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This work demonstrates that homogeneous linewidths can be
xtracted from continuous wave electron paramagnetic resonance
pectra and that they quantitatively agree with the predictions of
xisting relaxation theory. We suggest that relaxation theory can
e used to predict experimental lineshapes provided that the
imulations properly include sources of broadening. We have
ound that the rotational correlation times for spin labels in dif-
erent percentages of glycerol/water mixtures are best modeled by
power law treatment for the viscosity, similar to that for trans-

ational diffusion. The translational diffusion coefficients them-
elves also have a power law dependence on the viscosity for
lycerol/water mixtures. The linewidths were linearly dependent
pon both the oxygen and the spin label concentration. The hy-
erfine splittings of all nuclei were observed to decrease linearly
ith increasing spin label concentration, completely at odds with

xisting theory which predicts a quadratic dependence upon con-
entration. The linear dependence was independent of hyperfine
plitting until the magnitude of the hyperfine splitting was less
han the homogeneous linewidth. © 1999 Academic Press

Key Words: linewidth; EPR spin labels; simulations exchange.

INTRODUCTION

Continuous wave electron paramagnetic resonance
PR) using nitroxide spin labels is capable of measuring

otational correlation times of molecules in solution over m
rders of magnitude. Oftentimes, when simulating EPR sp

o obtain the motional information, the linewidths are lef
djustable parameters. The basic theory of linewidths in

ion was worked out by Freed and co-workers (1) based on th
edfield theory (2). In Freed’s seminal papers, the theory

he linewidths always allowed for an extra adjustment fac
. We have revisited the need for such an extra mecha
xperimentally the observed linewidths are always bro

han Freed theory predicts—the extra broadening results
combination of unresolved hyperfine coupling, concentra
f spin label and other paramagnetic molecules, and in
ental effects. With an optimized lineshape simulation pr
ure, described in Paper I, the companion paper to this on3),
e were able to fit experimental EPR spectra including
210090-7807/99 $30.00
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pectrometer and inhomogeneous broadening effects di
n the simulations. From these fitted spectra we extra
omogeneous linewidths which agreed with those calcu
y the theory developed by Freed. Preliminary results
een presented elsewhere (4).
To guarantee that the linewidth model does indeed fit ov
ide range of rotational correlation times we adopted
rotocol used by others (1, 5): The spin labels were placed
variety of mixtures of water and glycerol. This presente

dditional challenge as it has been observed that in
ercentage glycerol solutions the rotational dynamics do
bey the simple Stokes–Einstein equation (6). Moreover, it ha
een observed that additional broadening mechanisms d

he oxygen and nitroxide do not appear to obey the Sto
instein law either (5, 7). There seems to be no way to s

ematically move from pure water, in which Stokes–Einste
beyed, to high-percentage glycerol solutions.
What would the linewidths of nitroxides be if there were

roadening mechanisms acting other than rotational motio
single nitroxide spin label? The apparent linewidth a

unction of nuclear quantum number,m, is (1)

R2eo~m! 5 A9 1 A~m! 1 B~m! z m 1 C~m! z m2 1 X~m!,

[1]

here A, B, and C may be weaklym-dependent quantitie
erived from both the anisotropic part of the CSA (chem
hift anisotropy) and the END (electron-nuclear dipolar) c
ling terms calculated from theg andA values and the rota

ional correlation time.A9 is the contribution to the linewidt
rom theg-value-dependent spin rotational mechanism, w
as an approximate inverse dependence upon the rota
orrelation time.X is any linewidth contributions from oth
roadening processes. The Freed work concentrated mai
xplaining the values ofA, B, and C in terms of particula
etailed motional models applying the appropriate spe
ensity functions to the CSA and END mechanisms. T

heory has been programmed in MATLAB and representa
esults are plotted in Fig. 1 (8); an important finding is th
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211LINEWIDTH ANALYSIS OF SPIN LABELS IN LIQUIDS, II
inearity between the rotational correlation time and thB
arameter as shown.

Effects of glycerol. CW EPR spectra are sensitive fu
ions of the rotational correlation times. To change the r
ional correlation time over four orders of magnitude, as
one in these studies, it was necessary to place the sma

abels in solutions of various percentages of glycerol. Sim
tokes–Einstein (SE) theory says that the rotational correl

ime t u 5 4
3 (pr o

3h/kT), wherer o is the hydrodynamic radiu
f the molecule,h is the solution viscosity,T the absolut

emperature, andk the Boltzmann constant. Hwanget al. (1)
eported that the perdeuterated spin label TEMPONE (2,2
etramethyl-4-piperidoneN-oxide) moved much faster in pu
lycerol than predicted from the bulk viscosity. The effec
otational radius,r e, was obtained from the rotational S
elationt u 5 4

3 (pr e
3h/kT) 5 k 4

3 (pr 3h/kT) wherek is a “slip
actor” (0 # k # 1) suggested by Kivelson (6) and was foun
o be about 0.13—meaning that the spin label moved som
imes faster than expected in 100% glycerol than the

