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Abstract

A multiband (L-band, 0.7GHz; X-band, 9.4GHz; and W-band, 94GHz) electron paramagnetic resonance (EPR) study was

performed for two glycosidated spin probes, 4-(a; b-DD-glucopyranosyloxy)-TEMPO (Glc-TEMPO) and 4-(a; b-DD-lactopyranosyl-
oxy)-TEMPO (Lac-TEMPO), and one non-glycosylated spin probe, 4-hydroxy-TEMPO (TEMPOL), where TEMPO¼ 2,2,6,6-te-
tramethyl-1-piperidinyloxyl, to characterize fundamental hydrodynamic properties of sugar-connected spin probes. The linewidths

of these spin probes were investigated in various concentrations of sucrose solutions (0–50wt%). The multiband approach has

allowed full characterization of the linewidth parameters, providing insights into the molecular shapes of the spin probes in sucrose

solution. The analysis based on the fast-motional linewidth theory has yielded anisotropy parameters of qx � 2.6 and qy � 0.9 for
Glc-TEMPO, and qx � 4.2 and qy � 0.9 for Lac-TEMPO. These values indicate that the glycosidated spin probes have a prolate-type
molecular shape elongated along the x-axis (NO� axis) with Lac-TEMPO elongated more remarkably, consistent with their mo-

lecular structures. The interaction parameters k (the ratios of the effective hydrodynamic volumes to the real ones) corrected for the

difference in molecular shape have been estimated and found to have the relation k(TEMPOL)< k(Glc-TEMPO)� k(Lac-TEMPO).

This agrees with the expectation that glycosidated spin probes can have stronger hydrogen bonding to water. Glycosidated spin

probes are expected to be useful for probing sugar-involving interactions, which commonly occur in biological systems. Thus this

study will provide an indispensable basis for such spin-probe studies.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Linewidth, as well as the g value and the hyperfine

coupling constant, is one of the important parameters in

electron paramagnetic resonance (EPR), containing rich

information concerning the dynamics of molecules. In

particular, the linewidth of nitroxyl radicals has been a
subject of numerous studies, and the variation of their

linewidth has been utilized to probe various parameters
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such as cellular cytosol viscosity [1,2], membrane fluidity

[3], oxygen concentration [4], and structure of sucrose–

water mixture [5,6]. Of lots of possible nitroxyl-based

spin probes, sugar-connected spin probes such as 4-(DD-

glucopyranosyloxy)-TEMPO (Glc-TEMPO), where

TEMPO ¼ 2,2,6,6-tetramethyl-1-piperidinyloxyl, would

be interesting. Valuable information concerning sugar-
involving interactions in biological systems may be

gained from studies using sugar-connected spin probes.

In fact, Struve and McConnell [7] showed that 4-(DD-

galactopyranosyloxy)-TEMPO (Gal-TEMPO) can be a

substrate of a transporter protein (galactoside permease)
reserved.
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Fig. 1. Spin probes and the molecular-axis system.
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and actually taken up by Escherichia coli cells through

this protein. It is also reported that Gal-TEMPO can be
a substrate of galactosidase [7,8]. Furthermore, Peerce

[9] reported that Glc-TEMPO can interact with a glu-

cose transporter, and thus may be used to probe the

activities of this transporter. These possibilities have

prompted us to investigate EPR linewidth properties of

glycosylated spin probes to characterize their funda-

mental hydrodynamic properties.

