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Spin-Label-Induced Selective 13C Nuclear Relaxation: Structures 
of the y-Cyclodextrin-Tempone and a-Cyclodextrin-Di-tert-butyl 
Nitroxide Inclusion Complexes in Solution 
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Department of Chemistry, Northern Arizona University, Flagstaff, Arizona 8601 1, Isotope 
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Los Alamos, New Mexico 87545, and Department of Chemistry, University of 
Texas at El Paso, El Paso, Texas 79968. Received December 27, 1988 

ABSTRACT. The relative positions of the guest molecules in the y-cyclodextrin-Tempone and the a-cy- 
clodextrind-tert-butyl nitroxide inclusion complexes have been determined from spin-label-induced l8C nuclear 
relaxation rates. The structures of the complexes are consistent with the sizes of the nitroxide guests relative 
to the hydrophobic cavity of the cyclodextrins and with the thermodynamics of complex formation. Selective 
proton-decoupled lsC spectra demonstrate that the assignments of C2 and C5 are reversed in y-cyclodextrin 
relative to a- and 8-cyclodextrins. 

Cyclodextrins (CDs') are a-1,Clinked cyclic oligomers 
of D-glucopyranose that form inclusion complexes with a 
variety of small molecules.2 The structure of a-CD is 
shown in Figure 1. Interest in the properties of these 
complexes has been stimulated by their suitability as 
model systems for probing the physical and chemical basis 
of molecular recognition. CDs are water soluble, have a 
hydrophobic cavity for specific binding of substrates, and 
either have catalytic groups or have sites for the intro- 
duction of such catalytic groups. Consequently, one of the 
most interesting applications of CDs is as simple model 
enzyme systems for physical and chemical study.3 In ad- 
dition, the CDs have intriguing practical applications as 
solubilizing agents for drug delivery and as selective 
reagents in extractions and  separation^.^ 

An important step toward understanding the forces 
responsible for formation of CD inclusion complexes is 
characterizing the structure and dynamics of the complexes 
in solution. Magnetic resonance spectroscopies have been 
applied successfully to study both structure and dynamics 
in a variety of CD complexe~.~ The majority of ESR 
studies have focused on complexes between 8-CD and 
nitroxide-free radicals because nitroxides complexed by 
this molecule exhibit significant changes in g values and 
hyperfine splitting constants compared to uncomplexed 
radicals. Complexes formed between nitroxides and either 
a-CD or 4-CD have received relatively little attention 
because the changes in the ESR spectra that accompany 
complexation are relatively small. However, one of us 
(M.P.E.) has recently shown that Heisenberg exchange 
rates can be used to determine the thermodynamics and 
kinetics of a-CD and 4-CD complex formation with nitr- 
oxides;6 this has expanded the number of CD-nitroxide 
complexes that can be studied by ESR. 

NMR spectroscopy has been widely used for the study 
of CDs in both the solution and solid state. Several studies 
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have used cross relaxation and chemical shifts to determine 
geometries and location of substrates in the CD ~ a v i t y . ~  
A potentially powerful technique that has not been widely 
used in studying CD complexes is paramagnetically in- 
duced relaxation of nuclear spins. This technique, intro- 
duced by Mildvan and cO-workers,8 has been used advan- 
tageously for the study of macromolecular systems. In 
favorable cases, it has provided a very detailed picture of 
the structure and dynamics of bimolecular and trimole- 
cular complexes of enzymes with a variety of substrates 
and cofactors. To our knowledge, only two reports using 
this technique on CD complexes have appeared? Ohara 
and Kobayashi observed the effecta of several nitroxides 
on the 'H spectra and lH T,s of 8-CD and showed that 
some resonances were selectively relaxed by the nitroxides. 
However, the results were not quantitatively analyzed to 
provide details on the position of the nitroxide in the 
inclusion complex because the 'H spectra are poorly re- 
solved. Although the effects of paramagnetic molecules 
on '3c relaxation rates are smaller than their effecta on 'H 
relaxation rates, the effeds are readily detedable, and the 
greater resolution of 13C spectra make this nucleus an 
attractive probe for macromolecular systems." This paper 
reports the effects of nitroxide-induced relaxation on the 
13C relaxation rates of nitroxide-CD inclusion complexes 
and shows that this method gives direct measures of the 
positions of the nitroxide substrates in the inclusion com- 
plex. 

