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Abstract: A self-assembling molecular capsule based on electrostatic interaction has been designed and its
structure is investigated by dynaniid NMR. The hydrodynamic description resulting from relaxation and
PGSE'H NMR experiments indicates that association between oppositely charged hydr@ahititodextrin
derivatives in 50 mM KCI aqueous solution corresponds to dimerization with an interdistance between interacting
units lying in the 0.4-1.1 nm range with a maximal probability at 0.6 nm.

Introduction the potential of the long-range chargeharge interaction for
building large self-assembled systems in aqueous solution. In
We present paper, we present a new type of molecular capsule
resulting from the self-association between oppositely charged
hollow bodies in aqueous solution. Several features of the

The control of intermolecular interactions in condensed phase
represents a goal for many chemists. These issues have bee
addressed either experimentally or theoretically on a variety of

systems involving different scales or ranges and different types .
y 9 g P system offer new perspectives for the control of substrate

of intermolecular forces; many concepts are now available to encaosulation within self-assembled capsules: the charge
predict interaction behaviors at nanoscopic or macroscopic . P P : 9

scales-? In supramolecular chemistry, these concepts have beenInduced polarization_ to modify the electranic proper_ti_es of the
used to build large self-assembled artificial systémsolution substrate, the possibility to tune the complex stability or the

such as helicatesyosettes, molecular capsules, ... Such ov$Laell c(t\ ag%?jse cifr':]ht?avc\lllztc))cl)?l: iséesr’r;télgr,] '(':'h'osen as the elemen-
arrays result from the spontaneous organization of large mo- p-cy Xt

lecular units of similar size that interact according to a tary unit to build a molecular capsule based on electrostatic

predefined scheme. Up to now, most efforts have been deVotedinteractionl.l The rational for molecular design stems from
to the use of short-range att'ractive interactions (hydrogen energetic considerations involving the following: (i) prevention

bonding, coordination, ...) in organic solvents of the interacting units from reorganizing their backbone to
Considering that electrostatic interaction between charged minimize their energy through !ntramoleculgr dgformatlons

bodies often has been successfully rationalized (solid ionic decreasm_g the e_Ie_ctrostatlc repulsion beFWee” identically ch_arged

lattices of low valency ion$,colloidal crystals$ host-guest groups; (if) prevision for complementarity between oppositely

. - : : : highly charged species by means of planar surfaces bearing
0 com
or biologicat® complexes, ..), we have decided o investigate identical charge distribution; (iii) elimination of the formation
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Academic Press: New York, 1991.

. 5 P
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Self-Assembly of a Molecular Capsule

Figure 1. Chemical structure of CD7(Am) (left) and CD7(Ac) (right).

investigation additionally (i) evaluates dynamic NMR experi-
ments for deducing hydrodynamic and structural properties of
large self-assembled supramolecular assemblies and (ii) ad

dresses the issue of the average distance at equilibrium betwee

oppositely charged bodies in aqueous solution.

Results

In the millimolar concentration range, NMR is a powerful
tool to elucidate structures in solutiéh. A complete NMR
investigation may shed light not only on average atomic
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compounds that are induced by pH changes. Figures 2a and
2b respectively display the chemical shifts of the CD7(Am) and
CD7(Ac) protons as a function of pH (2 mM solutions of CD7-
(Am) and CD7(Ac) in 50 mM KCI in RO).15 In the range of
investigated pH, the CD7(Ac) protons are essentially unaffected
by pH modifications whereas the H6(Am) are the most sensitive
signals in CD7(Am). These observations are in line with (i)
the respective Ig, of the CD7(Ac) and the CD7(Am) unit’

that determine the pH range over which the protonation states
of CD7(Ac) (2< pH < 7) and CD7(Am) (6< pH < 11) should
evolve; (ii) the closest proximity of the observed protons to the
ionizable groups in CD7(Am) rather than in CD7(Ac) that
induces larger shifts in the former case; (iii) the larger electron-

withdrawing ability of the ammonium group with regards to
the amino groupAd < 0 for ApH > 0); and (iv) the closest
proximity of the H6 position to the ionizable group in CD7-
(Am). From the preceding chemical shift calibration as a
function of pH, it should be easy to extract the protonation states
of CD7(Ac) and CD7(Am) either as individual compounds or
as associated species at any pH. In fact, at a given pH, the
difference in protonation states between individual and associ-

coordinates over accessible conformations, but also on molecularated species is linked to the interaction potential and thus to

dynamics. In the present study, chemical shifts and coupling
constants of thg-cyclodextrin derivatives CD7(Am) and CD7-
(Ac), either alone or mixed, were examined in a first step to

the Gibbs free energy of associatith Nevertheless, in view
of the weakness of the effect of pH on CD7(Ac) and CD7(Am)
chemical shifts (at the mogto ~ —0.2 ppm forApH = +4

evidence any major structural change occurring upon associa-for H6(Am)) and due to the possible interferences that should

tion. Then dynamic NMR has been used to measure the
translational diffusion coefficients and correlation times of CD7-
(Am) or CD7(Ac) (i) alone, in relation to the molecular structure
and (ii) in the CD7(Am):CD7(Ac) mixture, to eventually extract
the structure of the CD7(Am):CD7(Ac) associated species. In
view of the limited solubility of the different species (see
Experimental Section), we concentrated on the uséldiMR

in the present study.

IH NMR. Chemical Shift Assignment and Coupling
Constant Data. 1D 400 MHz'H NMR spectra of the 2 mM
solutions of CD7(Ac), CD7(Am), or the 1 mM CD7(Ac):CD7-
(Am) 1:1 mixture were recorded in 50 mM KCI in,D at pH
= 6.2 (see experimental part). From the previous investiga-
tion,12 it was shown that the CD7(Ac):CD7(Am) 1:1 mixture
contained only associated species at concentrations as low as
mM.1* The fine structure of théH NMR spectrum of the CD7-
(Ac):CD7(Am) associated species was identical to that of the
individual compounds with the exception of the methylene group
belonging to the thioacetic group of CD7(Ac). From a quasi
A, system (broad singlet) in pure CD7(Ac), it evolved in the
mixture to an AB system (chemical shift separation of 25 Hz,
Jag value of 13.4 Hz). Moreover smalkQ.15 ppm) upfield
(H5(Am); H4,H6b(Ac)) or downfield (H6a(Am):-CH,—S—,
H6a(Ac)) shifts were observed for most of the other signals
when compared to those of the individual components at the
same pH (Table 1). With the hope to get some information
related to the change of protonation state or environment linked
to any CD7(Ac):CD7(Am) interaction, these shifts have been
related to the shifts of théH chemical shifts of individual

(13) Cantor, C. R.; Schimmel, P. Biophysical ChemistryPart II;
Freeman: New York, 1980.