In the present study, we have characterized hydro-
dynamic properties of two glycosidated spin probes,

Glc-TEMPO and 4-(DD-lactopyranosyloxy)-TEMPO

(Lac-TEMPO), and one non-glycosylated spin probe,

4-hydroxy-TEMPO (TEMPOL) (Fig. 1). They were

examined in various concentrations of sucrose solutions

by L-band (0.7GHz), X-band (9.4GHz), and W-band

(94GHz) EPR spectroscopy. The multiband approach

has allowed full characterization of the linewidth pa-
rameters, which permits estimation of the molecular

shapes of the spin probes in solution. Sucrose solution

would be a good model for cellular fluids because su-

crose is often a major solute constituent in cellular fluids

(particularly in plants) and bears good affinity to cells as

has been demonstrated by frequent use of this disac-

charide for adjustment of osmotic pressure and protec-

tion from freezing damage [10].
2. Theoretical background

In the framework of the fast-motional regime, the

linewidth parameters A, B, and C can be written down

in terms of the components of the rotational diffusion

tensor R, the g tensor, and the hyperfine coupling tensor
A together with an empirical parameter A0 representing

the contribution independent of the rotational diffusion.

Theoretical expressions for the linewidth parameters

have been given elsewhere; for example, in [11] for the
case of isotropic rotational diffusion and in [12] for the
case of completely anisotropic rotational diffusion. The

equations for the anisotropic diffusion case can be

transformed into the allowed-value equations (AVEs)

with respect to the anisotropy parameters qx and qy

(qx ¼ Rx=Rz and qy ¼ Ry=Rz) as [12,13]

aCBqx ¼ bCBqy þ cCB; ð1:1Þ

aABqx ¼ bABqy þ cAB; ð1:2Þ

where the former equation comes from the division C/B
and the latter from (A)A0)/B. The explicit forms of aCB,
bCB, cCB, aAB, bAB, and cAB have been given elsewhere
[12].

The rotational diffusion tensor R is related to the

shape and the size of the solute molecule. For an ellip-

soidal solute molecule which has principal radii of rx, ry,

and rz, the principal components of R can be written as

[12]

Ri ¼
3kBT
16pkcig

; i ¼ x; y; z; ð2Þ

where k is an empirical interaction parameter account-

ing for non-ideal Stokes–Einstein behaviors in the sol-

ute–solvent interactions (e.g., slip), and

ci ¼
r2j þ r2k

r2j Qj þ r2kQk
; i 6¼ j 6¼ k 6¼ i; ð3Þ

Qi ¼
Z 1

0

dsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr2i þ sÞ3ðr2j þ sÞðr2k þ sÞ

q ; ð4Þ

and the other symbols have usual meanings. The rota-

tional correlation time sR is also used to characterize the
molecular tumbling motion, and conventionally defined

as

s�1R ¼ 2Rz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqs � dÞðqs þ 2dÞ

p
; ð5Þ

where

qs ¼ 1þ qx þ qy ; ð6Þ

d ¼ 	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� qxÞ

2 þ ð1� qyÞ
2 þ ðqx � qyÞ

2

2

s
: ð7Þ

The sign of d should be positive when the molecular

ellipsoid is prolate or can be approximated as prolate,

and negative when the ellipsoid is oblate or can be ap-
proximated as oblate [12]. Using Eq. (2) and the equa-

tion for the volume of the ellipsoid, V ¼ 4prxryrz=3, one
can rewrite Eq. (5) as

sR ¼ kfshapegV
kBT

; ð8Þ

where

fshape ¼
2cz

rxryrz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqs � dÞðqs þ 2dÞ

p : ð9Þ
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We may call fshape a shape-correction factor. Corrected
by fshape, the k values based on Eq. (8) can be compared

with one another regardless of a difference in molecular

shape. When the molecule has a uniaxial symmetry, Eq.

(4) can be reduced to an analytical form, and thus qx (or

qy) and fshape can be expressed analytically in terms of
the ratio of the principal radii rx/rz (or ry/rz) [14,15].
3. Experimental

3.1. Material

Glc-TEMPO was prepared by deacetylation of tetra-

O-acetylated Glc-TEMPO [16] using sodium methoxide

according to a standard method. Lac-TEMPO was

synthesized in an analogous manner. The glycosidated
spin probes used in this study were mixtures of the

a- and b-anomers. For Glc-TEMPO, the ratio was de-
termined as a:b� 1:3 [16]. Although the b-anomer of
Glc-TEMPO was purified and examined by X-band

EPR spectroscopy, no differences were found between

the EPR results of the purified b-anomer and the mix-
ture. Hence, no further attempts were made to purify the

anomers.

