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13C and ‘H NMR spin-lattice relaxation rates have been measured for cytochalasin B in [*H],DMSO. Motional features have been 
interpreted in terms of nearly isotropic reorientation of the whole molecule with few additional internal motions. The ‘isotropic’ 

reorientational correlation time was evaluated at 0.21 ns at room temperature. By using selective and double-selective excitation 

techniques, relevant cross-relaxation terms have been obtained wherefrom proton-proton distances have been calculated. A Drcidmg 

model of the ‘nreferred’ conformation in solution has been built, yielding evidence of a strong similarity between solution and solid 

state structures of cytochalasin B. 

1. Introduction 

The cytochalasins are a group of fungal 
metabolites that interfere with many cellular motile 
functions such as endocytosis, cell movement, and 
pseudopod extension and retraction [l]. Cyto- 
chalasin B (CB) (fig. 1) has been shown to tightly 
bind to the growing ends of actin filaments, thus 
blocking further elongation [2-41. Moreover, CB is 
a very specific and potent inhibitor of D-glucose 
transport in human erythrocytes [5,6] and this 
property has been used to identify the glucose 
transporter in plasma and microsomal membranes 

171. 
On the basis of details of solid state structures 

[8], a model was proposed for cytochalasin inter- 

Fig. 1. Molecular formula of cytochalasin B. 

acting with the glucose carrier through hydrogen 
bonds at N,, 0, and 0g3_ In such a model, the 
hydrophobic region from Cl3 to C,, was suggested 
to act as an anchor in some hydrophobic domain 
of the glucose carrier [9]. 

‘H NMR studies on CB in solution [lo] pro- 
vided evidence of a preferred bonformation, as 
determined by 1D and 2D magnetization transfer 
experiments, very close to the solid state structure 
of cytochalasin A [6] and the two macrocyclic 
ligands were assumed to be of very similar confor- 
mation in solution. 

In this communication 13C- and ‘H-NMR re- 
laxation studies at two frequencies have been 
utilized in the evaluation of motional features and 
intramolecular internuclear distances within the 
CB molecule in solution of [‘H],DMSO. 13G1H 
and ‘H-‘H dipole-dipole interaction energies be- 
tween well defined spin pairs have been evaluated 
by measuring selective and double-selective pro- 
ton spin-lattice relaxation rates. Selective pulse 
techniques are, in fact, well known to provide a 
means of isolating the dipolar term of any single 
proton pair from the broad envelope of mutual 
pairwise interactions [ll-141. 
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Information gained from relaxation rates, to- 
gether with that from J coupling constants and 
from the temperature dependence of chemical 
shifts, were utilized in the construction of a Dreid- 
ing model of the ‘preferred’ conformation in solu- 
tion. 

2. Material and methods 

Cytochalasin B supplied by Sigma Chemical 
Co. was used without further purification. Solu- 
tions were made in [2H],DMS0 99.96% (Merck) 
and were carefully deoxygenated by bubbling 
nitrogen gas. The NMR experiments were carried 
out on a Varian VXR-200 and on a Bruker AM-300 
FT-NMR spectrometer at probe temperatures of 
25 f 1°C. Chemical shifts were referenced to in- 
ternal [ ‘H]iT’SP 2 mm01 dmp3. Assignments were 
done by obtaining homo- and he&o-nuclear shift 
correlated 2D NMR spectra and by comparison 
with literature data. 

13C and ‘H nonselective spin-lattice relaxation 
rates were -measured with the inversion recovery 
pulse sequence (t-180+90),. 80 and 12 FIDs were 
respectively collected for each experiment and the 
relaxation rates were calculated with an exponen- 
tial regression analysis of the recovery curves of 
longitudinal magnetization components by using 
the computer of the spectrometer. 

Selective and, double-selective proton spin- 
lattice relaxation rates were measured with inver- 
sion recovery pulse sequences in which the 180° 
pulse was provided by the proton decoupler 
switched on for relatively long times at the selected 
frequencies at low power. Typical experimental 
settings for a 180’ pulse were 20-30 ms with 
12-18 db attenuation. The 90” pulse was, in 
contrast, the usual nonselective 90° pulse pro- 
vided by the proton transmitter. The correspond- 
ing relaxation rates were calculated in the initial 
rate approximation [15]. Magnetization transfer 
2D ‘H NMR experiments were performed using 
the pulse sequence described in ref. 16 with mix- 
ing times from 0.1 to 0.5 s. The spectral width was 
2000 Hz, and the data set consisted of 1024 points 
in both the t, and tz dimensions. 16 FIDs were 

collected for each value of t, for a total accumula- 
tion time of - 8 h. 

