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Linewidth Analysis of Spin Labels in Liquids
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This work demonstrates that homogeneous linewidths can be
extracted from continuous wave electron paramagnetic resonance
spectra and that they quantitatively agree with the predictions of
existing relaxation theory. We suggest that relaxation theory can
be used to predict experimental lineshapes provided that the
simulations properly include sources of broadening. We have
found that the rotational correlation times for spin labels in dif-
ferent percentages of glycerol/water mixtures are best modeled by
a power law treatment for the viscosity, similar to that for trans-
lational diffusion. The translational diffusion coefficients them-
selves also have a power law dependence on the viscosity for
glycerol/water mixtures. The linewidths were linearly dependent
upon both the oxygen and the spin label concentration. The hy-
perfine splittings of all nuclei were observed to decrease linearly
with increasing spin label concentration, completely at odds with

spectrometer and inhomogeneous broadening effects direc
in the simulations. From these fitted spectra we extract
homogeneous linewidths which agreed with those calculat
by the theory developed by Freed. Preliminary results ha
been presented elsewher). (

To guarantee that the linewidth model does indeed fit ovel
wide range of rotational correlation times we adopted tt
protocol used by otherd (5): The spin labels were placed in
a variety of mixtures of water and glycerol. This presented &
additional challenge as it has been observed that in hig
percentage glycerol solutions the rotational dynamics do n
obey the simple Stokes—Einstein equatién Moreover, it has
been observed that additional broadening mechanisms due
the oxygen and nitroxide do not appear to obey the Stoke

existing theory which predicts a quadratic dependence upon con-
centration. The linear dependence was independent of hyperfine
splitting until the magnitude of the hyperfine splitting was less
than the homogeneous linewidth. © 1999 Academic Press
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Einstein law either§, 7). There seems to be no way to sys
tematically move from pure water, in which Stokes—Einstein |
obeyed, to high-percentage glycerol solutions.

What would the linewidths of nitroxides be if there were nc
broadening mechanisms acting other than rotational motion
a single nitroxide spin label? The apparent linewidth as
function of nuclear quantum numben, is (1)

INTRODUCTION
— ’ . . 2

Continuous wave electron paramagnetic resonance (CW—R29°(m) = AT+ Am) + B(m) - m+ C(m) - m™+ X(m),
EPR) using nitroxide spin labels is capable of measuring the [1]
rotational correlation times of molecules in solution over many
orders of magnitude. Oftentimes, when simulating EPR spectwaere A, B, and C may be weaklym-dependent quantities
to obtain the motional information, the linewidths are left aderived from both the anisotropic part of the CSA (chemic:
adjustable parameters. The basic theory of linewidths in sokhift anisotropy) and the END (electron-nuclear dipolar) cot
tion was worked out by Freed and co-worketyifased on the pling terms calculated from thg and A values and the rota-
Redfield theory ). In Freed’s seminal papers, the theory fotional correlation timeA’ is the contribution to the linewidth
the linewidths always allowed for an extra adjustment factdrom the g-value-dependent spin rotational mechanism, whic
X. We have revisited the need for such an extra mechanidmas an approximate inverse dependence upon the rotatic
Experimentally the observed linewidths are always broadeorrelation time.X is any linewidth contributions from other
than Freed theory predicts—the extra broadening results fremadening processes. The Freed work concentrated mainly
a combination of unresolved hyperfine coupling, concentrati@xplaining the values of, B, and C in terms of particular
of spin label and other paramagnetic molecules, and instdetailed motional models applying the appropriate spectt
mental effects. With an optimized lineshape simulation procdensity functions to the CSA and END mechanisms. The
dure, described in Paper I, the companion paper to this®ne theory has been programmed in MATLAB and representati\
we were able to fit experimental EPR spectra including aksults are plotted in Fig. 18); an important finding is the
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FIG. 1. (Top) Fundamental EPR linewidth®,., for an ®N (m = +31 and —J) spin system versus rotational correlation time are plotted. Bhe
parameter—numerically equal to the difference of the= —3 andm = +3 linewidths is also shown. The samgevalues and motional model as for tfil
calculation (bottom) were used but tAevalues were increased to 8, and 7, and 47 G. (Bottom) Fundamental EPR lineWRigtis; an™N (m = 0, +1, and
—1) spin system versus rotational correlation times are plotted.Bl parameter—numerically equal to half the difference of the= —1 andm = +1
linewidths is also shown. Thg values were 2.008, 2.006, and 2.0023, Ahealues were 7, 6, and 32 G, and the rotational motion was assumed to be isotro
The microwave frequency was 9.4 GHz, at X band.

linearity between the rotational correlation time and e viscosity would predict. Subczynski and Hyds) §howed that
parameter as shown. the slopes of plots of correlation time as a functiommdf for