Experimental Methods 
a-CD and y-CD were purchased from Advanced Separation 

Technologies, Inc., Whippany, NJ, and used as received. The 
proton and carbon NMR spectra were consistent with the absence 
of any impurities. Tempone and di-tert-butyl nitroxide (DTBN) 
were purchased from Aldrich Chemical Co. Sodium ascorbate 
was obtained from Sigma. Solutions for NMR analysis were 
prepared by dissolving 50-100 mM of CD in 2.5 mL of degassed 
20% or 99% D20/H20 and adjusting the pH to between 6.8-7.8 
with HC1 and NaOH. Reported pH values are uncorrected pH 
meter readings. The concentration dependence of the nuclear 
relaxation rates was determined by titrating aliquots (10-40 pL) 
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Figure 1. Shcture of a-CD with the carbon atoms of the glumyl 
residues numbered. 
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Figure 2. Proton-decoupled lac NMR spectra of (a) y-CD, (b) 
y-CD-Tempone inclusion complex, and (c) y-CD-reduced Tem- 
pone inclusion complex. 

of freshly prepared solutions of nitroxides into the CD solutions. 
lH COSY spectra for assignments were obtained on a Bruker 

WM300, and selective proton-decoupled carbon spectra were 
obtained on an IBM/Bruker AF250 pulsed NMR spectrometer. 
Chemical shifts were referenced to internal TSP and are judged 
accurate to 0.008 ppm, on the basis of the digital resolution of 
the spectra and the reproducibility between identical samples. 
All relaxation measurements were performed on the WM300 at 
298 K. Spin-lattice relaxation times were determined by in- 
version-recovery pulse sequences using 15 T valuea and delay times 
greater than 5T,. The intensities of the apodized (line broadening 
= 5 Hz), transformed, and normalized spectra were fit to expo- 
nential curves by using three parameters by D I ~ W " ~  software. 
In all casea, the standard deviations reported by the software were 
less than 7% of the T1 values. 
yCyclodextrin-Tempone Inclusion Complex 

The effects of 2,2,6,6-te~amethyl-4-oxopiperidinyl-l-oxy 
(Tempone) on the 13C spectra of y-CD in D20 are shown 
in Figure 2. Figure 2a is the spectrum of 15 mM y-cy- 
clodextrin in D20, pH 7.09. The carbon assignments for 
C1, C4, and C6 were based on the assignments reported 
in the literature for a- and j3-CDs.12 The carbon numbering 
scheme for the glucosyl residues is shown in Figure 1. The 
carbon assignments were verified and carbon assignments 

Table I 
Chemical Shifts (6 )  and Spin-Lattice Relaxation Times 

(T,) for y-CD-Tempone Complexes 
C1 C2 C3 C4 C5 C6 

6 free yCD 104.361 75.029 75.650 83.100 74.528 62.901 
6 Tempone-y- 104.380 75.030 75.696 83.113 74.591 62.929 

6 reduced 104.366 75.028 75.633 83.131 74.500 62.903 

T, free yCD 0.174 0.187 0.188 0.185 0.184 0.107 
TI reduced 0.178 0.191 0.193 0.189 0.184 0.107 

CD complex 

complex 

complex 

- .  
0 00 0 02 0 04 0 06 0 08 

mole tnc. 

Figue 3. Effects of Tempone on the spin-lattice relaxation rates 
(Rl) of carbon nuclei in y-CD. Spin-lattice relaxation rates are 
plotted as a function of the mole fraction of y-CD present in the 
y-CD-Tempone inclusion complex: (e) c1; (0) c2; (0) c3; (A) 
C4; ( ) C5; (m) C6. 