3.2. Measurements

X-band EPR spectra were recorded on a JEOL RE-

3X spectrometer. W-band EPR spectra were obtained

on the spectrometer constructed in our laboratory. In-

strumental details were described previously [17].

Briefly, the spectrometer consists of a wide-bore super-
conducting magnet (Suzuki Shokan; bore diameter ¼
100mm), a cavity-stabilized Gunn oscillator (Keycom,

CSO-01), dielectric waveguides (Keycom, DW110A), a

Fabry-P�eerot cavity (fabricated in Keycom), a balanced
mixer (MRI, BMR1W), and a lock-in amplifier (NF

electronic Instruments, 5610B). Tuning of the Fabry–

P�eerot cavity was made by adjusting the position of one
side of the mirrors with a stepping motor (Suruga Seiki).
This mirror also serves as a sample stage, on which 
1 ll
of sample solution was dropped and covered with a

coverglass. L-band EPR measurements were carried out

on a home-built spectrometer [18]. A sample solution

(500 ll) in a conical tube was measured using a surface-
coli resonator. For all measurements, temperature was

constantly monitored with a digital thermometer (Testo,

GT-110). No particular degas treatments were per-
formed because the spin probes investigated here have

relatively large unresolved hyperfine splittings and thus

broadening due to dioxygen is negligible. Experimental

conditions are as follows: For L band: microwave fre-

quency, 0.723–0.725GHz; microwave power, 10mW;

modulation width, 0.05mT; temperature, 
25 �C; sam-
ples, 0.5mM� 500 ll. For X band: microwave fre-
quency, 
9.44GHz; microwave power, 5mW; modu-
lation width, 0.05mT; temperature, 
25 �C; samples,
0.1mM� 10 ll. For W band: milliwave frequency,


94.0GHz; milliwave power, 5mW; modulation width,
0.13mT (TEMPOL), 0.25mT (Glc-TEMPO and Lac-

TEMPO); temperature, 10–15 �C; samples, 1mM� 1 ll.
The linewidths of the spin probes at W band were found

to be much larger than those at X band and L band, so

that larger field modulation was applied in W-band ex-
periments.

3.3. Analysis

The linewidth parameters were determined by nu-

merical fitting of EPR spectra. The fitting function em-

ployed was a sum of three lineshape functions, each of

which corresponds to one hyperfine line due the 14N
nucleus;

F ðB0Þ ¼ a
X
MI

f ðB0 � BresðMIÞ;WppðMIÞÞ þ b; ð10Þ

where a and b adjust the overall signal height and the

baseline offset, respectively. The symbols Bres(MI) and

Wpp(MI) denote the position and the peak-to-peak

linewidth of the Iz(
14N)¼MI hyperfine line, respectively.

The peak-to-peak linewidth is written as

WppðMIÞ ¼ App þ BppMI þ CppM2
I ; ð12Þ

where we have added the suffix ‘‘pp’’ to indicate that

they are derived from the peak-to-peak linewidths. (An

additional suffix may be used to distinguish the bands of

the EPR experiments as BK
pp; K ¼ L, X, and W). The

lineshape function f ðDB;WppÞ was assumed to be a

weighted sum of the Gaussian and Lorentzian functions

as

f ðDB;WppÞ ¼ cLLorentzianðDB;WppÞ
þ ð1� cLÞGaussianðDB;WppÞ: ð13Þ

The Lorentzian and Gaussian functions are set to have

the same peak-to-peak linewidth, and normalized to give

unity when doubly integrated from )1 to 1. The four

parameters App, Bpp, Cpp, and cL were varied to achieve

the best fits to experimental spectra (with additional
variations of Bres(MI)�s for adjustment of the line posi-
tions). For the W-band spectrum of Lac-TEMPO in

22.6wt% sucrose solution, however, the fitting resulted

in unexpected negative Cpp, though its magnitude was

small. Thus we fixed Cpp at zero only for this case.