Effects of glycerol. CW EPR spectra are sensitive func® fixed percentage of glycerol were a weak function of th
tions of the rotational correlation times. To change the rotglycerol percentage; they appeared to obey a reduced po\
tional correlation time over four orders of magnitude, as wa&" dependengg om, i.e., the correlation time was propor-
done in these studies, it was necessary to place the small 4fiRa! to (/T)*", with power< 1. These workers also found
labels in solutions of various percentages of glycerol. Simpiat while the translational diffusion of.Gn water obeyed SE,
Stokes—Einstein (SE) theory says that the rotational correlatibid not obey SE in a variety of oils. Qiffusion also obeys
time 7, = 4 (a1 2n/kT), wherer, is the hydrodynamic radius & POWer law dependence on/{) with power< 1. Subczynski
of the molecule, is the solution viscosityT the absolute @nd Hyde suggested that the effects of solvents are best see
temperature, anl the Boltzmann constant. Hwareg al. (1) @ssuming that the translational diffusion timg.,, is propor-
reported that the perdeuterated spin label TEMPONE (2,2,6l#nal to the viscosity raised to a powe, 7ya,s = An”. This
tetramethyl-4-piperidonal-oxide) moved much faster in pure!S Paseéd on the work of Evaret al. (9), who carried out

glycerol than predicted from the bulk viscosity. The eﬁectivgxtensive studies on the variation of solute translational diffi
rotational radius.r. was obtained from the rotational SEsion coefficients for solutes of different radii in a number o

relation, = & (w1 3n/kT) = K 4 (mr3n/kT) wherex is a “slip solvents over a wide range of viscosities. The Stokes—Einst¢
factor” (0 = k = 1) suggested by Kivelsors) and was found expression for the translational diffusion coeffici@n,, is

to be about 0.13—meaning that the spin label moved some 7.5
times faster than expected in 100% glycerol than the bulk Dyans= KT/67mr. [2]
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This SE equation failed when the solute molecules were cogravity of glycerol. Equation [6] can then be written, in anal

parable to (or less than) the size of the solvent moleculegyy with Eq. [5], as

Evanset al. (9) developed empirical equations for the relation-

ship between the diffusion coefficient, the viscosity, and the ( M ) P
To = To ’

(8]

radius of the solute:
Mo

Dyans= ATINP, [8] wherer, is the rotational correlation time of the nitroxide in
water (0% glycerol) aneh, is the viscosity of water at the same
where A is an arbitrary constant. Evans also suggested t}}empera.ture. We further assume thand Dy.n, obey the.SE
. i . . : . . relation in pure water. We do not assume thatghgoverning
following empirical relationship relating the viscosity expo- . e ;
o the rotational diffusion is the same as that for translation

nentp to the molecular radius, in A:

diffusion.
Concentration of paramagnetic moleculesThe exchange
p=1.166- (1.296f). [4]  of spin states produced by molecular collision is a stochas
process which leads to an increased linewidth. The stand:
We have chosen to extend, and slightly modify, this approagtPdel used to fit the concentration dependence of the linewic
so that both translational and rotational correlation times afiata is
similar functions of the glycerol percentage. For the transla-

tional diffusion coefficient we can write Roe = Raeo T Radlabel) + Ry{oxygen), [°]
D whereR,, is the linewidth from Eq. [1] 1), shown in Fig. 1,
Diyans = Dgan<%> i [5] andR.(label) andR.(oxygen) are the linewidth broadening
n produced by label-label and label-oxygen collisions, respe
tively.

Here,D° is the diffusion coefficient for the solute in pure water The effective relaxivity is 11) SF- K., and
at a specified temperature, whiteandn, are, respectively, the

viscosity of the solution at the same temperature with and Ru(X) = SAX) - [X] * Keg [10]
without glycerol. For the rotational correlation time, we as-
sume an equation of the form Where [X] is the concentration of the broadening species-

label or oxygenK,, is the exchange constant for the proces

n\P and depends upon the exchange integral overlap and lifetime

() , [6] the collision (12, 13. SF, the statistical factor, governs whai

Mo fraction of collisions produce an observable change in magn

tization. The SF is only needed for the collision of identica

wheren, = n (¢ = 0) and the powep of the viscosity is a species, and so SF 1 when considering the relaxation due tc
function of the volume fraction of glycera$. This form of the [0O,]. For example the SF fot®ND,~°*ND; collisions is3

correlation time equation is superior to one containingT)® because only+3) < |—3) collisions are effective in broaden-
as it is dimensionally correct, but still allows for nonunjly ing, whereas collisions betwe¢i3) < |+3) and|—3) < |—2)

and permits the correlation time to follow SE theory when there not. Table 1 shows the statistical factors for several cas
solvent is pure water. The volume fraction of glycerélis **ND,H, (Il in Fig. 2) means that th€N spin label is fully

given by the empirical relation deuterated except for a proton at the axial position of the rir

(14).