for C2, C3, and C5 were made on the basis of 2D 'H COSY 
spectral3 and selective proton-decoupled carbon spectra. 
Notably, the relative positions of the resonances from C2 
and C5 are reversed in y-CD relative to a-CD and 8-CD. 
Figure 2b shows the 13C spectrum of y-CD after addition 
of 0.4 mM Tempone to the solution; Figure 2c shows the 
spectrum of the complex after reduction of the nitroxide 
with 0.8 mM ascorbate. The selective effects of the nitr- 
oxide on the 13C line widths are readily apparent. The 
resonances from C3 and C5 of y-CD are most broadened 
by the nitroxide, and reduction of the nitroxide reverses 
the broadening. Chemical shifts for the free y-CD, y-CD 
in the presence of Tempone, and y-CD in the presence of 
reduced Tempone are given in Table I. Although all of 
the carbons give small shifts upon complexation with ni- 
troxide, the largest shifts are observed for carbons C3 
(0.04-0.06 ppm) and C5 (0.07-0.10 ppm). The small shifts 
observed for all of the carbon nuclei suggest that pseu- 
docontact shifts are contributing to the line widths of 
resonances in the y-CD-nitroxide complex. 

In order to quantitatively measure the selective effects 
of nitroxide inclusion on the relaxation of 13C resonances 
of y-CD, spin-lattice relaxation rates were determined as 
a function of Tempone concentration. To facilitate the 
interpretation of these results in terms of the structure of 
the complex, the spin-lattice relaxation rates were plotted 
as a function of the fraction of y-CD present in the com- 
plex. Mole fractions of complexed y-CD were calculated 
from the K, determined from ESR measurements? Figure 
3 shows the linear dependences of the relaxation rates of 
y-CD resonances on the mole fraction of y-CD complexed 
by Tempone. 

The observed spin-lattice relaxation rates for a CD 
nucleus in the presence of an exchanging nitroxide are 
given by14 

TI-lob = T1-ld + f m q / ( T l m  + 7,) + l/Tloa (1) 

where T1-ld is the diamagnetic contribution to the relax- 
ation rate, fm is the mole fraction of CD molecules com- 
plexing nitroxide, q is the stoichiometry of the nitroxide- 



3890 Eastman et al. Macromolecules, Vol. 22, No. 10, 1989 

Table I1 
!l'cl,,, and (r)nl for y-CD-Tempone Complexes 

C1 C2 C3 C4 C5 C6 
Tt-l- 17.61 19.83 42.49 29.22 40.45 25.85 

1." 

(r)nl 1.16 1.14 1.00 1.06 1.01 1.09 

CD complex, Tim-' is the paramagnetic relaxation rate for 
the nucleus in the nitroxide-CD complex, 7, is the lifetime 
of the nitroxide-CD complex, and 1/ Tl, is the relaxation 
rate from outer-sphere mechanisms. The stoichiometry 
of the y-CD-Tempone complex is 1:l: consequently q = 
1. In addition, outer-sphere mechanisms for this complex 
under these conditions are expected to be negligible.14 
Finally, if the lifetime of the complex, T,, is much shorter 
than the relaxation time Tim, then Tl, + 7, - Tl, and 
eq 1 can be simplified to 

(2) 
Comparison of the inverse of the rate constant for disso- 
ciation of the y-CD-Tempone complex ( N lo4 s-1)6 to the 
slopes of the lines in Figure 3 (10-50 s-l) demonstrates that 
the fast exchange limit applies, and T, can be neglected 
with respect to Tim. Consequently, the slopes of the lines 
in Figure 3 are approximately equal to l / T l m *  

In order to verify that complexation of the CD with the 
nitroxide was not changing the diamagnetic contribution 
to the relaxation rates for the y-CD-Tempone complex, 
the relaxation rates for a y-CD-reduced Tempone complex 
(0.81 stoichiometry) were measured and shown to be 
identical within experimental error with the rates for y-CD 
without Tempone (Table I). 

The relationships between the paramagnetic relaxation 
rates in the complex and the distances between the un- 
paired electron and the y-CD nuclei are given by the 
Solomon-Bloembergen equations. For relaxation of l9C by 
nitroxides a t  7.0 T, these equations can be simplified to14 

where C is a constant characteristic of the paramagnetic 
probe and the nucleus undergoing relaxation, r is the 
distance between the unpaired electron and the nucleus, 
and ~ ( T J  is the correlation function for the modulation of 
the dipolar interactions by motions of the complex and the 
Larmor frequencies of the nuclear and electron spins. If 
we assume that all of the nuclei in the y-CD-Tempone 
complex have similar motions, which is suggested by the 
similar diamagnetic NTls for all the carbon resonances in 
free y-CD and the reduced nitroxide complex, then the 
relative distances between the unpaired electron and the 
nuclei in the complex are inversely related to the sixth root 
of the relative nuclear relaxation rates: 