(14) In the previous papé?,equilibrium constant have been estimated
to log K ~ 10 at pH~ 6 and monovalent salt concentrations aroune 10
20 mM. Careful investigations on comparable biological systems have
demonstrated the equilibrium constants for such electrostatically induced
associations not to drop by more than 2 orders of magnitude when going
from 10-20 mM to 50 mM (see: Mascotti, D. P.; Lohman, T. Froc.
Natl. Acad. Sci. U.S.AL99Q 87, 3142-3146). On such a basis, one thus
expects the exclusive formation of the CD7(Ac):CD7(Am) associated species
under the present experimental conditions (CD7(Ac):CD7(Am) 1:1 mixture
1 mM in KCI 50 mM at pH= 6.2).

be caused by the change of proton environment upon associa-
tion, chemical shifts were not used for investigating CD7(Ac):
CD7(Am) association.

In all investigated systems, the vicinal proton coupling
constant$J between cyclodextrin methine protons indicated the
classical C; conformer for the sugar rings. Furthermore,
rotamer populations of CD7(Am) and CD7(Ac), alone or
associated, have been extracted from tH€%, and *J &%,
vicinal coupling constants (Table 2; see Experimental Section).
Upon considering only the three staggered conformers GG, GT,
and TG, simulations pointed to a 1:1 (respectively 1:2) GG:GT
average for CD7(Ac) (respectively for CD7(Am)) for the
isolated species and a 1:2 (respectively 1:3) GG:GT average
for CD7(Ac) (respectively for CD7(Am)) for the CD7(Am):
ED7(Ac) associated species. Thus, the coupling constant
analysis suggested that although no major conformational change
in the cyclodextrin backbone had taken place upon association,
a significant modification in the average pendant arm orientation
had occurred upon association.

Quantitative *H-NOESY Spectra. For a multi-spin system,
the integrated intensity of a cross-peak between two pratons

(15) These NMR data have been used to check the CD7(Am) acidobasic
constants that were determined by potentiometry in the previous investiga-
tion.22Under the observed regime of fast exchange for the ionizable protons
of CD7(Am) at a given pH, the average chemical shift of any proton i is
expressed byi(pH) = pnugt(PH)OI(NH3T) + pnny(PH)0i(NH2), where
px(pH) anddi(x) respectively designate the proportions of the x group in
CD7(Am) at a given pH and the asymptotic limit of the considered chemical
shift 6; when all the CD7(Am) groups are under the x formp}{pH) is
the proportion of the [CD7(Am)H*" species, one haspwh,-(pH) =
73 1-ovP(PH) and pu(pH) = ;3 7_o(7 — »)p.(pH). The p,(pH) and
px(pH) functions have been calculated from th&,jof CD7(Am)12 These
functions then have been used to simulatedifeH) functions for H1 and
H6a. The Figure A, parts a and b, available as Supporting Information,
displays the comparison between the experimental data and the simulated
ones that have been obtained with the following value$@): oni(NH,")
= 5.191 anddne(NH,") = 3.520 (experimental values at low pH where
all sites are protonated); anigii(NH2) = 5.105 anddne(NH2) = 3.268
that emerge from the fitting procedure. As shown on Figure A, the agreement
between experimental and simulated data is satisfactory and confirms the
pKa values that were determined by potentiometry.

(16) Jullien, L.; Cottet, H.; Hamelin, B.; Jardy, A. Manuscript in
preparation.
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Table 1. *H-NMR Chemical Shifts of 2 mM CD7(Am), 2 mM CD7(Ac), and 1 mM CD7(Ac):CD7(Am) in 50 mM KCI inat pH 6.2
and 294 K (for numbering, see Figure*1)
species 1 2 3 4 5 6a 6b SGH
CD7(Am) 5.17 3.68 4.00 3.59 4.2 3.46 3.27
(d; 3.5) (dd; 3.5, 10.5) (dd; 9.5, 9.5) (dd; 9.5, 9.5) (m) (dd; 3, 13) (dd; 7.5, 13)
CD7(Ac) 5.13 3.65 3.94 3.69 4.0 3.19 2.98 3.40
(d; 3.5) (dd; 3.5, 10.5) (dd; 9.5, 9.5) (dd; 9.5, 9.5) (m) (dd; 3, 14) (dd; 6,14) ) (A
CD7(Am):CD7(Ac) 5.16 3.70 4.00 3.58 4.15 3.48 3.25
(d; 3.5) (dd; 3.5, 10) (dd; 9.5, 9.5) (dd; 9.5, 9.5) (m) (dd; 3, 13) (dd; 8.2, 13)
5.10 3.65 3.90 3.60 4.0 3.24 2.90 3.45 and 3.38
(d; 3.5) (dd; 3.5, 1.0) (dd; 9.5, 9.5) (dd; 9.5, 9.5) (m) (dd; 3, 14) (dd; 7.5, 14) (AB, 14.5)
2The multiplicities anc®J coupling constants are given in parentheses.
Table 2. Experimental Coupling Constants and Corresponding

N . . ,
andj in a *H-NOESY spectrum is described as follows: GG, GT, and TG Rotamer Populations of CD7(Ac) and CD7(Am)

in 2 MM CD7(Ac), 2 mM CD7(Am), and 1 mM

VvV, = Voefrrm Q) CD7(Ac):CD7(Am) DO solutions with 50 mM KCI at pH 6.2 and
" 294 K (See Text and Experimental)
whereVp andV,,, are the matrices of the NOESY volumes for species gL (Hz) VEH(Hz) Poe  Prc  Per
mixing times of O and, respectively, and" is the relaxation CD7(Am) 3 75 0.34 0.00 0.66
matrix. In proton relaxation of sugars, the dipelipole CD7(Acy 3 6 049 0.00 051
mechanism dominates relaxati®n The terms of the relaxation CD7(Amy 3 8.2 027 000 073
CD7(Acy 3 7.5 0.34 000 0.66

matrix I', the relaxation constant®;, depend on the values of
the dipolar spectral density functions at frequencies Oand aIn CD7(Am) solution.’ In CD7(Ac) solutions®In CD7(Am):
2w (w being the Larmor frequency), which describe the motion CD7(Ac) solution.