4 i,
T3 kT

To

P1
P, + (1= py)op™®’

p(¢) = (7] EXPERIMENTAL

Spin labels. Figure 2 shows the structures of the spin label
wherep(¢ = 0) = 1 andp(e¢ = 1) = p,. The§ power employed in this work. Most of the experiments were don
dependence g on ¢ was chosen so that the function wouldvith spin labels (): N fully deuterated CTPO, (2,2,5,5-
move very quickly to its limiting valuep,, for ¢ > 0.2, from tetramethyl-3-pyrrolird,; 1-**N-1-oxyl-3-carboxamide) (CDN
its value of unity in pure water (whekg = 0), as suggested by Isotopes, Canada) antl : **N-deuterated CTPO (gift of Dr.
the work of Evanst al. (9) and Jordaret al. (10). The weight Howard Halpern), in which only the single-ring hydroger
fraction of glycerol,f, is converted to the volume fractioh remains protonated. The line splitting in the EPR spectrum di
using the expressioth = f/(s — (s — 1) f); sis the specific to the single-ring proton can be seen clearly. Tié CTPO
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TABLE 1
Statistical Factors and Relaxivities for Nitroxide Species
Isotope BNDy, (1) BND,H, (I1) “NH,; (111 “ND,H, (IV) ¥“ND,; (V)
SF nitrogen only 1/2 1/2 2/3 2/3 2/3
Relative SF 100 100 133 133 133
SF N + extra species 1P 3/4 5/6 5/6 2/3
Relative SF 100 150 166 166 133
Experimental relaxivity mG/mM 100" 120 128 144 130
Relative relaxivity 1 1.2 0.96 11 0.98

* The relative statistical factor due to [NO] is defined as (ratio of the statistical factor for the appropriate isotope to thaiNid thepin label)x 100.

® Deuteron hfs is too small to produce a change in the SF from nitrogen only.

¢ A. Smirnov, personal communication.

4 This work.

¢ Reference 14).

"The experimental relaxivity is determined for each of these spin labels in water at 20°C. The measured relaxivity was found to be indepegdent o
9 Relative relaxivity is the experimental relaxivity (row 5)/(28(F), where the SF is for the nitrogen-only case, row 1.

spin labels 2,2,5,5-tetramethyl-3-pyrrolin*N-1-oxyl-3-car- EPR spectrometer. The samples were studied using &
boxamide, (Il ), and the deuterated versiovi)(have been used Bruker EMX (Bruker, Inc, Billerica, MA) spectrometer with a
for EPR oximetry {5). Halpernet al. (14) used monoproto- standard Tk, cavity. For accurate measurements of spin la
nated N CTPO (V) in their oxygen concentration studiestice relaxation a pulse spectrometer containing a loop g
Solutions were made up of various spin label concentrationsrgkonator (LGR from Medical Advances, Milwaukee, WI) wa
spin label in water and in 15, 40, 50, 70, and 90% glycergked (.6). Typical CW EPR settings were 32 G sweep range
(w/w). The TEMPOL spin label also use¥I(): 4-hydroxy- 10 kHz modulation frequency, 0.050 G peak-to-peak modul
2,2,6,6-tetramethy! piperidiner, 1-*N-1-oxyl was made up tjon amplitude, 1024 data points, microwave powers of 0
in water and in 20, 60, 70, 80, 90, and 95% glycerol (W/w)._10 dBm giving observer RF field amplitudg of 0.0420 or
0.015 G, respectively. Data were collected at room temperatt
and at least three spectra were collected for each set of cor
I tions. The experimental uncertainties were calculated based
aN I D 15 replicate runs and are reported numerically in the text or

error bars in the figures.
ID

A

IV D

15 Experimental protocol. A range of spin label concentra-

14 tions were made up in the appropriate liquid, e.g., water, 15
glycerol-water, etc. Samples 25 mm long were drawn up in
0.8-mm ODX 0.6-mm ID quartz tubes and sealed at each en
14 The tubes were placed in a slotted plastic holder designed

hold samples for air removal experiments. Spectra were r
0. with air flowing through the cavity dewar at a known temper
| ature and spectra were simulated with the CW linewidth fittin

14
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FIG. 2. Spin labels used:1] ND,; fully deuterated CTPO, (2,2,5,5-

tetramethyl-3-pyrrolind,;; 1-'°N-1-oxyl-3-carboxamide) (CDN Isotopes,

program (see Paper 13)). Concentrations were checked
against samples of 0.5 and 1 mM monoprotonatsiddCTPO

(I). The TEMPOL experiments were done with 1 mM con
centration of label. For deoxygenation experiments 25-mn
long samples were injected into thin-walled 22 AWG diamete
Teflon tubing (7). Such tubing in the slotted plastic holder
allowed air/nitrogen exchange between sample and gas flowi