(4) 
The slopes of the plots of Tclobs versus f, (which are 

equal to T1-lm) for each resonance are given in Table 11, 
together with relative average distances (r) , ,  between the 
unpaired electron density on Tempone and each 13C nu- 
cleus. Carbons C3 and C5 are located closest to the un- 
paired electron, carbons C4 and C6 are next closest, and 
carbons C1 and C2 are located furthest from the unpaired 
electron density. If we assume a structural model for the 
y-CD-Tempone complex where the unpaired electron 
density is centered along an axis in the middle of the 
hydrophobic CD cavity, these estimated distances are in 
qualitative agreement with the chair structure of the py- 
ranoeyl ring observed in the solid-state structures of C D S , ~ ~  
where carbons 3 and 5 are puckered toward the inside of 
the cavity and carbon 2 and the acetal oxygen are puckered 
to the outside of the cavity (see Figure 1). These distance 

Tl-lohrj = Tl-lrj + f m ( l / T l n J  

TLlm = (C/d8f(7,)  (3) 

( T1-lmi) / ( T1-lmj) lI6 = (rj/ri) 

c1 

100 80 60 
ppm 

Figure 4. Proton-decoupled 13C NMR spectra of (a) a-CD and 
(b) a-CD-DTBN inclusion complex. 
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Figure 6. Effects of DTBN on the spin-lattice relaxation rates 
(Rl) of carbon nuclei in a-CD. Spin-lattice relaxation rates are 
plotted aa a function of the mole fraction of a-CD present in the 
a-CD-DTBN inclusion complex: (0) C1; (0) C2; (0) C3; (A) C4; 
(e) C5; (m) C6. 

Table I11 
TIw1, and ( r ) - ,  for a-CD-DTBN Complexes 

c1 c2 c 3  C4 C5 C6 
Tilm 28.06 35.19 103.71 34.57 18.58 7.74 
(r)rel 1.24 1.20 1.00 1.20 1.33 1.54 

estimates further suggest that the unpaired electron den- 
sity on Tempone penetrates significantly into the hydro- 
phobic cavity, where it is closer to the C6 carbon than to 
the C l  or C2 carbons. 

a-Cyclodextrin-DTBN Inclusion Complex 
In order to examine the sensitivity of the relaxation rates 

to the structure of the inclusion complex, we examined the 
complex between di-tert-butyl nitroxide (DTBN) and 
a-CD. The 13C spectrum of 43 mM a-CD in D20, pH 7.15, 
is shown in Figure 4a, and the spectrum in the presence 
of 3.7 mM DTBN is shown in Figure 4b. In contrast to 
the y-CD-Tempone complex, only one carbon resonance 
(C3) is broadened by the nitroxide in the a-CD-DTBN 
complex. Plots of the spin-lattice relaxation rates for the 
a-CD-DTBN complex versus the mole fraction of the 
a-CD in the complex are shown in Figure 5. The mole 
fractions were calculated from K, = 6 determined from 
ESR measurements? If the same approximations as above 
are made, which are valid for this complex as well, the 
slopes of these lines are equal to Tl, for the carbon nuclei 
of the a-CD-DTBN complex. Values for T1, and 
for each carbon nucleus in the a-CD-DTBN complex are 
given in Table 111. The relative distances between the 
unpaired electron density on DTBN and the carbon nuclei 
in a-CD suggest that the penetration of the nitroxide into 
the hydrophobic cavity in this complex is much more lim- 
ited than in the y-CD-Tempone complex. For the a-CD- 
DTBN complex, carbons C1, C2, C4, and C5 are 20-30% 
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y -Cyclodextrin-Tempone a -Cyclodextrin-DTBN 

Figure 6. Pictoral representation of the positions of the nitroxide 
guests in the CD hosts. 

further from the unpaired electron density than C3. 
Carbon 6 is more than 50% further away. These estimated 
distances are consistent with a structure for the complex 
where the nitroxide (average radius -7 A) is excluded from 
the interior of the a-CD cavity (radius -5 A). 