FIG. 1. (Top) Fundamental EPR linewidths,R2eo, for an 15N (m 5 1
arameter—numerically equal to the difference of them 5 21

2 andm 5 11
2

alculation (bottom) were used but theA values were increased to 8, and 7
1) spin system versus rotational correlation times are plotted. TheB para

inewidths is also shown. Theg values were 2.008, 2.006, and 2.0023, theA v
he microwave frequency was 9.4 GHz, at X band.
-
s
pin
le
on

6-

.5
lk

iscosity would predict. Subczynski and Hyde (5) showed tha
he slopes of plots of correlation time as a function ofh/T for

fixed percentage of glycerol were a weak function of
lycerol percentage; they appeared to obey a reduced p

aw dependence onh, i.e., the correlation time was propo
ional to (h/T) power, with power, 1. These workers also foun
hat while the translational diffusion of O2 in water obeyed SE
t did not obey SE in a variety of oils. O2 diffusion also obey

power law dependence on (h/T) with power, 1. Subczynsk
nd Hyde suggested that the effects of solvents are best s
ssuming that the translational diffusion time,t trans, is propor-

ional to the viscosity raised to a power,p: t trans 5 Ah p. This
s based on the work of Evanset al. (9), who carried ou
xtensive studies on the variation of solute translational d
ion coefficients for solutes of different radii in a numbe
olvents over a wide range of viscosities. The Stokes–Ein
xpression for the translational diffusion coefficientD trans is

D 5 kT/6phr . [2]

nd 21
2) spin system versus rotational correlation time are plotted. TB

widths is also shown. The sameg values and motional model as for the14N
d 47 G. (Bottom) Fundamental EPR linewidths,R2eo for an 14N (m 5 0, 11, and
ter—numerically equal to half the difference of them 5 21 andm 5 11
s were 7, 6, and 32 G, and the rotational motion was assumed to be iso
1
2 a
line
, an
me
alue
trans
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212 ROBINSON, MAILER, AND REESE
his SE equation failed when the solute molecules were
arable to (or less than) the size of the solvent molec
vanset al. (9) developed empirical equations for the relati
hip between the diffusion coefficient, the viscosity, and
adius of the solute:

D trans5 AT/h p, [3]

here A is an arbitrary constant. Evans also suggested
ollowing empirical relationship relating the viscosity exp
entp to the molecular radius,r in Å:

p 5 1.1662 ~1.296/r !. [4]

e have chosen to extend, and slightly modify, this appr
o that both translational and rotational correlation times
imilar functions of the glycerol percentage. For the tran
ional diffusion coefficient we can write

D trans5 D trans
o Sho

h D p

. [5]

ere,D o is the diffusion coefficient for the solute in pure wa
t a specified temperature, whileh andho are, respectively, th
iscosity of the solution at the same temperature with
ithout glycerol. For the rotational correlation time, we
ume an equation of the form

tu 5
4

3

pr o
3ho

kT S h

ho
D p

, [6]

hereho 5 h (f 5 0) and the powerp of the viscosity is a
unction of the volume fraction of glycerol,f. This form of the
orrelation time equation is superior to one containing (h/T) p

s it is dimensionally correct, but still allows for nonunityp
nd permits the correlation time to follow SE theory when
olvent is pure water. The volume fraction of glycerol,f is
iven by the empirical relation

p~f! 5
p1

p1 1 ~1 2 p1!f 1/8 , [7]

here p(w 5 0) 5 1 and p(w 5 1) 5 p1. The 1
8 power

ependence ofp on f was chosen so that the function wo
ove very quickly to its limiting value,p1, for f . 0.2, from

ts value of unity in pure water (wheref 5 0), as suggested b
he work of Evanset al. (9) and Jordanet al. (10). The weigh
raction of glycerol,f, is converted to the volume fractionf
sing the expressionf 5 f/(s 2 (s 2 1) f ); s is the specific
-
s.
-
e

e

h
re
-

d
-

e

ravity of glycerol. Equation [6] can then be written, in an
gy with Eq. [5], as

tu 5 toS h

ho
D p

, [8]

hereto is the rotational correlation time of the nitroxide
ater (0% glycerol) andho is the viscosity of water at the sam

emperature. We further assume thatto andD trans
o obey the SE

elation in pure water. We do not assume that thep1 governing
he rotational diffusion is the same as that for translati
iffusion.