3. Results and discussion 

The 13C-{ ‘H} NOEs of all protonated carbons 
were found at their maximum values, thus demon- 
strating that the 13C1H dipolar interaction pro- 
vides the most relevant relaxation mechanism for 
13C nuclei. Information on molecular motions can 
be therefore obtained from “C spin-lattice relaxa- 
tion rates normalized for the number of attached 
protons (R,/n,) [17]. R, and RI/n, values are 
reported in table 1 together with chemical shifts. 
It is evident that, with the exception of methyls, 
all carbons are characterized by relatively fast 
relaxation rates not very different from each other. 

Table 1 

75.14 MHz 13C NMR parameters of CB 0.05 mol dm-’ in 
[*H],DMSO (T= 298 K) 

Carbon 

Cl 

6 

170.69 
c25 

@pm) 

164.10 

c,’ C 153.31, 150.95 
Cl? 137.03 
C 14 133.15 
c2r,6p 129.67 
Cl3 128.52 
c3,.5, 128.24 
G 126.39 
c22 118.09 
c 12 112.31 
c9 83.33 
c7 69.43 
C 20 68.58 
c3 52.34 
Cl3 47.50 
c4 46.52 
C 10 42.87 
Cl9 41.67 
C IS 34.39 
CIR 34.36 
c16 32.91 
C5 31.00 
CH, (24) 20.31 
C 
CE, (11) 

20.03 
13.23 

0.32 f 0.01 

RI 

0.40*0.01 
5.26 f 0.62 

(s-l) 

0.86 f 0.02 
0.58 4 0.01 
4.17 f 0.37 
3.45 io.12 
4.76 f 0.79 
3.45 10.12 
4.17io.59 
4.45 f 0.41 

11.11*0.98 
0.25 f 0.01 
3.70 f 0.41 
4.17 *to.59 
3.33 iO.62 
4.35 rtO.52 
5.26 f 0.57 
6.25 f 0.64 
7.69 f 0.81 
6.67 f 0.70 

12.50f 1.04 
4.76 f 0.42 
5.00 *0.39 
2.32 k 0.26 
6.67 f 0.71 
4.17 f 0.39 

5.26 

4.17 
3.45 
4.76 
3.45 
4.17 
4.45 
5.55 

3.70 
4.17 
3.33 
4.35 
5.26 
3.12 
3.85 
3.33 
6.25 
4.76 
5.00 
0.77 
3.33 
1.39 
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Table 2 

200 and 301) MHz ‘H-NMR chemical shifts, nonselective (R”“) and selective (RIG’) spin-lattice relaxation rates and F ratios 
(P = RnSC’/RSC’) for CB 0.05 mol dme3 in [ 2H],DMS0 (T = 298 K) 

PrOtOll 

H 1% 
CH, (11) 
CH, (24) 
HI, 
HlIk 
H 18a 
H19C 
H 151 
H 17c 
H 19a 
H,o 
H4 

H5 
HEY 
H3 
H7 

H 
0; (7) 
%2r 

OH (20) 
H14 

H12,, 

H22 

HI3 
HZ1 
H2,,c 

H41 

H3,.5’ 

NH 

a 

(ppm) 

0.71 
0.81 
1.01 
1.30 
1.47 
1.54 
1.64 
1.69 

1.86 
2.07 
2.63 
2.73 
2.94 
3.09 
3.14 
3.48 
4.15 
4.53 
4.62 

4.71 
4.77 
4.82 
5.34 
5.44 
6.28 
6.58 

6.66 
6.73 
7.61 

v==2OOMHz v=3OOMHz 

R@ R” F Rnocl RSC’ F 

(s-*1 (s-l) (s-l) (s--l) 