Canada); I() “*ND,,H,-deuterated CTPO, fully deuterated except for th€15). Nitrogen was passed through the cavity and spectra we

protonated single-ring hydrogen (gift of Dr. Howard Halpern). TH¢ spin
labels are l{l ) CTPO,2,2,5,5-tetramethyl-3-pyrrolin‘t-1-oxyl-3-carboxam-
ide, the monoprotonated versiotV(), and the deuterated versiok)( The

run until the linewidths had attained their constant value
Usually this took about 30—40 min due to the wall thickness «

TEMPOL spin label was also use¥ll(): 4-hydroxy-2,2,6,6-tetramethyl piper- the tubing (8). Deoxygenation changed concentrations by les

idine-d;s 1-*°*N-1-oxyl.

than 2%.
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Fitting data. The data were fit using the optimizing proto- TABLE 2
col developed in Paper I3}, which took into account the Relaxivity of Oxygen with Spin Labels in Water
additional sources of linewidth broadening caused by the in- for the Temperatures Shown

strumentation of the EPR experiment: . .
Temperature O, relaxivity O, relaxivity

. . . . . . i o [5)
(i) absorption/dispersion microwave phase rotation; Spin label/lsotope  (°C) (MG/mM) ~ (mG/mM’)  Reference
(!!) observer RF f|eldlampI|tudhl; . _ N 4-60 258281 _ ®)

(i) Zeeman modulation frequency, modulation amplitude, NH,, 37 470 432 24)
and phase; “NH,3, 20 441 441 This work
(iv) inhomogeneous broadening due to unresolved hyper- 3NDle1 room 501 501 25

fine splitting from neighboring nuclei, which is a source of NPt 27 476 463 £6)
linewidth broadening intrinsic to the molecules in solution N 22 408 405 &7
g ' 5ND,, 37 463 426 29

BND,, 20 420+ 20 420+ 20  This work

RESULTS
? Linewidths not corrected for inhomogeneous broadening.

b i o . . .
Broadening VS spin label concentration in watelRow 5 of WateRreIQag;anes corrected to 20°C based on oxygen solubility and viscosity ¢

Table 1 shows the experimentally measured relaxivities arising
from bimolecular spin label nitroxide collisions in water. Th

theoretical statistical factors for relaxation due to nitrogen on‘igl
are in row 1 and for nitrogen plus the protons in row 3. We
assumed that deuterons did not contribute to the statistical

e can therefore write the ratio of relaxivities for &ND,
bel colliding with oxygen:

factors in row 3. Comparison of row 2 with row 5 shows that @: SF(SOQ' S(5+1)- KO(S? — 1-2. Ko(oi)s _
the relaxivity follows the statistical factors for nitrogen only. 100 SF(*N)- S(S+ 1) - Ko(™N) ~ 1/2-3/4- K,(*N)
We find that the relative relaxivity (row 6) is reasonably [11]

constant for all five isotopically different samples: The labels
protonated at the axial position show an extra contribution to Rearranging and solving we obtaify(O,)/K(*°N) = 0.79.

the broadening. This is because .th.e proton hfs of 0.5 G is Iaqggr “N the ratio of relaxivities is approximately 441/128, anc
gnough to prod_ucg an e>§tra splitting that increases the stafjss SFEN) = 2 leading toK,(O,)/K.(*“N) = 0.86. Hence
tical factors as indicated in row 3 of Table 1. Experimentallyyyygen and spin labels have nearly identical relaxivities on
the axial proton sphttlng does increase slightly the relaX'V'tgtatisticaI and spin factors are taken into accolqX) is
but not as much as predicted (row 3), perhaps because the liggshortional to: (i) the relative translational diffusion, which is
are not clearly resolved. N_one of the 12 methyl protons Qbout 25% larger for ©than spin labels: (i) the collision
deuterons appear to contribute to homogeneous broadeniignapility, and (iii) the collision radius, the ratios of which are
through the relaxivity term. on the order of unity. As a result the spin exchange mech
Broadening vs oxygen concentration in wateilhere have nisms leading to relaxation for these two species appear to
been many measurements of the effectiveness of oxygenviry similar.
broadening EPR lines1g). Recent results are tabulated in | jnewidth dependence upon spin label and oxygen conce
Table 2; the relaxivity is the broadening expressed in milliration at different viscosities. We can investigate the kinet-
gauss per millimolar oxygen (mG/mM). Table 2 shows thgs of the collision interactions by measuring the linewidth
broadening of the true Lorentzian linewidth, and not the pealfarsus the spin label concentration for several solvent visce
to-peak derivative linewidth often quoted (which i8.23 times ities. From Eq. [1] for'®N spin labels we defin®,e, asRye, =
greater). Table 2 demonstrates that oxygen appears to be aYRY (D) + Ruef—2)2 = A + A + IC, which enables
effective relaxer of spin labels, some four to five times bett@g|culations to be done independentafTo analyze our data
than spin labels. However the fundamental mechanisms are Wetadopted the Evans model given in Egs. [3] and [8], whic
as different as they might seem as we now demonstrate. pegins with the translational diffusion coefficient obeying
Following Abragam 20), the total relaxivity istE(ig)/[X] Stokes—Einstein in water. In the presence of glycerol, tt
= SF(X) - S(S + 1) - Ko(X), whereX stands for @, ™N, or dependence of the diffusion coefficient should have a reduc
N. Ko(X) is the fundamental relaxivity of either speciesgependence on the viscosity as suggested in Eq. [8]. Followi