For the principal components of the g and A(14N)

tensors, literature values for TEMPOL were used; gx, gy,

gz ¼ 2.0085, 2.0059, and 2.0021 and Ax, Ay, and Az ¼
0.77, 0.70, 3.62mT [11], where the axis system is shown

in Fig. 1. The g=T -independent term A0
pp was determined

from the intercept in the App–Bpp plot of the W-band

data: resulting values are A0
pp¼ 0.149	 0.003mT for

TEMPOL, 0.125	 0.004mT for Glc-TEMPO, and
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0.132	 0.021mT for Lac-TEMPO. Anisotropy param-
eters qx and qy, which were assumed to be independent

of g=T , were determined using the AVEs (Eqs. (1.1) and
Fig. 2. L-, X-, and W-band EPR spectra of TEMPOL (A), Glc-

TEMPO (B), and Lac-TEMPO (C) in various sucrose solutions (a,

0wt%; b, 22.6wt%; and c, 41.6wt%). For L band: m ¼ 0:723–

0.725GHz, T ¼ 25 �C; X band: m ¼ 9:44GHz; T ¼ 25 �C; and W band:

m ¼ 94:0GHz; T ¼ 10–15 �C.

Fig. 3. g=T dependence of the linewidth parameters, App (s), Bpp (j), and Cp

and n ¼ 2 for L-band data) for representative data points.
(1.2)), where the (App )A0
pp)/Bpp and Cpp/Bpp values

were determined from the W-band data and X-band

data, respectively. Rotational correlation times were

obtained on the basis of Eq. (5), where Rz was deter-

mined by searching the value that minimizes

½ðBpp � Bcalpp Þ
2 þ ðCpp � Ccal

pp Þ
2
1=2

for each set of the X-band data (Bpp, Cpp). Here Bcal
pp and

Ccal
pp were calculated using [12, Eq. (2)].

The viscosities of sucrose solutions were calculated

from the handbook values by interpolation [19]. Sol-

vent-excluded volumes of spin probes were obtained

using Cambridge soft corporation CS Chem 3D.
4. Results

4.1. Linewidth parameters

Representative multiband EPR spectra of TEMPOL,

Glc-TEMPO, and Lac-TEMPO are shown in Fig. 2, and

resulting linewidth parameters are plotted in Fig. 3. The
present results are in line with theoretical and experi-

mental results in literature [11,20]: Firstly, the g=T de-

pendence became remarkable with the increase of the

molecular size as TEMPOL<Glc-TEMPO<Lac-
TEMPO, which is consistent with the Stokes–Einstein

model. Secondly, while App showed very little variation

in the L- and X-band data, App in the W-band data

exhibited notable g=T dependence. This is because the
g=T -dependent contribution exceeds the g=T -indepen-
dent one A0

pp at W band. (As a result of the combination
p (n). Bars denote standard deviations (n ¼ 3 for W- and X-band data



Fig. 4. g=T dependence of the rotational correlation times obtained

under the assumption of isotropic rotational diffusion. Plotted are

sR(A) values from W-band data (d), sR(B) values from W-band data

(j), and X-band data (�), sR(C) values from X-band data (n) and L-

band data (.). Dashed lines are drawn to guide the eyes. Bars denote

standard deviations.

Fig. 5. Determinations of the anisotropy parameters qx and qy. Hat-

ched ellipses denote estimated error ranges. Lines corresponding to the

isotropic case are also shown for comparison.
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of the above two trends, we could not obtain enough
clear signals from Glc-TEMPO and Lac-TEMPO in

sucrose solutions of 30wt% and above.) Thirdly, Bpp

increased almost linearly with the increase of the EPR

frequency. This is in agreement with the theoretical

expectation that Bpp is essentially (or exactly when

the non-secular effects are negligible) proportional to the

resonance field. Lastly, Cpp did not increase with the

increase of the EPR frequency. This also agrees well
with the theoretical expectation that Cpp is essentially

independent of the EPR frequency. This nature makes

Cpp relatively unimportant at W band (less than 
10%
of Bpp). As a result of this, the Cpp values obtained for

Glc-TEMPO and Lac-TEMPO at W band are unfor-

tunately not very reliable.