of each proton pair. To separate the structural contribution Table 3. Experimental 400.13 MH#H Normalized NOESY
(generglly the mtemuclear distande;}) from the purely . Volumes of 2 mM Solutions of CD7(Ac), CD7(Am), and 1 mM
dynamic part, a motion model has to be assumed. In organic cb7(Ac):CD7(Am) 1:1 Mixture in 50 mM KCl in BO at pH 6.2
chemistry, the principle of most structural determinations from and 294 K (Above, CD7(Am); middle, CD7(Ac); below,
quantitative NOESY spectra lies in extracting average distancesCD7(Ac):CD7(Am) 1:1 Mixture. See Text and Experimental
from the relaxation matriX" by assuming a given tumbling Section)
motion of the molecule in solutiolf. Alternatively, if a
molecular geometry{r;} is known from crystallography or
molecular modeling, it becomes possible to access the molecular S1#
motional behavior. Oncdr;} and J(w) are defined, it is
possible to calculate the NOESY spectra for different values of
the correlation times and to compare them with the experimental
NOESY spectrum. The best values of correlation times are then
used to derive rotational diffusion coefficients that are finally S3
transformed into molecular dimensions under the assumption \
of a given shapé3

Quantitative NOESY spectra were recorded at 294 K for two s4

sS4

0.030
0.044
0.085

Sk S2 S6

0.466
0.526
0.369

S3 S5 SR

0.033
0.560 0.033
0.126
0.889
0.708
0.426

\ 0.611 0.034 0.045 0.032

mixing timesty,: 0 and 400 ms. The normalization procedure
was performed as already report€d® The normalized NOESY
volumes of the methine and the methylene protons for CD7-
(Ac), CD7(Am), or CD7(Ac):CD7(Am) associated species for
™m = 400 ms are given in Table 3 (see Experimental Section). s¢
The intramolecular cross-peaks of the associated species were
much stronger than those of the individual species. The latter s
tendancy indicated that the molecular tumbling time of the

S5

0.329 0.040

0.245

0.344 0.103
0.354
0.120
0.244

0.044
0.101

0.171
0.241

complex was much longer than that of the individual species.
As the overall tumbling time is a function of the molecular

aS1= [H1(Ac) + H1(Am)]. ® S2= [H5(Am)]. ¢ S3= [H3(Ac) +
H3(Am) + H5(Ac)]. 9S4 = [H2(Ac) + H2(Am) + H4(Ac) +

friction, this increase corroborated the association betweenH4(Am)]. ¢ S5= [H6a(Am) + SCHy(a and b)(Ac)]. S6 = [H6a(Ac)
oppositely charged species. Additionally, in the CD7(Ac):CD7- + H6b(Am)]. 9 S7 = [HEb(AC)].

(Am) associated species, rmatermolecularcross-peak could

be unambiguously detected between the protons of CD7(Ac) (0.033), this observation suggested that the distance between

and CD7(Am). Since the normalizeidtramolecular cross-
peaks corresponding to fairly long intraresidue interproton

interacting CD7(Ac) and CD7(Am) exceeded 0.4 nm.
IH NMR Translational Self-Diffusion Measurements. To

distances such as those for H1/H3 (0.38 nm) were very weak corroborate théH NMR relaxation data, we considered another

(17) Poppe, L.; Van Halbeek, Hllagn. Reson. Chem993 31, 665—
668.

suitable method that could independently be used to provide a
hydrodynamic description of the CD7(Ac):CD7(Am) associated

(18) In general, the molecule is considered as a rigid body isotropically SPECi€s in solution. The cyclodextrin translational self-diffusion

tumbling.

(19) Breg, J.; Kroon-Batenburg, L. M. J.; Strecker, G.; Montreuil, J.;
Vliegenthart, J. F. GEur. J. Biochem1989 178 727-739.

(20) In the case of overlapping resonances, an average value was use
for the normalization constant (see Experimental Section).

coefficientsD; were measured in 50 mM KCl inJ® at pH=

6.2 by 'H NMR pulse gradients spirecho (PGSE) experi-
dnents?! The D values determined at 294 K for the CD7(Ac),
CD7(Am), or CD7(Ac):CD7(Am) associated species were 2.1,
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Figure 2. Calibration of chemical shifts itH NMR for CD7(Am) (a: left) and CD7(Ac) (b: right). 2 mM solutions of CD7(Am) and CD7(Ac)
in 50 mM KCI in D,O. The chemical shifts of H5[CD7(Am)] and H6b[CD7(Ac)] are respectively obscured by H3[CD7(Am)] and by DSS so as
to exclude their use. Internal reference: DSS (see experimental and text).

2.1, and (1.5: 0.1) x 1071°n? s71) (see Experimental Section).  modelization of shape. Several physically plausible models of
These results confirmed the observations that have been madearrangements of interacting units finally have been considered
from the NOESY data. AD; is a decreasing function of to account for hydrodynamic properties of the CD7(Am):CD7-

molecular size, the notable drop in translational motion pointed (Ac) complex and the best fit has been chosen to derive the
out the interaction between the CD7(Ac) and CD7(Am) units structural information. Such an approach for structure deter-

in the CD7(Am):CD7(Ac) mixture. mination has been successfully used in biochemistry, especially
to solve nucleic ack and quaternary proteic structures in
Discussion solution?®
Since no intermolecular CD7(Am)CD7(Ac) H-NOESY Description of CD7(Am) and CD7(Ac) Monomeric Units.