which includes collision radius and relative diffusidiil). Sis  Hyde and Subczynskil@) we fit our data to a model of the
the total electron spin of the specie0). When oxygen col- form

lides with a spin label the SFis unity, independent of the

labels’ spin state, because the relaxation time of the oxygen isgeac _ g, 1 5. C,([NO]Dyo + CoO:{Do, + Dro},
very much less than the lifetime of the collisiob, (3. The

electronic spin of oxygen is unity, twice that of the spin label. [12]
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whereD,, andD, are the translational diffusion coefficients A
of the spin label and the Qrespectively. The dependence 1
upon viscosity, temperature, and percentage of glycerol are
given by Eg. [5]. The constan§s,, and C,, should be pro-
portional to the interaction distance of the molecul&$).(
Direct substitution of the definitions of the diffusion coeffi-
cients into Eq. [12] gives the predicted dependence of the®

relaxation rate on the viscosity and temperature: z
P calc ™ ’ T Mo : ’ T %"
R%e°= Raeo+ 2 C{o[NO] T ; + C,[0] T i

[¢] o o

a r b
<05+ FIE)) ua
m lo,/\ M
where Z{, and Co,(1 + (ryo/ro,)) are the relaxivities in -l . ‘ ‘
water atT = T,. The exponents andb are determined from o 10 1o 10° 1’

1T (cP/K
experiment and are functions of the percentage of glycerol, n/T P
following Eq. [7]: B

a=a(¢p) = a+ (1—a)¢e
R T (AT

and

08
Measurement of rotational correlation timeFor the *N o T N §
label theB parameter is the difference of the two linewidths~, § \\E\\\\

and, for the®N, B is half of the difference of the high- and * .
low-field linewidths. r, is calculated fromB using the Gold- ~ ** NN 4]
man equationsl). Figure 1 shows that thB parameter is a I
good measure of the rotational correlation timg),(the two 3 I SN
being virtually proportional, with a slope of about 1 ps/mG %

over the motional range from 18 to 10° seconds for both

“N and N isotopes. Note that the proportionality is main- ‘= ‘ ‘

10° 107 10" 10°

tained on the fast side of the linewidth minimum, down to very n/ T (cPIK)
smallB values. The linewidths themselves are also functions of * | | g ,
. . . FIG. 3. (A) Rotational correlation timesz,, in seconds, versug/T, in
7, and therefo.ri trll]e valuesdq eztll’bna;[gd from the linewidths units of cP/°K for the spin label TEMPOLV() are plotted for different
must ag_ree with those predicte . y qoarameter'_ ) temperatures: circles & = 19°C and squares & = —6°C. The solid line
EXperImental data and the pred|Ct|0nS of the modified Stokag—[he SE equation (Eg. [4]), which passes through the two points at 0
Einstein Eq. [6] are shown in Fig. 3A, which is a log—log ploglycerol. The dashed lines are from Evans’ model (Egs. [6]-[8]). The optimu
of 7, for TEMPOL, determined via the experimenBparam- fit of the model to the data was obtained wjih = 0.71 = 0.03 andr, =
. . . + °, i inti 0,
eter, as a function of+f/T) for various glycerol/water mixtures 330+ 2 ps at 20°C. Experimental uncertainties are 10% and are on the or
diff The deviati f | of the size of the icons. (B) Normalized rotational correlation timess,,
at _tWO Iferent temperatures. e eV|at|9n rom a s OPe %rsusn/T, in units of cP/°K for the spin label are plotted for different
unity, and hence disagreement with classical SE behavior tdgperatures: open circles Bit= 60°C, squares af = 33°C, and triangles
clearly visible. In contrast to the SE model, the Evans’ moded T = 19°C; and in different percentage glycerol solutions (0, 30, 70, an
of Eq. [6] with a single value op, = 0.7 fits both sets of data 90%, going from left to right) for each fixed temperature. The Evans mod
reasonably well. We originally tried to fit these data to the sligfVeP. = 0.85= 0.04 andr, 26.5= 1 ps at 20°C, in water, with a standard
f delL 21 but f dth h del Id .~ error of 0.14. The experimental uncertainties are shown as error-hads:for
a(?tor model , :D_ ut OU|_1 that such a model could not 9V&he 60°C data, and:4% for the 33 and 19°C data.
a fit that was consistent with both the 19°C data and-t6éC
data.
Figure 3B shows the analogous data for the deuteratdéd power law: the SE relation is a horizontal line and the predi
CTPO spin labell() where we plotr,/7, against §§/T). These tions of the Evans model of Eq. [6] appear as negative slop
axes were chosen to magnify small differences in the viscositye note that if we had simply pooled all of the data, regardle
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of the percentage of glycerol, and fitted the log—log plot towhered;(0) is the hyperfine splitting at zero spin label con
viscosity power law then we would have found a power lawentration. More rigorously,

dependence of,/t, on n to the 0.88+ 0.02 power with a

standard error of 0.18. However this fit is not physically Sw

meaningful because it requires the pure water data, taken at Sw(l + a(O)) = (K [label]) %/a(0), [17]
different temperatures, to lie at a single point and not on a :

horizontal line. In contrast Eq. [6] produces a line for eaC\b\‘/hich should be quadratic in label concentration and inverse