4.2. Lorentzian ratio

The fitting of the EPR spectra also allowed us to

determine g=T dependence of the Lorentzian ratio. Since
the g=T -independent term A0

pp comes mostly from the

inhomogeneously broadened unresolved 1H hyperfine

splittings, the lineshape should be Gaussian when

App�A0
pp. On the other hand, the lineshape should

approach Lorentzian as App increases owing to a de-
crease of the rotational diffusion rate. Resulting Lo-

rentzian ratios showed that this is indeed the case: the

lineshape for TEMPOL was invariably relatively close

to Gaussian at X and L bands (cL
 0.3–0.5). Under the
same conditions, the lineshapes for Glc-TEMPO and

Lac-TEMPO varied from a mixture of Gaussian and

Lorentzian at low g=T (cL
 0.4–0.5) to the one close to
Lorentzian at high g=T (cL
 0.7–0.8). At W band, on
the other hand, the lineshape of the three spin probes

was invariably close to Lorentzian (cL
 0.7–1.0).

4.3. Anisotropy parameters

In order to test the relevance of the anisotropy in the

rotational diffusion, we first determined the rotational

correlation times by assuming isotropic rotational dif-
fusion. Results are plotted against g=T in Fig. 4, where

sR(A), sR(B), and sR(C) are correlation times resulting
individually from the linewidth parameters App, Bpp, and

Cpp, respectively. The three types of correlation times

should coincide with one another when the rotational

diffusion is actually isotropic. Indeed the differences be-

tween sR(A), sR(B), and sR(C) for TEMPOL are not

significant when compared with the error ranges. Thus
we conclude that the anisotropy in the rotational diffu-

sion is not important for TEMPOL. For Glc-TEMPO

and Lac-TEMPO, on the other hand, the differences

between sR(A), sR(B), and sR(C) are significantly large.
Interestingly, sR(A), sR(B), and sR(C), respectively, form
well-defined curves in an EPR-frequency independent

manner, which strongly suggests that the anisotropy in
the rotational diffusion is not negligible for Glc-TEMPO

and Lac-TEMPO.

The above results indicate that further analysis taking

into consideration the anisotropy of the rotational dif-

fusion is desirable for Glc-TEMPO and Lac-TEMPO.

Following Kowert [13] and Budil et al. [12], we deter-

mined the anisotropy parameters qx and qy on the basis

of the AVEs (Eqs. (1.1) and (1.2)). The two AVEs give a
set of two lines, and their intercept indicates the qx and

qy values. Resulting lines for Glc-TEMPO and Lac-

TEMPO are shown in Fig. 5 along with those for the



Table 1

Important parameters for TEMPOL, Glc-TEMPO, and Lac-TEMPO

TEMPOL Glc-TEMPO Lac-TEMPO

A0
pp (mT) 0.149	 0.003 0.125	 0.004 0.132	 0.021

(AWpp � A0pp)/jBWppj 2.19	 0.03 2.33	 0.10
CX
pp=jBXppj 0.895	 0.009 0.819	 0.007

qx 1a 2.6 4.2

qy 1a 0.9 0.9

rx/rz
b 1a 2.6 3.7

fshape
b 1a 1.23 1.49

V (�AA3)c 180 330 470

a Fixed value.
bObtained under the assumption ry ¼ rz.
c Obtained by molecular model calculation.

Fig. 7. Sucrose concentration dependence of the interaction parameter

k for TEMPOL (s), Glc-TEMPO (j), and Lac-TEMPO (n). Dashed

lines are eye guides generated by data fitting to the fifth-order poly-

nominal.
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isotropic case. The ratios of the linewidth parameters

used for the calculations of the lines are listed in Table 1.

