Ratio (a) of the Low-Field Amplitudes and (b) the Double-
value corresponas to the rigid limit for the first- armon"fntegrated Intensities of the Out-of-Phase (V1-) and In-Phase (V,-)

spectral lineshapes, i.e., to the no-motion case. Analysis of ®)ctra and Also from (c) the Saturation Parameters of the
low-field spectral component with a Gaussian—Lorentzian dgr-phase V, EPR Absorption, w, /27 = 10° s™*

convolution showed that the lineshape is essentially Lorent=

zian, with a homogeneous width &fH (=1/y,T,) ~ 3.0 G. [NiCly]  H,  pi(M, = +1) T pL T T
This width was virtually unchanged in the presence of'Ni (M) (©) (usy* (wsP  (usf
ions. The out-of-phgs_e/m-phase_ ratios of theE_PR spegtra 04 0158 12 0.094 15 17
from samples containing increasing concentrations &t Nie 05 0.168 1.3 0.11 1.4

given in Table 3, for the amplitudes of the low-field maxima, 04 0.088 0.8 0.062 10 11
P'l(Mu = +1), and for the double_-integrate_d intensities of the 05 0.1285 086 008 10 '
entire spectra. The first-harmonic absorption EPR spewfra (

andV,) were recorded with a Zeeman modulation frequency of10 05 0.108 0.76 0.052 0.69 0.9
100 kHz, and highH;-field strengths of 0.5 and 0.4 G. Values 20 0.4 0.065 0.64 0.024 0.5

for the effectiveT,-relaxation time derived from the amplitude 05 0.0665 054  0.035 0.53

and integrated intensity ratios of the non-linear spectra arey 0.4 0.05 0.53 0.019 0.43 0.55
compared with those obtained from progressive power satura- 0.5 0.06 0.5 0.0324 0.8

tion experiments in Table 3. For the latter, the effecliyavas _ _ _ _
calculated from the saturation factor and hevalue obtained . Determined from the ratip;(M, = 1), of the low-field peak amplitudes.
from the homogeneous linewidth. The effective valuesl pf Determined from the double-integrated intensity rafip,

. 9 . ’ ) p ¢ Determined by fitting the power saturation curves of the double-integrate
obtained by the different methods are in reasonable agreemenistensities as a function d,, and fitting theV,-lineshapes to obtain the

and consistent values are obtained from the non-linear firsbrentzian linewidth (cf. Ref.13)).
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FIG. 8. Dependence of the effective spin—lattice relaxation raté&,, 1/
deduced from the ratio of the integrated first-harmonic intensifgs,on
aqueous Ni* ion concentration for the 5-PCSL phosphatidylcholine spin label
in phospholipid bilayer membranes of DPPC at 15°C. Modulation frequency:
wy/2m = 10° s7*. The line is a linear regression to the data points. 10.

CONCLUSION 11.

Both spectral simulations and experimental results obtained
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on model systems show that the out-of-phase componentsl%)f D. Marsh and L. I. Horvath, Influence of Heisenberg spin exchange

the first-harmonic absorption EPR spectra are particularly well
suited for the determination of spin—lattice relaxation enhancg—
ments of spin labels. Special advantages of the non-linear
first-harmonic EPR spectra are: (i) the relatively high signal
intensity; (ii) the relative insensitivity td,-relaxation; and (iii) 14.
the ability to tune the range @f;-relaxation rates to which the
spectral intensities are sensitive by varying the Zeeman mod-
ulation frequency, while still maintaining adequate signaf-
strengths. The method therefore should find useful application
to spin-labeled biological systems. 16,
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