Concentration of paramagnetic molecules.The exchang
f spin states produced by molecular collision is a stoch
rocess which leads to an increased linewidth. The stan
odel used to fit the concentration dependence of the linew
ata is

R2e 5 R2eo1 R2e(label)1 R2e(oxygen), [9]

hereR2eo is the linewidth from Eq. [1] (1), shown in Fig. 1
nd R2e(label) andR2e(oxygen) are the linewidth broadeni
roduced by label–label and label–oxygen collisions, res

ively.
The effective relaxivity is (11) SF z K ex and

R2e~X! 5 SF~X! z @X# z Kex, [10]

here [X] is the concentration of the broadening specie
abel or oxygen.K ex is the exchange constant for the proc
nd depends upon the exchange integral overlap and lifeti

he collision (12, 13). SF, the statistical factor, governs w
raction of collisions produce an observable change in ma
ization. The SF is only needed for the collision of ident
pecies, and so SF5 1 when considering the relaxation due
O2]. For example the SF for15ND13–

15ND13 collisions is 1
2

ecause onlyu11
2& N u21

2& collisions are effective in broade
ng, whereas collisions betweenu11

2& N u11
2& and u21

2& N u21
2&

re not. Table 1 shows the statistical factors for several c
15ND12H1 (II in Fig. 2) means that the15N spin label is fully
euterated except for a proton at the axial position of the
14).

EXPERIMENTAL

Spin labels. Figure 2 shows the structures of the spin la
mployed in this work. Most of the experiments were d
ith spin labels (I ): 15N fully deuterated CTPO, (2,2,5,

etramethyl-3-pyrrolin-d139 1-15N-1-oxyl-3-carboxamide) (CDN
sotopes, Canada) and (II ): 15N-deuterated CTPO (gift of D
oward Halpern), in which only the single-ring hydrog

emains protonated. The line splitting in the EPR spectrum
o the single-ring proton can be seen clearly. The14N CTPO
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213LINEWIDTH ANALYSIS OF SPIN LABELS IN LIQUIDS, II
pin labels 2,2,5,5-tetramethyl-3-pyrrolin-1-14N-1-oxyl-3-car-
oxamide, (III ), and the deuterated version (V) have been use

or EPR oximetry (15). Halpernet al. (14) used monoproto
ated 14N CTPO (IV ) in their oxygen concentration studie
olutions were made up of various spin label concentratio
pin label in water and in 15, 40, 50, 70, and 90% glyc
w/w). The TEMPOL spin label also used (VI ): 4-hydroxy-
,2,6,6-tetramethyl piperidine-d16 1-15N-1-oxyl was made u

n water and in 20, 60, 70, 80, 90, and 95% glycerol (w/w

TAB
Statistical Factors and Rela

Isotope 15ND13 (I ) 15ND12H1

F nitrogen only 1/2 1/
Relative SFa 100 100

F N 1 extra species 1/2b 3/4
Relative SF 100 15

xperimental relaxivity mG/mMf 100d 120d

elative relaxivityg 1 1.2

a The relative statistical factor due to [NO] is defined as (ratio of the
b Deuteron hfs is too small to produce a change in the SF from nitrog
c A. Smirnov, personal communication.
d This work.
e Reference (14).
f The experimental relaxivity is determined for each of these spin lab
g Relative relaxivity is the experimental relaxivity (row 5)/(200p SF), whe

FIG. 2. Spin labels used: (I ) 15ND13 fully deuterated CTPO, (2,2,5,
etramethyl-3-pyrrolin-d139 1-15N-1-oxyl-3-carboxamide) (CDN Isotope
anada); (II ) 15ND12H1-deuterated CTPO, fully deuterated except for
rotonated single-ring hydrogen (gift of Dr. Howard Halpern). The14N spin

abels are (III ) CTPO,2,2,5,5-tetramethyl-3-pyrrolin-1-14-1-oxyl-3-carboxam
de, the monoprotonated version (IV ), and the deuterated version (V). The
EMPOL spin label was also used (VI ): 4-hydroxy-2,2,6,6-tetramethyl pipe

dine-d 1-15N-1-oxyl.
16
of
l

EPR spectrometer.The samples were studied using
ruker EMX (Bruker, Inc, Billerica, MA) spectrometer with
tandard TE102 cavity. For accurate measurements of spin
ice relaxation a pulse spectrometer containing a loop
esonator (LGR from Medical Advances, Milwaukee, WI) w
sed (16). Typical CW EPR settings were 32 G sweep ran
0 kHz modulation frequency, 0.050 G peak-to-peak mod

ion amplitude, 1024 data points, microwave powers of
10 dBm giving observer RF field amplitudeh1 of 0.0420 or
.015 G, respectively. Data were collected at room temper
nd at least three spectra were collected for each set of c

ions. The experimental uncertainties were calculated bas
eplicate runs and are reported numerically in the text o
rror bars in the figures.