cross-peaks within the CD7(Am):CD7(Ac) complex was ob- From examination of Quanta molecular models, both CD7(Am)

served, the relative atomic positions of the associated speciesnd CD7(Ac) monomeric units appear as truncated cones with
could not be determined. Therefofé] NMR data were used ~ @nL/D aspect ratio (height/diameter L/D) close to one. As

to provide a molecular description at a lower level of resolution. @ consequence, the overall motion exhibited by both molecules
In agreement with their structural features, cyclodextrin interact- 1S €xpected to be isotropic and thus to be characterized by a
ing units have been treated as rifidbodies of simple shape single correlation timer.. For data anaIyS|s,.We focused on
whose large size with regards to the diameter of the water the protons H1 to H5 borne by the cyclodextrin backbone since
molecule was compatible with considering the solvent as a they were suggested to be the ones less prone to structural
continuum. The hydrodynamic behavior of associated Speciesva_natlons upon association from the examination of (_:hemlcal
was then described in terms of shape and volume to deducingShifts and coupling constants (Table 1). The Cartesian coor-
supramolecular organization (number and arrangement ofdlnate§ reported for th.e natiy&cyclodextrin have been used
constituting units) from the relations linking the rotational and t0 derive the{r;} set since both the CD7(Am) and CD7(Ac)
translational diffusion coefficients to both the geometry and Carbohydrate backbones can be considered structurally close to
dimensions of rigid bodies of various shaeln a first step, ~ their native parent (see Experimental Sectitin)H-NOESY

we sought a suitable description of the individual CD7(Am) simulations were performed for CD7(Am) for a considerable
and CD7(Ac) units in terms of hydrodynamics. Then, we ange ofze values (0.45-1.8 ns) that were expected to cover
attempted to derive a crude evaluation of the stoichiometry of the reasonable range of hydrodynamic diameters fofithg-

the CD7(Am):CD7(Ac) associated species using a simple clodextrin derived species (1.5 D (nm) < 2.5). The mean
standard deviatioR (see Experimental Section for definition)
(21) Stilbs, P.Prog. Nucl. Magn. Reson. Spectrod4984 19, 1-45. between experimental and simulated data was minimunacfor

(22) When no functionalization is introduced on the secondary face, __ - : :
B-cyclodextrin backbones have been demonstrated to be rather rigid due to™ 0.75+ 0.1 ns (Figure 3). By assuming that stick boundary

the stabilizing circular network of hydrogen bonds. See: Lipkowitz, K. B.; conditionsd? applied in view of the strong hydrophilic character
Green, K.; Yang, JChirality 1992 4, 205-215. Lipkowitz, K. B.J. Org.
Chem.1991, 56, 6357-6367. Moreover, in the course of the different (24) Eimer, W.; Williamson, J. R.; Boxer, S. G.; PecoraBiichemistry
simulations presented in this paper, we examined the consequences of local99Q 29, 799-811.
internal motions on simulated data on several occasions by using the model- (25) Barbato, G.; lkura, M.; Kay, L. E.; Pastor, R. W.; Bax, A.
free approach described by Lipari and Szabo (Lipari, G.; Szabd, Am. Biochemistry1992 31, 5269-5278.
Chem. Socl982 104, 4546-4559). We never observed any improvement (26) No attempt was made to model the charged species as relevant
that should have justified the systematic introduction of internal motions simulations would require the presence of numerous explicit solvent
for NOESY simulations. The latter simulations have been used to evaluate molecules and counterions which implied very long CPU times. See for
error bars. instance: Young, M. A.; Jayaram, B.; Beveridge, DJLAmM. Chem. Soc.

(23) Lamb, H.HydrodynamicsDover: New York, 1945. 1997, 119, 59-69.
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Figure 3. Mean standard deviatioR between experimental and
simulated quantitative NOESY spectra normalized volumes of CD7-
(Am) as a function of the correlation time by assuming molecular
isotropic tumbling (see the Experimental Section).

of both CD7(Am) and CD7(Ac), it was eventually possible to
derive the hydrodynamic radius to 049 0.1 nm from eq 20
given in the Appendix.

An independent attempt was made to evaluate the size of
monomeric units frodH NMR PGSE experiments. In a regime
of diffusive motion, the translational self-diffusion coefficient
for a sphere is given by the StokeBinstein-Debye eq 15 (see
Appendix)?” By introducing the experimental translational self-
diffusion coefficients for both units CD7(Am) or CD7(Ac), the
hydrodynamic radius of equivalent spherical molecules was 1.0
+ 0.1 nm for CD7(Am) or CD7(Ac), close to the value obtained
from relaxation experiments.

The present measurements are in satisfactory agreement wittpf View of the structural description.

the estimate from the Quanta molecular moded-@D (external
diameter, 1.4 nm; height, about 1.0 nm). Interestingly, the
derived thickness of the hydrodynamic solvent shell is-0.2
0.3 nm. This value compares well with the diameter of a
solvating water molecule and it is in line with the results
obtained for solvation of water-soluble protefiisMoreover

it supports the assumption of the stick boundary condition that
has been used to derive the molecular radii of CD7(Am) and
CD7(Ac).

Both series of experiments have validated the description o
the shape off-cyclodextrin derivatives obtained with the
hydrodynamic approach. First, the assumption of isotropic
tumbling was satisfactory, in line with their almost spherical
shape. Second, the extracted molecular radii were in fair
agreement with g@-cyclodextrin core solvated by a hydration
shell whose thickness was close to one solvent diameter.

The CD7(Ac):CD7(Am) Associated Species Is a Dimer.
First Experimental Evidence. The first approach to determine
the shape of the CD7(Ac):CD7(Am) associated species consiste
of extracting the hydrodynamic radius of the equivalent spherical
object from NMR experiments as already performed for the
monomers. For such a purpose, it was first necessary to

f

(27) Equation 15 strictly applies for neutral spheres under the assumption
of stick boundary conditions. Due to the low cyclodextrin concentration (2
mM) and the presence of a large concentration of supporting salt (50 mM
KCI), this equation is still a good approximation. Indeed under the present
conditions, one can neglect both the hydrodynamic coupling between the
identically charged cyclodextrins and the Wien effect.