A qualitative comparison of the relative distances es- 
timated for the two complexes is instructive. If we use the 
X-ray and neutron diffraction crystal structures of CDs15 
as models for the positions of the glucosyl carbons, we can 
rank the distances between the various carbons and the 
top (wide end) of the hydrophobic cavity and between the 
various carbons and the center of the cavity of the cyclo- 
dextrin. From the top to the bottom of the cavity, the 
order (closest to furthest) is C3, C2 < C1, C4 < C5 < C6. 
From the inside to the outside of the cavity the order is 
C3, C5 < C4, C2, C1, C6. Ranking the relative positions 
of C4, C2, C1, and C6 is a difficult task because they are 
all very similar in distance to the center of the cavity. 
Comparison of these two ranking orders with the distance 
estimates in Tables I1 and I11 reveals that the distances 
between the carbons in the a-CD-DTBN complex and the 
unpaired electron follow (perhaps with the exception of 
C2) a top-down order, whereas the distances in the yCD- 
Tempone complex follow an inside-out order. The distance 
observed between the unpaired electron density and the 
C2 nucleus in the a-CD-DTBN complex can be accom- 
modated by placing the unpaired electron at  the center 
of the top of the hydrophobic cavity. The pucker of the 
pyranose ring makes the distance from the C2 nucleus to 
the center of the cavity greater than the distance from the 
C3 nucleus to the center. 

A comparison of the variation in the estimated relative 
distances is also useful. The relative distances in the a-CD 
complex vary by -50%, whereas the relative distances in 
the 7-CD complex vary by only 16%. This observation 
is consistent with the solid-state structures in which the 
relative distances of all of the carbon nuclei to the center 
of the cavity are more similar than the relative distances 
of the carbon nuclei to the top. An alternate and/or ad- 
ditional explanation for this observation is that the Tem- 
pone radical in the y C D  inclusion complex is sampling 
multiple conformations in the cavity. 

The relaxation data suggest models for the two com- 
plexes where the nitroxide in the a-CD complex is localized 
at  the top of the hydrophobic cavity, and the nitroxide in 
the y C D  complex is localized at  the center of the interior 
of the hydrophobic cavity as shown in Figure 6. These 
structures are quite consistent with the sizes of the hy- 
drophobic cavities and the nitroxide substrates and with 
the thermodynamics for formation of the complex. y C D  
has a cavity diameter of approximately 8.5 A. This is 
slight1 larger than the diameter of the Tempone substrate 
(-8 8;; consequently, the nitroxide is accommodated 
within the hydrophobic cavity, hydrophobic interactions 
between the guest and host are maximized, and the free 
energy for complex formation is large (K, - 200). In 
contrast, a-CD has a cavity diameter of 5-6 A, which is 
smaller than the diameter of the DTBN radical (-7 A); 
consequently, the nitroxide molecule is largely excluded 
from the hydrophobic cavity, hydrophobic interactions are 

minimal, and the free energy for complex formation is 
relatively small (K, - 6). 

Summary 
The results presented here show that (1) the 13C spectra 

of nitroxide-CD inclusion complexes are easier to treat 
quantitatively than the 'H spectra because they are better 
resolved, (2) the effects of nitroxide-induced relaxation can 
be used to determine a position for the unpaired spin 
density in the complex, (3) the structure of different 
complexes can be interpreted in terms of the size of the 
substrate relative to the size of the CD cavity and in terms 
of the association constant for complex formation, and (4) 
ESR data nicely complement the NMR measurements. 
Although determination of the absolute weighted average 
distances between the nitroxide spin density and the 
different carbon nuclei of the CDs in these inclusion com- 
plexes requires the determination of the correlation time, 
T ~ ,  from field-dependent relaxation measurements, the 
constrained nature of the CD structures allowed the pos- 
itions of the nitroxide substrates to be inferred from rel- 
ative measures of distances. This method may be appli- 
cable to investigations of a variety of CD inclusion com- 
plexes, including models for enzyme recognition and ca- 
talysis. 
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ABSTRACT: 13C NMR spectra of hydrated (l--’d)-/%D-glucans from various sources were recorded after 
equilibrating samples in an atmosphere of 96% relative humidity in a desiccator over 8 h to gain insight into 
hydration-induced conformational change or stabilization. It was found that the effect of hydration depends 
strongly on the initial conformation of the glucans studied. The 13C NMR peaks of curdlan hydrate (m, 
540) were substantially displaced (up to 2.5 ppm) from those of curdlan powder (form 11) owing to hydra- 
tion-induced conformational change as an intermediate step to form the triple helix. The reaultant conformation 
(form 11’) turned out to be the same as the single-helical portion of the elastic gel because the lSC chemical 
shifts of both states were identical within an error of hO.1 ppm. Hydration, however, did not induce any 
significant displacement of peaks for either glucans of low molecular weight (DP, I 38) or annealed curdlan, 
adopting form I (oligomer type) or form I11 (triple helix), respectively, but narrowed all  spectral peaks except 
for those of laminariheptaose. The peak narrowing is explained by distorted or interrupted conformations 
of the anhydrous state readjusting on hydration. It is now clear that the presence of a hydration-induced 
singlehelical conformation is an essential condition for gel-forming ability in linear (1+3)-&~glucans. Finally, 
the hydration-induced spectral change of paramylon is discussed. 