Experimental protocol. A range of spin label concentr
ions were made up in the appropriate liquid, e.g., water,
lycerol–water, etc. Samples 25 mm long were drawn up
.8-mm OD3 0.6-mm ID quartz tubes and sealed at each
he tubes were placed in a slotted plastic holder design
old samples for air removal experiments. Spectra were
ith air flowing through the cavity dewar at a known temp
ture and spectra were simulated with the CW linewidth fit
rogram (see Paper I (3)). Concentrations were check
gainst samples of 0.5 and 1 mM monoprotonated15N dCTPO
II ). The TEMPOL experiments were done with 1 mM c
entration of label. For deoxygenation experiments 25-
ong samples were injected into thin-walled 22 AWG diam
eflon tubing (17). Such tubing in the slotted plastic hold
llowed air/nitrogen exchange between sample and gas flo
15). Nitrogen was passed through the cavity and spectra
un until the linewidths had attained their constant val
sually this took about 30–40 min due to the wall thicknes

he tubing (18). Deoxygenation changed concentrations by
han 2%.

1
ities for Nitroxide Species

) 14NH13 (III ) 14ND12H1 (IV ) 14ND13 (V)

2/3 2/3 2/3
133 133 133
5/6 5/6 2/3b

166 166 133
128d 144e 130c

0.96 1.1 0.98

istical factor for the appropriate isotope to that of the15ND13 spin label)3 100.
only.

in water at 20°C. The measured relaxivity was found to be independen2].
the SF is for the nitrogen-only case, row 1.
LE
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214 ROBINSON, MAILER, AND REESE
Fitting data. The data were fit using the optimizing pro
ol developed in Paper I (3), which took into account th
dditional sources of linewidth broadening caused by th
trumentation of the EPR experiment:

(i) absorption/dispersion microwave phase rotation;
(ii) observer RF field amplitudeh1;
(iii) Zeeman modulation frequency, modulation amplitu

nd phase;
(iv) inhomogeneous broadening due to unresolved hy

ne splitting from neighboring nuclei, which is a source
inewidth broadening intrinsic to the molecules in solution

RESULTS

Broadening vs spin label concentration in water.Row 5 of
able 1 shows the experimentally measured relaxivities ar

rom bimolecular spin label nitroxide collisions in water. T
heoretical statistical factors for relaxation due to nitrogen
re in row 1 and for nitrogen plus the protons in row 3.
ssumed that deuterons did not contribute to the stati

actors in row 3. Comparison of row 2 with row 5 shows t
he relaxivity follows the statistical factors for nitrogen on

e find that the relative relaxivity (row 6) is reasona
onstant for all five isotopically different samples: The lab
rotonated at the axial position show an extra contributio

he broadening. This is because the proton hfs of 0.5 G is
nough to produce an extra splitting that increases the s

ical factors as indicated in row 3 of Table 1. Experimenta
he axial proton splitting does increase slightly the relaxi
ut not as much as predicted (row 3), perhaps because the
re not clearly resolved. None of the 12 methyl proton
euterons appear to contribute to homogeneous broad

hrough the relaxivity term.

Broadening vs oxygen concentration in water.There have
een many measurements of the effectiveness of oxyg
roadening EPR lines (19). Recent results are tabulated
able 2; the relaxivity is the broadening expressed in m
auss per millimolar oxygen (mG/mM). Table 2 shows
roadening of the true Lorentzian linewidth, and not the p

o-peak derivative linewidth often quoted (which is 2/=3 times
reater). Table 2 demonstrates that oxygen appears to be
ffective relaxer of spin labels, some four to five times be

han spin labels. However the fundamental mechanisms a
s different as they might seem as we now demonstrate.
Following Abragam (20), the total relaxivity isR2e(X)/[X]
SF(X) z S(S 1 1) z K o(X), whereX stands for O2,

15N, or
14N. K o(X) is the fundamental relaxivity of either speci

hich includes collision radius and relative diffusion (11). S is
he total electron spin of the species (20). When oxygen col
ides with a spin label the SF(O2) is unity, independent of th
abels’ spin state, because the relaxation time of the oxyg
ery much less than the lifetime of the collision (5, 13). The
lectronic spin of oxygen is unity, twice that of the spin la
-
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e can therefore write the ratio of relaxivities for an15ND13

abel colliding with oxygen:

420

100
5

SF(O2) z S~S1 1! z Ko(O2)

SF(15N) z S~S1 1! z Ko(
15N)

5
1 z 2 z Ko(O2)

1/ 2 z 3/4 z Ko(
15N)

.

[11]

Rearranging and solving we obtainK o(O2)/K o(
15N) 5 0.79.

or 14N the ratio of relaxivities is approximately 441/128, a
he SF(14N) 5 2

3 leading to K o(O2)/K o(
14N) 5 0.86. Hence

xygen and spin labels have nearly identical relaxivities o
tatistical and spin factors are taken into account.K o(X) is
roportional to: (i) the relative translational diffusion, which
bout 25% larger for O2 than spin labels; (ii) the collisio
robability, and (iii) the collision radius, the ratios of which
n the order of unity. As a result the spin exchange me
isms leading to relaxation for these two species appear
ery similar.