(28) Venable, R. M.; Pastor, R. VRRiopolymers1988 1001-1014.
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examine whether the CD7(Ac):CD7(Am) associated species did
not dissociate on the relevant time scale of NMR experiments.
A crude calculation performed in the Appendix suggested the

associated species CD7(Ac):CD7(Am) to be kinetically stable

on the time scales associated with all the present series of NMR
experiments. This means that the whole complex CD7(Ac):

CD7(Am) could be essentially treated as a single species from
the point of view of hydrodynamics in the following discussion.

With the same assumptions as for monomeric units, the
hydrodynamic radius of the equivalent CD7(Ac):CD7(Am)
spherical object from NMR PGSE experiments was-+.8.1
nm. If one considers the associated species to result from
assembly of monomeric spheres of hydrodynamic radius equal
to 1.0 nm, this intermediate value strongly suggested that (i)
the associated species was a dimer since any larger aggregate
would lead to much lower translational diffusion coefficiefits
and (ii) the assumption of isotropic tumbling for the treatment
of the complex data was inappropriate.

Moreover, the determination of the 1:1 stoichiometry made
possible attribution of the association constants that were
obtained in the previous stuthto a true dimerization process.
Hence, the large values derived from potentiometry do not result
from an artifact caused by a dimerizatieaggregation proces8.

Description of the CD7(Ac):CD7(Am) Dimer. In relation
to the expected axially symmetrical interaction between mon-
omeric units, three different models have been selected to
describe the CD7(Ac):CD7(Am) shape: ellipsoid, cylinder, and
dumbbell (Figure 4). Each shape can be characterized by two
of the following geometrical parameters: its hydrodynamic
lengthL, its hydrodynamic diametd, and its aspect ratib/D.

In the present case, we considered the diaméteto be
determined by the cyclodextrin backbone and we fixed its value
to 2.0 nm as obtained from NMR experiments on CD7(Am)
and CD7(Ac) monomeric units.

The ellipsoidal geometry is not very satisfying from the point
Indeed it seems rather
arbitrary to locate the positions of the interacting cyclodextrins
within the ellipsoid. In contrast, the ellipsoidal geometry is the
only one for which analytical expressions of translational and
rotational diffusion coefficients are available for the whole range
of aspect ratio! Furthermore, the spectral densities that have
been used to extract the rotational diffusion coefficients from
relaxation experiments derived from this geometry (vide irfa).
The cylindrical and dumbbell shapes seem more appropriate
for representing the geometry of the CD7(Ac):CD7(Am) dimer.
These shapes can be considered as limiting forms corresponding
to a dimer in two extreme regimes of reorientational freedom
for each constituting unit: (i) low for the cylinder (in the
complex, each monomer has no rotational freedom about an
inertial axis that is perpendicular to the symmetry axis of the
cylinder) and (ii) large for the dumbbell (each monomer is now
freely rotating about its inertial center). In the literature, several
expressions linking the different diffusion coefficients to geo-
metrical parameters have been derived from numerical calcula-

dions for these geometriés.

(29) In fact, the analysis is performed on visible NMR signals. It could
thus happen that we do not detect large aggregates that lead to very broad
peaks. All things being equal, the similarity between the signal/noise ratios
for 'H NMR spectra of the CD7(Ac), CD7(Am), and CD7(Ac):CD7(Am)
1:1 mixture suggests that the amount of large aggregates is marginal if
any.

(30) Hamelin, B.; Jullien, LJ. Chem. Sog¢Faraday Trans 1997 93,
2153-2160.

(31) Perrin, JJ. Phys. Radiuni934 5, 497-511. Perrin, JJ. Phys.
Radium1936 7, 1-11.

(32) Woessner, D. El. Chem. Physl962 37, 647—654.
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Figure 4. Examined shapes that have been used to describe the CD7(Ac):CD7(Am) dimer. From left to right: ellipsoid, cylinder, and dumbbell.
The lengthL, diameterD, and at the various correlation times (see text and Appendix) are displayed for each geometry.

Shape Analysis of the CD7(Ac):CD7(Am) Dimer from
NMR PGSE Experiments. The translational diffusion coef-
ficients as a function of the aspect ratifb have been simulated

for the different envisaged shapes. The corresponding curves
then have been used to derive the equivalent hydrodynamical NM

lengths of the dimer from the experimental value of the
translational self-diffusion coefficient of CD7(Ac):CD7(Am)

(Table 4). Whereas the extracted lengths lie in the same range

for the ellipsoid and the dumbbell geometry (5.0 and 4.8 nm),
L is considerably lower for the cylindrical shape (3.2 nm).
Shape Analysis of the CD7(Ac):CD7(Am) Dimer from
NMR Relaxation Experiments. In view of its simplicity, the
spectral density function derived from the analysis of the motion
of a rigid symmetrically axial ellipsoid has been used for the
NOESY simulatior??3* Two correlation times describe the
ellipsoid rotational motion:z; respectivelyrp) for the rotation
about the symmetry axis (respectively about an inertial axis
normal to the symmetry axis)r; and g are not independent
and both can be calculated as a function of the aspectrié!
To determine the best fitting values of correlation times, the
1H-NOESY volumes of the CD7(Ac):CD7(Am) dimer have
been systematically simulated for the precedingi(y) couples
by varying the aspect ratie/D between 1.5 and 3.2. The
derivation of the{r;} set for the CD7(Ac):CD7(Am) dimer

(33) (a) Garcia De La Torre, J.; Bloomfield, V. Biopolymers1977,

16, 1747-1763. (b) Garcia De La Torre, J.; Bloomfield, V. Biopolymers
1977, 16, 1765-1778. (c) Garcia De La Torre, J.; Bloomfield, V. A.
Biopolymersl977 16, 1779-1793. (d) Garcia De La Torre, J.; Bloomfield,
V. A. Q. Re. Biophys.1981, 14, |, 81-139. (e) Tirado, M. M.; Garcia De
La Torre, J.J. Chem. Physl979 71(6), 2581-2587. (f) Tirado, M. M.;
Martinez, C. L.; Garcia De La Torre, J. Chem. Physl984 81, 2047
2052. (g) Tirado, M. M.; Garcia De La Torre, J. Chem. Phys198Q 73
1986-1993. (h) Swanson, E.; Teller, C.; De Hré. C.J. Chem. Phys.
1978 68, 5097-5102.