Belggergwre, Witg thde powerf IgvilodeT[?]endencqﬁl?f: SSSE proportional toa;(0) in the slow exchange limit (Egs. [3.2] to

mOd‘?' o the data is 70% better th_an a simple straight line flt, e ntration in water, the slow exchange regime applies t
_desp|te both quels havm_g_two adjl_JstabIe parameters. Such.an . ot Eq. [14]a,5,(0) at 22 G is 100 times greater thp, -

|mprovemer_1t W'.th no addlt_lona_l adjustable paramet(_ars of tlﬁ%bel], which is approximately 0.2 G (ignoring statistical fac
33 data points is highly significant—more than 3 times thg, effects) and in excellent agreement with Molin’s data i

significance criterion of af test at the 99% confidence IeveI.-I-able 4.22 13). The line broadening predicted by Eq. [15]
Inspection of Fig. 3B shows that the model could agree bettférees with the experiment as already discussed '
n

with the data if the power law exponent were made to depenty,,, 4, the experimentally determined line shifts compat

on temperature; the power would decrease with increasi\mh theory? Figure 5 plots the dependence of the slope of t
temperature. hyperfine splitting with label concentratior,d(&;)/d[NO], vs
Change of hyperfine splitting (hfs) with concentrationthe magnitude of;,(0). The experimental data could not be
Concentration changes have a noticeable effect on the appafgste at odds with the predictions of Eqgs. [16] or [17]: Fo
hfs of theN and™N lines. Figure 4A shows that the hyperfineaxample, for 1 mM*N label in solution the theoreticaw is
separations as a function of spin label concentration, [NOJ, fghout 9 mG whereas the experimental value is at 25 m
both spin species([NO]) (wherej is N or *N) have the (Fortuitously, the experiment and theory agree when the lat
sameinear dependence on concentration (viz25 mG/mM).  concentration is around 2.5 mM.) All attempts to fit the data t
The plots in Fig. 4B show that the hyperfine splittings due ipe quadratic form of Eq. [16] failed. The observed shift i
the proton or deuteron are also linearly dependent upon ftfiear (not quadratic) in concentration and i@t inversely
concentration of spin label, but the dependence is weaker thBportional toa;, which is a sensitive test of the validity of
for the nuclei shown in Fig. 4A. Such a linear dependence pfy_ [16]. At the smaller hyperfine splitting of 190 mG (arising
a;([NQ]) was first reported by Halperri4) for the single axial from methyl protons) and 30 mG (methyl deuterons)—whet
proton in monoprotonatedCTPO (V) wherea,(0) = 0.5G. K _, - [label] > &, and one is no longer in slow exchange—th
The results presented here show that a linear dependencedffcentration effect istill linear. The shifts with concentration
éj([NO]) with Spin label concentration is quite universal for albre |inear and independent éf(o) over a 40_fo|d range of
the magnetic nuclei in spin labels. hyperfine splitting (fromd, = 22 G for**N to &, = 0.5 G for
What is unusual about this result is that it is Completely %.tn axia| proton)_Never does Sw increase asaj becomes
odds with the predictions of simple exchange theory for @naller.
two-site jump model. The classical text on exchange by Molin Halpern has suggested Eq. [2.142] on page 68 of the Mol

(13) discusses the way in which exchange broadened lingst (13) to explain the result. This equation is
distort and move as exchange increases. For slow exchange the

condition is Sw = —8,+ 7+ Koy [labell/2. [18]

Kex- [label] < &, [14] usually 5, = 23, and 7 is the contact time for the collision,
which is on the order of the rotational correlation tingl)(
whereK,, is the exchange rate, [label] the label concentratiogquation [18] can be modified to agree with the experimental
and a; the hyperfine splitting, which is a function of labelobserved data over the entire hfs range if we make 1/R,.
concentration. The produkt,, - [label] is the two-site hopping and redefined; to be 25; = 1/a; + 1/R, so that
rate. Simple two-site jumping theory shows that in slow ex-
change the lines broaden by an amonat,,: Sw Rod Rie
Mahall _Kex'a'(o)'—iv [19]
[label] P77 g(0) + Rege
Awy, = Keye [label], [15]