Linewidth dependence upon spin label and oxygen con
ration at different viscosities. We can investigate the kine
cs of the collision interactions by measuring the linewid
ersus the spin label concentration for several solvent vis
ties. From Eq. [1] for15N spin labels we defineR# 2eo asR# 2eo 5
R2eo(

1
2) 1 R2eo(2

1
2))/ 2 5 A9 1 A 1 1

4C, which enable
alculations to be done independent ofm. To analyze our dat
e adopted the Evans model given in Eqs. [3] and [8], w
egins with the translational diffusion coefficient obey
tokes–Einstein in water. In the presence of glycerol,
ependence of the diffusion coefficient should have a red
ependence on the viscosity as suggested in Eq. [8]. Follo
yde and Subczynski (19) we fit our data to a model of th

orm

R# 2e
calc 5 R# 2eo1 2 z CNO[NO]DNO 1 CO2[O2]$DO2 1 DNO%,

[12]

TABLE 2
Relaxivity of Oxygen with Spin Labels in Water

for the Temperatures Shown

Spin label/Isotope
Temperature

(°C)
O2 relaxivity

(mG/mM)
O2 relaxivity
(mG/mMb) Reference

14NH16 4–60 258–284a — (5)
14NH13 37 470 432 (24)
14NH13 20 441 441 This work
14ND12H1 room 501 501 (25)
14ND12H1 27 476 463 (26)
14NH13 22 468 465 (27)
15ND13 37 463 426 (28)
15ND13 20 4206 20 4206 20 This work

a Linewidths not corrected for inhomogeneous broadening.
b Relaxivities corrected to 20°C based on oxygen solubility and viscos

ater (29).
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215LINEWIDTH ANALYSIS OF SPIN LABELS IN LIQUIDS, II
hereDNO andDO2 are the translational diffusion coefficien
f the spin label and the O2, respectively. The dependen
pon viscosity, temperature, and percentage of glycero
iven by Eq. [5]. The constantsCNO and CO2 should be pro
ortional to the interaction distance of the molecules (19).
irect substitution of the definitions of the diffusion coe
ients into Eq. [12] gives the predicted dependence o
elaxation rate on the viscosity and temperature:

R# 2e
calc 5 R# 2eo1 2 z C9NO[NO]

T

To
Sho

h D a

1 C9O2[O2]
T

To

3 HSho

h D a

1 S r NO

r O2

DSho

h D bJ , [13]

here 2C9NO and C9O2(1 1 (r NO/r O2)) are the relaxivities i
ater atT 5 To. The exponentsa andb are determined from
xperiment and are functions of the percentage of glycerof,

ollowing Eq. [7]:

a 5 a~f! 5
a1

a1 1 ~1 2 a1!f 1/8 and

b 5 b~f! 5
b1

b1 1 ~1 2 b1!f 1/8 .

Measurement of rotational correlation time.For the 15N
abel theB parameter is the difference of the two linewid
nd, for the14N, B is half of the difference of the high- an

ow-field linewidths.tu is calculated fromB using the Gold
an equations (1). Figure 1 shows that theB parameter is
ood measure of the rotational correlation time (tu), the two
eing virtually proportional, with a slope of about 1 ps/m
ver the motional range from 10211 to 1029 seconds for bot

14N and 15N isotopes. Note that the proportionality is ma
ained on the fast side of the linewidth minimum, down to v
mallB values. The linewidths themselves are also function
u and therefore the values oftu estimated from the linewidth
ust agree with those predicted by theB parameter.
Experimental data and the predictions of the modified Sto

instein Eq. [6] are shown in Fig. 3A, which is a log–log p
f tu for TEMPOL, determined via the experimentalB param-
ter, as a function of (h/T) for various glycerol/water mixture
t two different temperatures. The deviation from a slop
nity, and hence disagreement with classical SE behavi
learly visible. In contrast to the SE model, the Evans’ m
f Eq. [6] with a single value ofp1 5 0.7 fits both sets of da
easonably well. We originally tried to fit these data to the
actor model (1, 21) but found that such a model could not g
fit that was consistent with both the 19°C data and the26°C
ata.
Figure 3B shows the analogous data for the deuterate15N

TPO spin label (I ) where we plottu/to against (h/T). These
xes were chosen to magnify small differences in the visc
re

e

y
of

s–

f
is
l

p

ty

ower law: the SE relation is a horizontal line and the pre
ions of the Evans model of Eq. [6] appear as negative slo

e note that if we had simply pooled all of the data, regard

FIG. 3. (A) Rotational correlation times,tu, in seconds, versush/T, in
nits of cP/°K for the spin label TEMPOL (VI ) are plotted for differen