(34) Several expressions of spectral density functions are available for
the cylinder and dumbbell shapes but their range of applicability is much
more limited, especially for low values of the aspect ratio. (a) Cylinder:
Lipari, G.; Szabo, AJ. Chem. Physl978 69, 1722-1736. (b) Dumbbell:
Schurr, J. M.; Babcock, H. P.; Fujimoto, B. 5.Magn. Resorl994 B105
211-224.

Table 4. Equivalent Hydrodynamical Diameter and Length for the
CD7(Ac):CD7(Am) Dimer Under Assumption of Given Shapes As
Obtained from PGSE or Relaxation NMR Experiments (See Text
and Figure 4)

R experiments PGSE relaxation
geometry D (nm) L (nm) D(nm) L (nm)
ellipsoid 2.0 5.0+ 0.2 2.0 4.5
cylinder 2.0 3.2+0.2 2. 3.1¢d
dumbbell 2.6 484+ 0.5 2.0 4.0

aThis value is fixed for the whole treatmefitThe evaluated error
results from the experimental incertitude Bpand temperature during
the PGSE NMR experiments. FbfD, the former was evaluated to be
+0.15 (see Experimental Section) whereas the latter was estimated to
be +£0.20.¢ The error on the values extracted from the treatment of
relaxation data originates from many sources: (i) incertitude on
experimental NOESY volumes that can be neglected with regards to
the others; (ii) temperature incertitude 1 K) [this source leads to an
error equal to+0.015 onL/D]J; (iii) omission of internal motions in
the data treatment [from simulations that introduced internal motions,
we estimated the incertitude t60.25 onL/D]; (iv) absence of energy
minimization on atomic coordinates of CD7(Am) and CD7(Ac). The
corresponding error is very difficult to evaluate. Indeed, a possible way
to obtain an estimate could be the following. EatH™ results from a
summation over the seven different configurations adopted by the
glucose units contained with th®cyclodextrin torus. A fictiveRmax
value can be calculated by systematically retaining the individual
glucose configuration that yielded the largest deviation from the
experimental value. Unfortunately, since extreme glucose configurations
cannot simultaneously be adopted due to the cyclization constraint, there
is eventually no way to use the differenBgax — R to derive even a
crude estimate of the errdtThe error orL has two additive sources:
(i) the incertitude on the, andzy values that have been derived from
the relaxation experiments; (i) andzy do not provide the same aspect
ratios.t givesL/D = 1.45 whereasp affordsL/D = 1.6. ¢ In contrast
to the cylinder case, onhys has been used to derive the aspect ratios.
Indeed,7; is not sensitive to the aspect ratio in the investigated range
andt; = 1.75 ns does not correspond to any simulated value in the
investigated./D range. The error has been taken identical to the cylinder
case.

required the knowledge of (i) the corresponding set for both
constituting units and (ii) the relative orientation of CD7(Am)
and CD7(Ac) within the complex. As for the monomers, the
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secondary sides were facing each other (Figure 5b) is equal to
the value obtained for the configuration with facing primary
faces (Figure 5a). Thus relaxation experiments cannot be used
to determine the relative orientations of the cyclodextrin faces.
We also simulated théH-NOESY spectrum for an extreme
configuration with a perpendicular symmetry axis (Figure 5c).
The corresponding mean standard deviation was significantly
larger than that for the other relative orientations (compare 0.97
to 0.92 with regards to Figure 6). This observation suggested
that the contribution from configurations with nearly perpen-
dicular CD relative orientations played a minor role if any in
the dimer average description and consequently refuted the
dumbbell as a satisfactory description of the dimer geometry.

From the description of molecular units as rigid bodies, it
was possible to convert the parallel and perpendicular rotational
diffusion coefficients as extracted from the treatment of NMR
data into geometric parameters for other shapes than ellipsoidal.
a b C From the best preceding fitting values= 1.75 ns andp =

Figure 5. Scheme displaying different relative orientations of interact- 3.7 ns, the correqunding dimer aspect ratlo® were

ing monomers in the dﬁngr. gveraged symmetry axis of both monomers determined for the Cyl'ndé?’_sa’g and d_umbbeﬁBd,Mb,SSgeom_
aligned: the primary (a) or secondary (b) sides of the oppositely charged€tries. The results are displayed in Table 4. The values
cyclodextrins facing each other; perpendicular averaged symmetry axisextracted from relaxation experiments satisfactorily compare
(c). with those obtained from PGSE NMR experiments. The largest
discrepancy was observed for the dumbbell description and
probably confirmed the inappropriateness of this model. In
contrast, very good agreement was obtained for the cylindrical
description, which suggested this shape to be the most suitable
representation of the CD7(Ac):CD7(Am) dimer.

Relative Orientation of the Monomeric Units within the
CD7(Ac):CD7(Am) Dimer. In the absence of intermolecular
NOESY cross-peaks between CD7(Am) and CD7(Ac) in the
CD7(Ac):CD7(Am) dimer, the relative orientation of both
interacting cyclodextrins within the dimer can only be deduced
° from the modifications of the different features of CD7(Am)
and CD7(Ac) upon association. It has already been emphasized
that relaxation NMR experiments or chemical shifts cannot be
0.95 ° o used to distinguish between the orientations a and b displayed
0o0® in Figure 5. In fact, a useful piece of information lies in the
rotamer analysis that suggested a significant change in the

gg b e L e 1 positions of the 6-substituents of CD7(Am) and CD7(Ac) upon
1.5 2 25 3 3.5 dimerization. The contribution of the GT conformation was
L/D shown to increase at the expense of the GG conformation in
Ei - . the dimer. The large GG contribution in monomeric units
igure 6. Mean standard deviations between experimental and

simulated quantitative NOESY spectra normalized volumes under the appears in agreement both (i) with the rotamer distribution for

assumption of the anisotropic reorientational motion for the CD7(Ac): Native CDs in solutioff and (ii) with the repulsive interaction
CD7(Am) dimer. See the Experimental Section and text. between mobile charged headgroups that forces them to move

apart from the molecule symmetry axfs.In striking contrast,

set of Cartesian coordinates of methine protons borne by thethe drop of the contribution of the GG conformation in the dimer
cyclodextrin backbone reported for the natjgecyclodextrin points to (i) the attractive interaction between oppositely charged
has been used to derive the individgaj}. groups and (ii) a decrease in the repulsion between intramo-