whereR,. ~ 1 G andR,, = 0.13 G. In the limit whereg; is

and in slow exchange the inward line shitb is given by small Eqg. [19] goes to Eq. [18] and whem is large 8w
becomes independent af as required for agreement with the
8w = (K- [label]) ?/3(0), [16] experiment as shown in Fig. 5. Equation [19] points up th
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FIG. 5. Plot of the dependence of the slope of the hyperfine splitting wit
B label concentration;-a(a)/d[NO], vs the magnitude o&(0). Theempirical
02 } formula to fit these data is Eq. [1%w/[label] = (0.027- &;)/(&;(0) + 0.13)
> : with Ke * Ra/Rie = 0.027 andR,. = 0.13 G. The experimental uncertainties
éo_,g B : H (obtained from Fig. 4) are the size of the data points.
= —E__
T’;o.m P
gwr — dependence of the shift on the relative magnitudeg,; cind
z T — R,.. The apparent dependen(_:e upon some S|OW process, suc
0 s the suggeste®,. process, might appear surprising and is nc

consistent with the original derivation of Eq. [18] in the Molin
text (13). Such a purely empirical explanation underscores t
D discrepancy between theory and experiment and hopefu
0025 points the way to how the theory needs to be modified.
O We emphasize that the experimental linewitittoadening
- with concentrationdoesfit Molin’s theoretical model of Eq.
T
0.015

g
o
&

gauss

o
o
N
/

[15], even though the quadratic line shift predicted by Eq. [1¢
does not. We were concerned that our data analysis methi

(€9

D hyperfine splitting

oot 0s 1 ,1;5“ 2 'II%15I 3 35 4 ology was the source of the problem. In the companion pag
spin sbelconcenaion (ilhien (I) we noted the failure of the program to fit the data at hig

FIG. 4. (A) Plots of the hyperfine separatiorss,as a function of the spin concentrations¥2-3 mM). We therefore simulated two-site
label concentration [NOR(INOJ) for species, wherej = **N (top) orj = jump spectra based on the Molin model and analyzed tl

N (bottom). The hyperfine separations of e and N lines have a linear %imulated lineshapes with our data analysis program. T
dependence on concentration of spin label. (Top) The field separation of the . . . .

high-field line (n = —1) from the center liner6 = 0) versus concentration re_SUItS showed that th_e |IneWIdth did increase in f_;\greeme
is shown as triangles fotl( ). The best straight line fit shown as a solid lineWith Eq. [15] and the line shift did change quadratically ac
gave an intercept of 16.074 0.003 G with a slope 0f-0.025+ 0.002 G/mM  cording to Eq. [16]. Therefore, we can rule out the possibilit
spin label. For the difference between the center lme(0) and the low-field  that the analysis program somehow produced a linear shift
line (m = +1) versus concentration the data (circles) were fit to the solign attempt to fit the spectra, missing the subtleties of tt

straight line with an intercept of 15.992 0.004 G with a slope of-0.025*+ two-site i i h W late that th to 1
0.002 G/mM. The intercepts are not the same because the three EPR Iines\{avr% Siteé jJump lineshapes. We specu a € that the gnswer 0 _
unequally spaced due to second order effe28. (The standard error of the diSagreement must, at the very least, involve a reinterpretati
upper and lower fits are 0.009 and 0.008 G, respectively. (Bottom) FdtiNhe
label (), the field separations of the high-field linm (= —2) from the lower
line (m = +3) vs concentration are shown as circles. The best straight line fit
(shown as a solid line) had an intercept of 22.45@.002 G with a slope of the best fit with a zero label concentration intercept of 0.198.0003 G with
—0.0265+ 0.0004 G/mM spin label. The standard error of the fit was 0.004 slope of—0.0174=+ 0.0006 G/mM. The standard error of the fit was 0.001
G. The experimental uncertainties are the size of the data points in all plots. B)(Bottom) The data are shown as circles and the solid line is the best fit w
The linear dependence on concentration of spin label for the splittings of tae intercept of 0.0295 0.0004 G and with a slope 0f0.0042+ 0.0002
12 methyl protons (H) inl{l ) (top) and the corresponding 12 methyl deuteron§&/mM. The standard error of the fit was 0.0006 G. The experimental unce

(D) in (1) (bottom). (Top) The data are shown as squares and the solid linetégnties are the size of the data points in all plots.
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14 ‘ 20 mG/mM, respectively. Hence, by adjusting the power la
N gto/o dependencies to be approximately 0.5 for both the spin lak

12 o o 40% [ and the oxygen, we find excellent agreement between t
> o 105:;? predictions of theory and the experimental data. No adjustal

extra term need be added to the homogenous linewidths ¢
tracted from the CW experiments. The extent of the agreemc
is within the experimental uncertainties. The rather large u

=
L

% ¥ 3 certainty in the power for the Qarises because oxygen broad
'206 x k3 ening rapidly decreases as the glycerol percentage rises. Thi
B 3= due to reduced translational diffusion and to reduced oxyg
04 T solubility.
* I % I
o2 5% zgﬁ CONCLUSIONS

The most important conclusion of this work is that the
0 1 2 et concenyation (st 7 8 experimental linewidths of spin labels in liquids can be comn
pletely explained. The combination of the END and SR theol

H H pcalc P . . . . . .