8.00 9.09 
5.88 5.95 0.99 5.26 
4.03 5.26 
5.78 4.17 
8.20 6.67 
8.62 6.26 
7.87 6.25 
8.55 7.14 
8.33 
7.46 5.78 1.29 6.06 
3.42 
6.90 
4.41 3.48 1.27 
4.08 
6.21 
2.26 1.94 1.16 1.05 
3.27 2.61 1.22 2.50 
1.57 1.68 0.93 1.04 
5.68 4.20 1.35 4.00 3.12 1.28 
1.88 
1.76 
4.74 3.62 1.31 3.23 
1.19 1.01 1.18 0.86 
2.10 1.12 
2.69 2.35 1.14 2.03 1.69 1.20 
1.81 1.27 
1.32 
1.33 
3.36 3.12 1.08 2.74 2.36 1.07 

If one considers that (i) the slowest and the fastest 
relaxation rates would yield, according to eq. 2, 
quite similar values for the motional correlation 
time (0.15 and 0.31 ns respectively) and also that 
(ii) the CB molecule is not likely to have several 
degrees of freedom, isotropic or nearly isotropic 
reorientational motions can be assumed as the 
simplest framework for interpretation of spin- 
lattice relaxation rates. As a consequence, a corre- 
lation time of 0.21 ns was taken for isotropic 
reorientation of CB in solution at room tempera- 
ture. The choice of an ‘isotropic’ correlation time 
was supported by the following properties of ‘H 
NMR spin-lattice relaxation rates: 

8’ 

8 8 

8 8 

Fii. 2. Theoretical plot of R”(200)/Rr’(300) as a function of 
the motional correlation time. 
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Table 3 

Cross-relaxation rates between proton pairs of CB 0.05 
mol/dm3 in [‘H],DMSO (T= 298 K) 

Proton pair 4j 

6-I) 

H,-NH (2) 0.19 
H,-OH (7) 0.32 
H&H, (11) 0.16 
HI,<-H,,,, 1.16 

HwH, 0.04 

Hzo-H,, 0.05 

Hz,-HI, 0.06 

(a) The selective rates of some protons (table 
2), are frequency dependent, suggesting that the 
motional correlation time is outside the extreme 
narrowing region [18]. The ratio RS”(200)/P- 
(300) provides a means of calculating TV, as shown 
in fig. 2. From such ratios 7c = 0.30 f 0.05 ns was 
evaluated in a very good agreement with the TV 
calculated from 13C relaxation rates. 

(b) Some protons of CB are found at fixed 
distances and can be therefore taken as the target 
of double-selective irradiation experiments in order 
to calculate TV. The difference between the 
double-selective and the selective spin-lattice re- 
laxation rates can be in fact shown to yield the 
cross-relaxation rate between the two irradiated 
protons [ll-141. All the calculated cross-relaxa- 
tion rates uij are reported in table 3. Among them, 

%Z’JZ” and u3,NH can be suitably considered for 
evaluation of the motional correlation time since 

‘12~12” and r3,NH can be easily obtained from the 
D&ding model of the CB molecule. TV = 0.18 ns 
and 7E = 0.23 ns were calculated from the cross-re- 
laxation terms between the H,,f and Hr2tf protons 
and between the H, and NH protons respectively, 

(c) The cross-relaxation rate of H,, as mea- 
sured by double-selective irradiation of the AX, 
spin system H,-CH,(ll), table 3, can be ap- 
proximated by considering that the A proton al- 
ways experiences dipolar interactions with any 

two gauche X3 protons. This would lead to a 
value of 0.07 ns for the effective correlation time 
modulating such dipolar interactions. Such effec- 
tive correlation time is consistent with rapid inter- 
nal motion of the methyl group around the C&i 

axis that reorients with a correlation time of 0.25 
ns [18]. 

It can be concluded that molecular dynamics 
are consistently approximated by isotropic or 
nearly isotropic motion of the whole molecule 
with some degrees of freedom for internal rotation 
of the methyl groups and for libration of the 
aromatic ring around the C,+ axis. It can be in 
fact noticed that Cdr relaxes with a relatively 
faster rate than the other aromatic protonated 
carbons. By applying the model of Woessner [19] 
for a C-H vector undergoing internal motion 
around an axis reorienting isotropically and mak- 
ing an angle of 60” with the vector, the correla- 
tion time for librational motion can be calculated 
at 0.07 ns. 

By assuming the previous dynamic picture, 
expected values for direct- and cross-relaxation 
terms can be calculated for different kinds of 
proton pairs, as shown in table 4. By considering 
the proton relaxation rates (tables 2 and 3) several 
conformational features can then be obtained. 