In a first step, the simulations have been performed for a lecular charges resulting from CD7(Am):CD7(Ac) dimerization.
relative orientation of interacting units in the dimer where both |f one additionally considers that the Gibbs free energy of
averaged symmetry axes were aligned and where the primaryassociation between oppositely charged bodies is a decreasing
sides of the oppositely charged cyclodextrins were facing eachfunction of the distancé® the observation that the outwardly
other (Figure 5a). Figure 6 displays the mean standard deviationpointing arms bearing the charged groups go from an ap-
R between experimental and simulated data as a function of proximately perpendicular to a parallel average orientation with
L/D. A minimum is observed for the aspect rali® = 2.25 regards to the cyclodextrin symmetry axis strongly suggests that

that corresponds tg; = 1.75 ns andp = 3.7 ns. the configuration displayed in Figure 5a satisfactorily represents
To evaluate the sensitivity of this method for shape deter- the dimer CD7(Am):CD7(Ac).

mination, Q|fferent rglatlve orientations of interacting cyclo- (35) Small, E. W.. Anderson, S. Biochemistryl988 27, 419428,

dextrins within the dimer have been generated and the corre-  (36) Wood, D. J.; Hruska, F. E.; Saenger, WAm. Chem. Sod977,

sponding'H-NOESY spectra have been simulated for an aspect 99, 1735-1740. Lindner, K.; Saenger, W.arbohydr. Res1982 99, 103—

ratio equal to 2.25. The mean standard deviation between115: . . "
. . . . (37) Compare the average distance between adjacent 6-glucose positions

experimental and simulated data for the configuration where (anout 1 nm) with the inverse Debye length at 50 mM KCI (about 1.5 nm).

both averaged symmetry axes were aligned and where the (38) Parsegian, V. A.; Gingell, DBiophys. J1972 12, 1192-1204.
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Once the aspect ratio and the relative orientation of mono- in diluted agueous solution. The extracted 0.6 nm value has
meric units were determined, it was possible to extract the been shown to satisfactorily lie in the range predicted by several
distance between the interacting cyclodextrins for the cylindrical theories related to ionic interactions in water.
geometry. Upon considering that cylinder extremities directly
corresponded to the cyclodextrin secondary faces covered by &Experimental Section
strongly adhering hydrodynamic layer whose thickness was  preparation of NMR Samples. In a first step, the aqueous solubility
equal to one solvent diametey, & crude estimate of the distance  of the CD7(Am):CD7(Ac) 1:1 associated species has been shown to
zg‘(;' between both units was obtained from the formula: be equal to 1.4 mM at 20C from *H NMR signal integration with

ethanol as the internal standard of known concentration. Aqueous
Zgyl =L—(h,+h)—2¢ @) solutions of CD7_(Am) (2 mM), CD7(Ac) (2 mM) ar_1d CD7(Am):CD7-
q + - s (Ac) 1:1 (1 mM) in KCI (50 mM) then have been titrated by NaOH or
HCI (0.1 M) until the appropriate pH has been reached with stirring.
where h. and h_ represented the respective heights of the The corresponding solutions have been lyophilized three times from
positively and negatively charged units estimated from Quanta D20 99.8% and then solubilized in the original volume ofI09.9%*"
= 1.2 nm and additionally takings = 0.25 nm as suggested ﬁﬁgﬂn'iiinfﬂiﬁ%i&ﬁﬁ'eg under argon and high vacuum, and
. | .
by data analysis for CD7(Am) and CD7(Aﬂ =06+05 NI\)//IR Spectroscopy. The temperature has been classically calibrated

nm was obtained. This estimate is in agreement with the  measuring the separation between the two lines from a sample of
absence of cross-peak between any couple of protons belongingjycol in DMSO-ds. *H NMR chemical shift are given in ppm by using
to the CD7(Am) and CD7(Ac) monomeric units within the CD7-  DSS (3-trimethysilylpropanesulfonic sodium salt: MerdkCHs) =
(Am):CD7(Ac) dimer that suggestez@é‘ > 0.4 nm. This 0.015 ppm in DO) as an internal referencetH NMR correlation
finally yields 0.4 nm < éxc/" < 1.1 nm with a maximum spectra (phase-sensitive COSY-DQF and NOESY) were acquired at
probability at 0.6 nm. Such a value can be understood if one 400.13 MHz on either an AM or a DRX Bruker spectrqmeter with
analyzes the electrostatic interaction in waferAt long standard pulse sequences at 254 K. rotamer populations have
interionic separations, the continuum model for water description been extracted fr_om_expenmenté.u 56 (I = a orb) CC{“D““Q

. L S . .~ constants by considering the three staggered conformers: G& (05
applies and the attractive interaction is expected to exhibit a C5-C6-06 dihedral, 66, C4—C5—C6-06 dihedral, 66), GT (O5-
screened hyperbolic dependence on distance. At shortinterioniccscg- 06 dihedral, 66; C4-C5-C6—06 dihedral, 189), and TG
separations, the loss of the hydration energy for oppositely (O5-C5-C6-06 dihedral, 180 C4—C5-C6-06 dihedral, 66),
charged ions is greater than the gain in Coulomb energy. Thewnose corresponding theoretical coupling constdaty; are avail-
interionic potential of mean force between oppositely charged able in the literaturd2 The respective populationsse, per, andpre
bodies is thus expected to display a shallow minimum in the are obtained by solving the system of linear equations:
range of 2-3 diameters of water molecules. This result does

not necessarily mean that the observed equilibrium distagce  J58=Poc I e+ Pre Jag +Per Jog  i=aorb (3)
corresponds to the absolute minimum of energy as a function
of the distance between interacting molecules. One cannot thus 1=pgc+ Pre t Per (4)

exclude that a deeper minimum exists at a much smaller distance_l_ s of NOESY . ded with mixing timesf 0
but the energy barrier between these two minima could be too WO SEts 0 spectra were recoraed Wit mixing imes

| to b d under th t . tal diti and 400 ms, for all samples: CD7(Am), CD7(Ac), and CD7(Am):CD7-
arge 1o be crossed unaer the present experimental conditions Ac) 1:1 mixture. The recycle time was set to 5 times the longest