F'G-hﬁ- A plot of IC_a'CU_'Z“Ed “][‘er‘]""dfhstee : 51(% CO’g%afe‘(’) toR, gse applied to linewidths plus exchange interactions can quantit
mean homogeneous linewidths of the o [ines ®D,; dCTPO () in 0% - 4y qy nredict the experimental linewidths of the lines. The
(squares), 15% (circles), 40% (diamonds), and 70% (triangles) glycerol over 7. ' . . . . .
the range of spin label concentrations shown onxtaxis. The Q concen- I’elaXIVIt!eS of model n_|trOX|des over a rfange of VI_SCOSItle§ I
trations ranged from 0.095 to 0.28 mM and arose from the different solubilitfow calibrated. A straightforward prescription for interpreting
of O, in various percentages of glycerol and with temperature. The temperatlirrewidths in terms of rotational motion is now establishec
for these 72 experimental data points varied only from 17 to 22°C. The modghe power law dependencies of the rotational correlation tim

used for the fit is Eq. [13]. The optimum values were= 0.45 = 0.04 (for . . . L
the spin label) anth, = 0.42 = 0.2 (for oxygen). The relaxivities were 92 on viscosity go as the 0.7 to 0.8 power of the viscosity in hight

2 and 420+ 20 mG/mM for spin label and Qrespectively. The standard errorpercemage_glycer(_)I m|_xtures. The power law d_epen_denmes
of the theoretical fit to the data was 0.018 G. The inherent reproducibility he translational diffusion coefficients on the viscosity are

experimental results gave an uncertainty+d3.010 G and is shown as error order 0.5. Neither process for glycerol therefore obeys the ¢
bars. relation, although the rotational motion is clearly closer to i

The simple SE prediction that translational correlation time |
of the contact time. It is more likely the answer lies with &imply proportional to the rotational correlation times is nc
different dynamic model for the nitroxide—nitroxide interacebserved because of the0.7 power dependence found. This
tions which takes into account the nature of the translationadwer law dependence is very much consistent with the pr
motion and the collisions between labels. vious experiments by Evans.

The experimental linewidthR,, (computed as the average We now have a calibrated method to measure rotatior
of the two linewidths in thé®N spectrum) of spin labell{ in  correlation times. Different models for motion can be easil
0, 15, 40, and 70% glycerol are plotted as a function of spiasted as both absolute linewidtasd the relative differences
label concentration in Fig. 6. TH,, term is a known quantity in linewidths must be explained by the same model.
for each datum point being computed from as calculated  Very subtle effects on the lines can be measured—seco
from the experimentaB parameter using the Goldman equaerder splitting and shifts due to changes in concentration. Tk
tions (). The percentages of glycerol, as well as the concelatter effect should be useful as a method of concentrati
trations of nitroxide and oxygen, are all known. The onlyneasurement, as pointed out by Halpern. We have demc
adjustable constants a@,, andCy, (the relaxivities in water strated it to be applicable tny hfs splitting in any spin label
atT, = 20°C) anda, andb,. We can therefore fit the data toand remove the requirement of any special isotopic substi
the model described by Eq. [13] to obtain the linewidR&", tion.
which are also shown in the figure. The optimum valueg,ef Table 1 shows that the SF of the nitrogen nuclei have tt
= a, = 0.45 = 0.04 (for the spin label) ang,, = b, = major effect on the broadening, with the axial protons on tr
0.42 = 0.2 (for oxygen) are the power law dependencies ftabel ring having a lesser effect. The measurement of oxyg
the nitroxide and for oxygen collision processes in 100%oncentration also now does not require special labels, as
glycerol. The power dependence of oxygen reported here idimewidth analysis is sensitive enough to observe the very sm
good agreement with values p§, = 0.53 = 0.08 based on the changes due to the oxygen—tens of milligauss—even wh
kinetics of diffusion-controlled transport of oxygen to myoglothe natural linewidths are hundreds of milligauss. The relati\
bin in water/glycerol mixtures2?) and ofp,, = 0.48 = 0.05 magnitudes of the relaxivities of oxygen and the spin labe
from the measurements of Jordetral. (10). The relaxivities in have been explained, leading to the conclusion that the tral
water at 20°C for the spin labels and &e 92+ 2 and 417+ lational diffusion processes for oxygen and spin labels i

0




LINEWIDTH ANALYSIS OF SPIN LABELS IN LIQUIDS, II

219

viscous media appear similar. Our results show that oxygéh Y. N. Molin, K. M. Salikhov, and K. I. Zamaraev, “Spin Exchange:

re

laxes*N labels slightly more strongly thatiN labels.
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