The cross-relaxation term u19q,20 (table 3) is 
typical of two vicinal Puns protons, thus suggest- 
ing that H, is in axial position; whereas the 
cross-relaxation term uaOal allows to locate the 
Ha, at 2.8 A from H,, that is to say in a gauche 
or nearly gauche position. Since H,, and H,, are 
in iruns with respect to each other, as also verified 
by the corresponding cross-relaxation term, it is 
possible to delineate that H,, is in an inward 
equatorial position while Ha, is outward equa- 
torial. Moreover, if one considers that the overall 
cross-relaxation rate of Hz2, as measured by the 

Table 4 

Calculated direct- and cross-relaxation terms for some proton 
spin pairs in a molecule undergoing isotropic motion with a 
reorientational correlation time of 0.21 ns 

spin pair Distance Y = 200 MHZ Y = 300 MHZ 

(A) 
P,; (s-1) &) ;;,) ;g,, 

Geminal sp3 1.77 3.30 1.43 2.83 1.04 
Gem&l sp2 1.84 2.62 1.14 2.24 0.83 
Vicinal aromatic 2.43 * 0149 0.21 0.42 0.16 
Vicinal gauche 2.47 0.45 0.19 0.38 0.14 
Vicinal tram 3.07 0.12 0.05 0.10 0.04 

* From neutron scattering data (ref. 21). 
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difference R;?’ - RT;, is much faster than the 
cross relaxation term q21J2 (table 3), the dipolar 
interaction with the hydroxyl proton 0H(20) has 
to be taken into account, yielding a distance of 2.7 
A between the two protons. Such distance is con- 
sistent with a gauche arrangement, either g+ or g-, 
of the two protons around the C-O bond. These 
findings are ratified by the overall cross-relaxation 
rate of H, @sij = R;,“’ - RF:) that can be fitted 
with three gauche and one tram comributions. On 
the contrary, in order ,to account for the overall 
cross-relaxation rate of Hn, the dipolar interac- 
tion with HiTe must be considered, as strongly 
suggested by the nuclear Overhauser effect be- 
tween the two measured in 1D and 2D experi- 
ments in the present as well as in previous works 
[lo]. The following relationship can be written: 

c u21,j = u21,22 $- u21,20 + ‘21,17e (1) 
j#21 

wherefrom the cross-relaxation term u21,172 = 0.23 
S -’ can be obtained, yielding 2.4 A for the corre- 
sponding internuclear distance. 

The last measured cross-relaxatin rate between 
H, and the attached hydroxyl proton (0.32 s-l) 

suggests that the two protons are 2.3 A apart in a 
gauche or nearly gauche arrangement. It is worth 
noting that all these features lead to the conclu- 
sion that the lone pairs of both hydroxyl oxygens 
are in appropriate position to build up hydrogen 
bonding networks with the solvent, as also demon- 

’ strated by the temperature dependence of chem- 
ical shifts of exchangeable protons. The large val- 
ues of the temperature coefficients (0.008-0.010 
ppm/’ C)-were in fact consistent with the occur- 
rence of freely solvated groups [20]. 

, The two geminal Hi,< and H,,d< protons have 
quite different spin-lattice relaxation rates, either 
nonselective or selective. This property can only 
be explained by assuming that one or more di- 
pole-dipole interactions are contributing to the 
relaxation pathway of only one of the two pro- 
tons. As a matter of fact, if the difference between 
nonselective and selective relaxation rates is con- 
sidered ( Rml - Rx1 = Ci + juij), the cross-relaxa- 
tion term u12r12Pf (table 3) accounts completely for 
the observed difference in one case, while a resid- 
ual cross-relaxation rate of 0.34 s-l is contrib- 

uting in the other case. If H, and I-I; were both 
dipolarly coupled with Hi, protons,’ no difference 
should have been found in the relaxation rates; 
moreover, if H7, and not H,, Were affecting re- 
laxation of one of the H,, protons, a certain 
dipolar contribution to methyl protons should have 
been measured: as a consequence, it can be con- 
cluded that H,, and not H,, is contributing to 
relaxation of the Hi, proton at low field. This 
being the case, H5 must be equatorial, whereas H, 
has to be axial. In such an arrangement a distance 
of 2.3 A is measured between H, and Hi, in the 
Dreiding model, yielding a cross-relaxation term 
of 0.30 s-l. 