emperatures: circles atT 5 198C and squares atT 5 268C. The solid line
s the SE equation (Eq. [4]), which passes through the two points a
lycerol. The dashed lines are from Evans’ model (Eqs. [6]–[8]). The opti
t of the model to the data was obtained withp1 5 0.71 6 0.03 andto 5
3.06 2 ps at 20°C. Experimental uncertainties are 10% and are on the
f the size of the icons. (B) Normalized rotational correlation times,tu/to,
ersush/T, in units of cP/°K for the spin labelI are plotted for differen
emperatures: open circles atT 5 608C, squares atT 5 338C, and triangle
t T 5 198C; and in different percentage glycerol solutions (0, 30, 70,
0%, going from left to right) for each fixed temperature. The Evans m
avep1 5 0.856 0.04 andto 26.55 1 ps at 20°C, in water, with a standa
rror of 0.14. The experimental uncertainties are shown as error bars:67% for

he 60°C data, and64% for the 33 and 19°C data.
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216 ROBINSON, MAILER, AND REESE
f the percentage of glycerol, and fitted the log–log plot
iscosity power law then we would have found a power
ependence oftu/to on h to the 0.886 0.02 power with a
tandard error of 0.18. However this fit is not physic
eaningful because it requires the pure water data, tak
ifferent temperatures, to lie at a single point and not o
orizontal line. In contrast Eq. [6] produces a line for e

emperature, with the power law dependence ofp1 5 0.85 6
.04,with a standard error of 0.10. The overall fit of the Ev
odel to the data is 70% better than a simple straight lin
espite both models having two adjustable parameters. Su

mprovement with no additional adjustable parameters o
3 data points is highly significant—more than 3 times
ignificance criterion of anF test at the 99% confidence lev
nspection of Fig. 3B shows that the model could agree b
ith the data if the power law exponent were made to de
n temperature; the power would decrease with increa

emperature.

Change of hyperfine splitting (hfs) with concentrati
oncentration changes have a noticeable effect on the ap
fs of the14N and15N lines. Figure 4A shows that the hyperfi
eparations as a function of spin label concentration, [NO
oth spin species,a# j([NO]) (where j is 14N or 15N) have the
amelinear dependence on concentration (viz.,225 mG/mM).
he plots in Fig. 4B show that the hyperfine splittings du

he proton or deuteron are also linearly dependent upo
oncentration of spin label, but the dependence is weaker
or the nuclei shown in Fig. 4A. Such a linear dependenc
# j([NO]) was first reported by Halpern (14) for the single axia
roton in monoprotonateddCTPO (IV ) wherea# H(0) 5 0.5 G.
he results presented here show that a linear dependen

# j([NO]) with spin label concentration is quite universal for
he magnetic nuclei in spin labels.

What is unusual about this result is that it is completel
dds with the predictions of simple exchange theory fo

wo-site jump model. The classical text on exchange by M
13) discusses the way in which exchange broadened
istort and move as exchange increases. For slow exchan
ondition is

Kex z [label] ! a# j, [14]

hereK ex is the exchange rate, [label] the label concentra
nd a# j the hyperfine splitting, which is a function of lab
oncentration. The productK ex z [label] is the two-site hoppin
ate. Simple two-site jumping theory shows that in slow
hange the lines broaden by an amountDv1/2:

Dv1/ 2 5 Kex z [label], [15]

nd in slow exchange the inward line shiftdv is given by

dv 5 ~K z @label#! 2/a# ~0!, [16]
ex j
a

at
a
h

s
t,
an
e

e

er
d
g

.
ent

r

o
he
an
f

of

t
a
n
es
the

,

-

herea# j(0) is the hyperfine splitting at zero spin label c
entration. More rigorously,

dvS1 1
dv

a# j~0!D 5 ~Kex z @label#! 2/a# j~0!, [17]

hich should be quadratic in label concentration and inve
roportional toa# j(0) in the slow exchange limit (Eqs. [3.2]

3.4] on page 108 of (13)). For 15N spin labels at 1 mM
oncentration in water, the slow exchange regime applie
ause of Eq. [14]:a# 15N(0) at 22 G is 100 times greater thanK ex z
label], which is approximately 0.2 G (ignoring statistical f
or effects) and in excellent agreement with Molin’s data
able 4.22 (13). The line broadening predicted by Eq. [1
grees with the experiment as already discussed.
How do the experimentally determined line shifts comp
ith theory? Figure 5 plots the dependence of the slope o
yperfine splitting with label concentration,2(a# j)/[NO], vs

he magnitude ofa# j(0). The experimental data could not
ore at odds with the predictions of Eqs. [16] or [17]:
xample, for 1 mM15N label in solution the theoreticaldv is
bout 9 mG whereas the experimental value is at 25
Fortuitously, the experiment and theory agree when the
oncentration is around 2.5 mM.) All attempts to fit the dat
he quadratic form of Eq. [16] failed. The observed shif
inear (not quadratic) in concentration and isnot inversely
roportional toa# j , which is a sensitive test of the validity
q. [16]. At the smaller hyperfine splitting of 190 mG (aris