Introduction 
It is well recognized that a variety of physical properties 

of (1-.3)-&~-glucans such as density, crystallinity, solu- 
bility, gel-forming ability, etc., vary with the degree of 
polymerization and extent of branching, which depend on 
the source and history of the A linear 
(1-.3)-p-~-glucan of high molecular weight, curdlan (m, 
540), is known to form an elastic gel when its aqueous 
suspension is heated above 54 OC.l From a study of 
acid-degraded glucans, linear glucans with number-average 
degree of polymerization (DP,) > 20 were found to be 
insoluble in aqueous media: whereas branched glucans are 
soluble irrespective of their chain lengths.@ These physical 
properties are related to secondary or tertiary structures 
of individual chains, molecular assembly, or aggregation 
and consequently to their biological function as structural 
components in cell walls or as reserve polysaccharides in 
bacteria, algae, fungi, or plants. In addition, it has been 
proposed that such physical properties are closely related 
to their specific activity as biological response modifiers 
(BRM), including antitumor a c t i ~ i t y . ~ ~  

Previous solid-state ‘3c NMR s t ~ d i e s ~ J ~ - ’ ~  showed that 
the existence of three types of  conformation^,'^ form I 
(lower molecular weight oligomers), form I1 (single chain), 
and form 111 (triple helix), are distinguishable in linear and 
branched (1+3)-@-D-glUCanS by examination of the con- 
formation-dependent displacements of the C-3 13C NMR 
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peak17-19 at  the glycosidic linkages as well as a peak profile 
of C-2, C-4, and C-5 carbons among several types of sam- 
ples used (Table I). Conformational characterization by 
X-ray diffractionszz is feasible only for form I11 samples, 
as the others are noncrystalline. Further, we found that 
any attempt to achieve better crystallinity resulted in 
conformational changes, as judged by the 13C NMR pat- 

In this connection, conformational characterization 
by I3C NMR is indispensable for interpretation of the 
physical properties of (1-.3)-P-~-glucans as a comple- 
mentary means of X-ray diffraction study. 

Hydration has been recognized as a very important 
process in conformational stabilization of a variety of bi- 
ological macromolecules. Previous 13C NMR s t ~ d i e s ~ ~ - ~ ~  
have demonstrated that hydration of amylose, starches, 
or silk fibroins caused either substantial narrowing or 
displacements of 13C NMR peaks as a result of confor- 
mational stabilization or change, respectively, depending 
on the types of molecular structures. Hydration/dehy- 
dration processes will induce conformational changes if 
water molecules are involved at  chain positions of crucial 
importance in maintaining a secondary structure. As for 
(1--3)-&D-g~ucans, it has been shown that hydration in- 
duces substantial spectral changes in curdlan and para- 
m y l ~ n , ~ ~ ~ ~  although the resulting conformations have not 
yet been clarified. In particular, Stipanovic and Giam- 
matteo demonstrated that the three conformations 
“anhydrous”, “hydrate”, and “swollen” are distinguishable 
by solid-state NMR ~ p e c t r a . ~ ’ ~ ~ ~  

In this connection, it seems to be very important to 
reveal which types of initial conformations are susceptible 
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