The sum of cross-relaxation terms contributing 
to the cross-relaxation rate of the NH proton (0.24 
S -’ at 200 MHz and 0.18 s-l at 300 MHz, as 
inferred by the differences R$f - R&) is com- 
pletely accounted for by considering the NH-H, 
and the NH-HI0 dipolar interactions. The former 
spin pair is at a fixed distance and yields uNn,np = 
0.19 s-‘; whereas the second spin pair provides a 
cross-relaxation term of 0.07 s-l by measuring the 
distance between the equatorial Hlo proton and 
the NH in the Dreiding model. The !ame set of 
values (rNH,nB = 2.5 A, rNH,n,,= = 2.9 A, q = 0.21 
ns) accounts for the observed cross-relaxation rate 
at 300 MHz. It follows that there are not other 
protons close enough to the NH, thus excluding 
the possibility of certain orientations of the 
aromatic ring. Moreover, the relaxation rates of 
aromatic protons disclose the striking feature that 
the ortho hydrogens, in spite of an apparently 
poorer dipolar environment, possess the fastest 
nonselective rates. Taking the interaction between 
Hi,, and ortho protons into account leads to the 
conclusion that the plane of the ring is very likely 
to be almost perpendicular to the axis of the 
C,-C,, bond, but still does not completely explain 
the very fast relaxation rate. The only possibility is 
a certain dipolar interaction with CH,(ll! methyl 
protons: an internuclear distance of 2.2 A, mod- 
ulated by the correlation time for internal motions 
would yield, in fact, a contribution of 0.51 s-l to 
the nonselective spin-lattice relaxation rate of or- 
tho protons, that, summed up with the contribu- 
tions of meta and I-I,, protons, would provide a 
good fitting of theobserved value. 
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As a final step in conformational analysis of 
cytochalasin B in solution, fitting the nonselective 
relaxation rates of HI3 and H,, was attempted. 
The splitting pattern of such resonances, in fact, 
did not allow to reach suitable conditions for 
selective irradiation. Fitting a nonselective relaxa- 
tion rate is likely to be a much more approximate 
trial than interpreting a cross-relaxation rate, 
especially because it is not possible to get rid of 
eventual contributions from ‘other’ relaxation 
mechanisms. Anyway it came out that only one 
possible spatial arrangement could provide a sui- 
table framework for obtaining good approxima- 
tions of the experimental relaxation rates. In such 
an arrangement both H,, and HI4 are axial, up- 
ward and downward respytively. H,, is dipolarly 
coupled with H,, (r = 3.1 A, R”=’ = 0.18 s-l), H, 
(r = 2.6 A, R-l = 0.47 s-l), H, (r = 3.1 A, R”=’ 

= 0.18 s-l), OH(7) (f = 2.8 A, Rnse’ = 0.29 s-‘) 
and H,sa (r = 2.3 A, Rmc’ = 0.98 s-l); whereas 
H,, exppriences dipolar contributions frtm H,, 
(r- 3.1 A, rNCl= 0.18 s-l), HISe (F’ 2.5 A, Rnse’ 
= 0.65 s-l). 

All the evaluated conformational features were 
in reasonable agreement with coupling constants 
reported in a previous work [lo] and allowed us to 
build up a model of the most probable spatial 
arrangement in solution. This is shown in fig. 3 as 
a perspective view obtained with the help of the 
molecular,grapltics package implemented on a Vax 
750 computer ;connected to a digital VT 240 
graphics terminal [22]. The agreement with the 
solid state structure [8,9] is quite good. Crystallo- 

Fig. 3, Perspective view of the ‘preferred’ conformation of CB 
in DMSO solution (see text for details). 

graphic determinations were in fact pointing to (a) 
distorted boat conformation of the six-membered 
ring; (b) planar conformation of the five-mem- 
bered ring; (c) g- conformation of the point of 
attachment of the phenyl ring around the C,-C,, 
bond; (d) flatness of the C,-C,, portion; (e) 
parallelism between the phenyl ring and the mac- 
recycle. 

The fact that the preferred conformation in 
solution agrees with the solid state structure is 
very likely to ratify the model for the inhibition of 
glucose transport by CB. Such a model has in fact 
been suggested on the basis of the solid state 
structures of /3-D-glucose and eight cytochalasin 
molecules [9]. 
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