rom methyl protons) and 30 mG (methyl deuterons)—wh
ex z [label] . a# j and one is no longer in slow exchange—
oncentration effect isstill linear. The shifts with concentratio
re linear and independent ofa# j(0) over a 40-fold range o
yperfine splitting (froma# j 5 22 G for 15N to a# j 5 0.5 G for
n axial proton).Never does dv increase asa# j become
maller.
Halpern has suggested Eq. [2.142] on page 68 of the M

ext (13) to explain the result. This equation is

dv 5 2d j z t z Kex z [label]/2. [18]

sually d j 5 2a# j and t is the contact time for the collisio
hich is on the order of the rotational correlation time (21).
quation [18] can be modified to agree with the experimen
bserved data over the entire hfs range if we maket 5 1/R1e

nd redefined j to be 2/d j 5 1/a# j 1 1/R2e so that

dv

[label]
5 2Kex z a# j~0! z

R2e/R1e

a# j~0! 1 R2e
, [19]

hereR1e ; 1 G andR2e 5 0.13 G. In the limit wherea# j is
mall Eq. [19] goes to Eq. [18] and whena# j is large dv
ecomes independent ofa# j as required for agreement with t
xperiment as shown in Fig. 5. Equation [19] points up
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217LINEWIDTH ANALYSIS OF SPIN LABELS IN LIQUIDS, II
ependence of the shift on the relative magnitudes ofa# j and
2e. The apparent dependence upon some slow process, s

he suggestedR1e process, might appear surprising and is
onsistent with the original derivation of Eq. [18] in the Mo
ext (13). Such a purely empirical explanation underscores
iscrepancy between theory and experiment and hope
oints the way to how the theory needs to be modified.
We emphasize that the experimental linewidthbroadening
ith concentrationdoesfit Molin’s theoretical model of Eq

15], even though the quadratic line shift predicted by Eq.
oes not. We were concerned that our data analysis me
logy was the source of the problem. In the companion p
I) we noted the failure of the program to fit the data at h
oncentrations (.2–3 mM). We therefore simulated two-s
ump spectra based on the Molin model and analyzed
imulated lineshapes with our data analysis program.
esults showed that the linewidth did increase in agree
ith Eq. [15] and the line shift did change quadratically
ording to Eq. [16]. Therefore, we can rule out the possib
hat the analysis program somehow produced a linear sh
n attempt to fit the spectra, missing the subtleties of

wo-site jump lineshapes. We speculate that the answer
isagreement must, at the very least, involve a reinterpret

he

d

are

fit

4
B)
e

is

FIG. 5. Plot of the dependence of the slope of the hyperfine splitting
abel concentration,2(a# )/[NO], vs the magnitude ofa# (0). Theempirical
ormula to fit these data is Eq. [19]:dv/[label] 5 (0.027z a# j )/(a# j(0) 1 0.13)
ith K ex z R2e/R1e 5 0.027 andR2e 5 0.13 G. The experimental uncertaint

obtained from Fig. 4) are the size of the data points.

he best fit with a zero label concentration intercept of 0.1956 0.0003 G with
slope of20.01746 0.0006 G/mM. The standard error of the fit was 0.
. (Bottom) The data are shown as circles and the solid line is the best fi
n intercept of 0.02956 0.0004 G and with a slope of20.00426 0.0002
/mM. The standard error of the fit was 0.0006 G. The experimental u

ainties are the size of the data points in all plots.
FIG. 4. (A) Plots of the hyperfine separations,a# , as a function of the sp
label concentration [NO],a# j([NO]) for speciesj , wherej 5 14N (top) or j 5
15N (bottom). The hyperfine separations of the14N and 15N lines have a linea
dependence on concentration of spin label. (Top) The field separation
high-field line (m 5 21) from the center line (m 5 0) versus concentratio
is shown as triangles for (III ). The best straight line fit shown as a solid
gave an intercept of 16.0746 0.003 G with a slope of20.0256 0.002 G/mM
spin label. For the difference between the center line (m 5 0) and the low-field
line (m 5 11) versus concentration the data (circles) were fit to the
straight line with an intercept of 15.9926 0.004 G with a slope of20.0256
0.002 G/mM. The intercepts are not the same because the three EPR li
unequally spaced due to second order effects (23). The standard error of th
upper and lower fits are 0.009 and 0.008 G, respectively. (Bottom) For th15N
label (I ), the field separations of the high-field line (m 5 21