These ratios are significantly different from those ex-

pected for the isotropic case (AW
pp )A0

pp)/B
W
pp¼)1.913

and CX
pp/B

X
pp ¼)1.062. In harmony with this, the in-

tersections are significantly different from that for the

isotropic case qx ¼ qy ¼ 1, appearing at qx � 2.6 and

qy � 0.9 for Glc-TEMPO and qx � 4.2 and qy � 0.9 for
Lac-TEMPO. Estimated error ranges are illustrated as

ellipses in Fig. 5. The error range for Lac-TEMPO is

unfortunately very large because of the large uncertainty

in (AW
pp )A0

pp)/B
W
pp for this spin probe. Nevertheless, the

trend, 1 < qx(Glc-TEMPO)< qx(Lac-TEMPO), is out-

standing even under such a large uncertainty.

4.4. Rotational correlation time and interaction parameter

Fig. 6 shows the g=T dependence of the rotational

correlation time sR obtained from the X-band linewidth

parameters using the above determined qx and qy values

(qx ¼ qy ¼ 1 is assumed for TEMPOL). To determine

the interaction parameter corrected for the difference in

the molecular shape, we must calculate the shape-cor-

rection factor fshape (Eq. (9)). In the calculation, we ap-
proximated the rotational diffusion tensors as uniaxial
Fig. 6. g=T dependence of the rotational correlation time sR obtained
with the anisotropy in the rotational diffusion taken into consideration

for TEMPOL (s), Glc-TEMPO (j), and Lac-TEMPO (n). Dashed

lines represent simple linear fittings of the data.
(i.e., qy ¼ 1) because the resulting qy values are actually

close to unity and because this approximation allows

analytical calculation of Eq. (4) [14,15]. Then, by using
the relation qx ¼ cz=cx and Eqs. (3) and (4), we obtained
rx/rz � 2.6 for Glc-TEMPO and rx/rz � 3.7 for Lac-

TEMPO, which provide fshape¼ 1.23 for Glc-TEMPO
and 1.49 for Lac-TEMPO. For TEMPOL, which is as-

sumed to be spherical, fshape¼ 1 was obtained. Addi-
tionally, molecular volumes (solvent-excluded volumes)

were estimated by molecular model calculation as

V ¼ 180�AA3 for TEMPOL, 330�AA3 for Glc-TEMPO, and
470�AA3 for Lac-TEMPO. With these values, we obtained

the shape-corrected interaction parameters k, which are

plotted against sucrose concentrations in Fig. 7.
5. Discussion

We have analyzed the multiband EPR data in the
framework of the fast-motional regime [21], and ob-

tained several parameters relevant to the hydrodynamic

properties of the spin probes. The anisotropy parame-

ters qx and qy are related to the shape of the molecule:

roughly speaking, qi > 1 means that the molecular el-

lipsoid is elongated along the i axis compared to the z

axis (ri > rz), and qi < 1 means the opposite. Thus the
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resulting qx and qy values indicate that the molecules of
Glc-TEMPO and Lac-TEMPO are approximately in a

prolate shape elongated along the x axis. For nitroxyl

radicals, the molecular x axis is along the N–O� direction

(Fig. 1). Thus the obtained relations, qx > 1 and qy � 1,
are totally consistent with their molecular structures,

where the glucosyl and lactosyl groups are connected at

the para position of NO�. Furthermore, the result that

the qx value for Lac-TEMPO is larger than that for Glc-
TEMPO agrees with the fact that the lactosyl group is

larger than the glucosyl group. The ratios of the prin-

cipal radii of the molecular ellipsoids have been esti-

mated as rx/rz � 2.6 for Glc-TEMPO and rx/rz � 3.7 for
Lac-TEMPO. According to molecular models, TEM-

POL, the glucosyl group and the galactosyl group are

roughly in the same size; i.e., a sphere of 
3.5�AA radius.