2) from the lowe
line (m 5 11

2) vs concentration are shown as circles. The best straight l
(shown as a solid line) had an intercept of 22.4506 0.002 G with a slope o
20.02656 0.0004 G/mM spin label. The standard error of the fit was 0
G. The experimental uncertainties are the size of the data points in all plo
The linear dependence on concentration of spin label for the splittings
12 methyl protons (H) in (III ) (top) and the corresponding 12 methyl deute
(D) in (I ) (bottom). (Top) The data are shown as squares and the solid
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218 ROBINSON, MAILER, AND REESE
f the contact time. It is more likely the answer lies wit
ifferent dynamic model for the nitroxide–nitroxide inter

ions which takes into account the nature of the translat
otion and the collisions between labels.
The experimental linewidthsR# 2e (computed as the avera

f the two linewidths in the15N spectrum) of spin label (I ) in
, 15, 40, and 70% glycerol are plotted as a function of

abel concentration in Fig. 6. TheR# 2eo term is a known quantit
or each datum point being computed fromtu as calculate
rom the experimentalB parameter using the Goldman eq
ions (1). The percentages of glycerol, as well as the con
rations of nitroxide and oxygen, are all known. The o
djustable constants areC9NO andC9O2 (the relaxivities in wate
t To 5 20°C) anda1 andb1. We can therefore fit the data

he model described by Eq. [13] to obtain the linewidths,R# 2e
calc,

hich are also shown in the figure. The optimum values ofpNO

a1 5 0.45 6 0.04 (for the spin label) andpO2 5 b1 5
.42 6 0.2 (for oxygen) are the power law dependencies

he nitroxide and for oxygen collision processes in 10
lycerol. The power dependence of oxygen reported here
ood agreement with values ofpO2 5 0.536 0.08 based on th
inetics of diffusion-controlled transport of oxygen to myog
in in water/glycerol mixtures (22) and ofpO2 5 0.486 0.05

rom the measurements of Jordanet al.(10). The relaxivities in
ater at 20°C for the spin labels and Oare 926 2 and 4176

FIG. 6. A plot of calculated linewidths,R# 2e
calc, (*) compared toR# 2e, the

ean homogeneous linewidths of the two lines of15ND13 dCTPO (I ) in 0%
squares), 15% (circles), 40% (diamonds), and 70% (triangles) glycero
he range of spin label concentrations shown on thex axis. The O2 concen-
rations ranged from 0.095 to 0.28 mM and arose from the different solu
f O2 in various percentages of glycerol and with temperature. The tempe

or these 72 experimental data points varied only from 17 to 22°C. The m
sed for the fit is Eq. [13]. The optimum values werea1 5 0.45 6 0.04 (for

he spin label) andb1 5 0.426 0.2 (for oxygen). The relaxivities were 926
and 4206 20 mG/mM for spin label and O2, respectively. The standard er
f the theoretical fit to the data was 0.018 G. The inherent reproducibil
xperimental results gave an uncertainty of60.010 G and is shown as err
ars.
2

al

in

-
n-

r

in

0 mG/mM, respectively. Hence, by adjusting the power
ependencies to be approximately 0.5 for both the spin
nd the oxygen, we find excellent agreement between
redictions of theory and the experimental data. No adjus
xtra term need be added to the homogenous linewidth

racted from the CW experiments. The extent of the agree
s within the experimental uncertainties. The rather large
ertainty in the power for the O2 arises because oxygen bro
ning rapidly decreases as the glycerol percentage rises. T
ue to reduced translational diffusion and to reduced ox
olubility.

CONCLUSIONS

The most important conclusion of this work is that
xperimental linewidths of spin labels in liquids can be c
letely explained. The combination of the END and SR the
pplied to linewidths plus exchange interactions can qua

ively predict the experimental linewidths of the lines. T
elaxivities of model nitroxides over a range of viscositie
ow calibrated. A straightforward prescription for interpret

inewidths in terms of rotational motion is now establish
he power law dependencies of the rotational correlation t
n viscosity go as the 0.7 to 0.8 power of the viscosity in hig
ercentage glycerol mixtures. The power law dependenci

he translational diffusion coefficients on the viscosity ar
rder 0.5. Neither process for glycerol therefore obeys th
elation, although the rotational motion is clearly closer t
he simple SE prediction that translational correlation tim
imply proportional to the rotational correlation times is
bserved because of the;0.7 power dependence found. T
ower law dependence is very much consistent with the
ious experiments by Evans.
We now have a calibrated method to measure rotat

orrelation times. Different models for motion can be ea
ested as both absolute linewidthsand the relative difference
n linewidths must be explained by the same model.

Very subtle effects on the lines can be measured—se
rder splitting and shifts due to changes in concentration.

atter effect should be useful as a method of concentr
easurement, as pointed out by Halpern. We have de

trated it to be applicable toanyhfs splitting in any spin labe
nd remove the requirement of any special isotopic sub

ion.
Table 1 shows that the SF of the nitrogen nuclei have
ajor effect on the broadening, with the axial protons on

abel ring having a lesser effect. The measurement of ox
oncentration also now does not require special labels, a
inewidth analysis is sensitive enough to observe the very s
hanges due to the oxygen—tens of milligauss—even w
he natural linewidths are hundreds of milligauss. The rela
agnitudes of the relaxivities of oxygen and the spin la
ave been explained, leading to the conclusion that the t

ational diffusion processes for oxygen and spin label

er

y
re
el

f
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iscous media appear similar. Our results show that ox
elaxes14N labels slightly more strongly than15N labels.
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