Thus, if the constituting groups are aligned linearly, Glc-
TEMPO would have rx/rz � 2 and Lac-TEMPO would

have rx/rz � 3. Such a molecular geometry can be sup-
ported by the previous X-ray crystallographic result for

tetra-O-acetylated Glc-TEMPO [22]. The rx/rz values

based on the molecular models are comparable with

those estimated from the anisotropy parameters. Al-

though quantitative agreements are not excellent, the

agreements are still satisfactory in consideration of the
large uncertainties in qx and qy.

Anisotropy parameters of some other spin probes

and spin adducts have been reported in literature. For

example, Budil et al. [12] obtained qx � 1.8 and qy � 1.5
for TEMPONE-d16 in toluene-d8. They pointed out that

these values agree with those expected from a molecular

model (qx ¼ 1:35 and qy ¼ 0:97). These values are fairly
close to the isotropic case (qx ¼ qy ¼ 1). This is consis-
tent with our results showing qx � qy � 1 for TEMPOL,
whose molecular dimensions are similar to those of

TEMPONE. Smirnova et al. [23] investigated tetradecyl

and methyl adducts of phenyl tert-butylnitrone (PBN),

and estimated as qx � qy � 1.0, and qx � 2.7 and

qy � 3.6, respectively. They attributed the nearly iso-

tropic qx and qy values for tetradecyl-PBN to a folding

of the long alkyl chain. The anisotropy parameters for
the latter adduct indicate an oblate-type molecular

shape, which is consistent with its molecular structure. A

more complex spin probe, 3-doxyl-17b-hydroxy-5a-an-
drostane (referred to as Probe #1 as in the original pa-

per), was also investigated, and qx � 1.6 and qy � 5.8
were reported [24]. Quite interestingly, the relation

qx > qy � 1 for Glc-TEMPO and Lac-TEMPO is re-

versed in Probe #1. For Probe #1,the long axis is ex-
pected to be perpendicular to the N–O� direction within

the C–N(–O�)–C plane. Hence the reverse of the relation

well reflects the difference in molecular shape between

the two types of spin probes, reinforcing the validity of

the anisotropy parameters.

The interaction parameter k is a measure of devia-

tion from the ideal Stokes–Einstein behavior in the
solute–solvent interactions. A decrease of k from unity
indicates that the solute-solvent interactions are weaker

than those expected for the ideal case [25]. Such a de-

crease usually occurs owing to the slip between the

solute and solvent molecules (or between the solvent

molecules in one sphere and the next sphere). Fig. 7

shows that the interaction parameters of Glc-TEMPO

and Lac-TEMPO are invariably larger than that of

TEMPOL. This is quite reasonable because the gly-
cosidated spin probes can have stronger hydrogen

bonding to water molecules, which will make the slip of

the solvent less frequent. The decrease of k with the

increase of sucrose concentration is also reasonable

because the increase of sucrose would decrease the

number of water molecules that can interact with the

spin probes. Hydrodynamic properties of non-glycosi-

dated spin probes in sucrose solution have been in-
vestigated by Roozen and Hemminga [5,6]. They found

that the interaction parameter k decreases abruptly

when the sucrose concentration exceeds 
40wt%. This
abrupt decrease was attributed to some solution

structural change in the sucrose–water mixture. It was

reported that all the water molecules become to be

involved in hydrogen bonding to sucrose (directly or

indirectly) around the concentration of 30–40wt%,
which leaves very few water molecules that can form

hydrogen bonding to the non-glycosylated spin probes

[5,6]. Fig. 7 indeed exhibits a turning point around the

sucrose concentration of 30–40wt% for TEMPOL,

which appears to be consistent with the findings by

Roozen and Hemminga [5,6]. Furthermore, similar

turning points can be seen around 40wt% in the plots

for Glc-TEMPO and Lac-TEMPO, though they are
less clear. These results suggest that the change in the

sucrose-solution structure affects less the hydrodynamic

properties of the glycosidated spin probes. This is not

surprising because the sugar group in the glycosylated

spin probes is likely to retain some degree of hydrogen

bonding to water in such high concentrations of su-

crose solutions.
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