Such a two-step docking process already has been suggested t 1 s) to obtain a symmetrical normalized NOESY volume matrix. The

occur in biological systenmf. normalization procedure is stepwise First, the diagonal and cross-
) peaks intensities are evaluated from the summed subspectra
Conclusion contributing to a specific signal. The raw NOESY volumesfgr=

0 ms are then divided by the average diagonal volume for one spin

on charge-charge interaction can be built in aqueous solution. o ™™ = 0 s. These corrected NOESY volumes are subsequently
9 9 q " divided by the number of spins in the considered signals to yield the

The gssoqiatipn bgtween pppo;itely highly Char,@?ewc'o' values given in Table 3. Integration of noise gave roughly.005
dextrin derivatives in water is a dimerization that brings charged nits of normalized intensity with respect to the diagonal volume (

faces close to each other. The complexation of suitable subtrates= g s) for typical peak widths. PGSE experiments have been performed
and the examination of their properties within the self-assembled in *H NMR at 600 MHz on a Bruker DRX spectrometer at 204 K.
capsule are under study. The stimulated spirecho sequenéghas been used to minimize phase
The present study also validates the use of NMR dynamic distortion present in the simple spiecho pulse scheme as well as
methods to investigate self-assembled arrays in solution. [0ss of signal due to transverse relaxation. We chose to vary the
Despite reducing molecules to smooth rigid bodies, this approachgrad'ent duration from 0.4 to 2.6 ms by steps of 0.2 ms, while keeping

provides useful information about the average structure (shapeits strength fixed at 21.5 G/cm. The intergradient delay Delta was set
and volume) of associated species to 103 ms, during which magnetization spent only 6 ms in the transverse

. " . . plan. The translational self-diffusion coefficients have been extracted,
Eventually, in addition to its relevance for the field of ccording to the Stejskal-Tanner equatibafter recording the peak

supramolecular chemistry, this investigation provides an estimateintensities as a function of the gradient length on-1@ points.

of the equilibrium distance between oppositely charged bodies separate measures of the H1 peaks and the nonanomeric peaks have
(39) Rashin, A. AJ. Phys. Cheml989 93, 46644669, allowed an estimation of the uncertainty made on the determination of

The present study demonstrates that a molecular capsule base

(40) Zacharias, M.; Luty, B. A.; Davis, M. E.; McCammon, J.Biophys. thes.e coeﬁicients. . .
J.1992 63, 1280-1285. Simulation of NOESY Spectra. In view of the signal overlap

(41) The solvent isotopic effect on pH scale resulting from changing between the different spins, simulations have been performed on seven
from H,O to DO is expected to slightly shift acidobasic equilibria (gD ensembles corresponding to the sum of individual signals=$41-
pH(meter reading)+ 0.4 according to: Wuich, K. NMR in Biological
Research: Peptides and Proteindorth-Holland Publishing Company: (42) Haasnoot, C. A. GTetrahedron198Q 36, 2783-2792.

Amsterdam, 1976). Nevertheless, the present hydrodynamic study does not (43) Tanner, J. EJ. Chem. Phys197Q 52, 2523-2526.
deal with protonation states but with association. (44) Stejskal, E. O.; Tanner, J. B. Chem. Physl1965 42, 288-292.
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(Ac) + H1(Am)]; S2= [H5(Am)]; S3 = [H3(Ac) + H3(Am) + H5- H1 to H5, the corresponding simulated and experimental normalized
(Ac)l; S4 = [H2(Ac) + H2(Am) + H4(Ac) + H4(Am)]; S5 = diagonal and cross NOESY volumes under the conditig§ > 0.03
[H6a(Am) + SCH,(a and b)(Ac)]; S6= [H6a(Ac) + HBb(Am)]; S7= andV ® = 0.03.

[H6b(Ac)]. The intensity threshold of the NOESY signal has been 720ak(KCI 50 mM) = 0.98 cP= 0.98 103 Pas* has been used to
taken equal to 0.03 for data analysis. The theoretical NOESY volumes simulate hydrodynamic data according to the formula that are given in
were back-calculated from the distance matrix of the CD7(Am) and the Appendix.

CD7(Ac) structures with in-house softwéffe The Cartesian coordinates

of the cristallographig-cyclodextrin-ethanol complex structutewere Acknowledgment. L.J. is very much indebted to Drs. L.
transformed into CD7(Am) and CD7(Ac) structures with the Quanta Belloni, R. Lavery, G. Ordd, M. Schurr, and D. C. Teller for
4.0 commercial package (MSI Inc). The two interacting units were proyiding helpful discussions related to this work. Drs. H.

positioned as displayed in Figure 5with the plane containing anomeri(; Driguez and L. De Robertis are gratefully acknowledged for
oxygen atoms and the symmetry axis as reference plane and axisy, o ossential participation to the synthesis of CD7(Ac).
respectively for defining cyclodextrin orientation. The relaxation

constantsR; and R; (egs 5 and 6) have been calculated from the

transition probabilities by using the full-matrix approétchs follows: Appendix
) i ) Kinetic Stability of the CD7(Ac):CD7(Am) Complex. Data
R, = Z(W'g, +2wW1i + W} (5) interpretation for the different NMR measurements requires the
]

determination of the lifetime of the associated specigs) (n
i i relation to the significant time scales relevant for both NMR
Rj =Wz~ Wp © experiments: about 1 ns for relaxation measurements and 1 ms
for the determination of translational self-diffusion coefficients.
An estimate ofrass can be calculated by assuming (i) the
association rate is controlled by diffusion of interacting cyclo-
dextrins toward each other and (ii) any collision between

where Wo, Wi, and W, are the zero-, single-, and double-quantum
transition probabilities. No other source of relaxation was considered
since it has been shown that the dipolar interaction is the dominating
relaxation source for sugarsidl NMR.Y” The transition probabilities

are in turn written as: oppositely charged species yields associattorhen a crude
order of magnitude can be obtained by applying the following
Wi = J(w, — ) @) expression giving the numb& of collisions per unit of time
between interacting spherical colloiefs:
W} =1.5)(w) ® ro 1y
— — %1
- G = 87D,ny fR1+R2 e dr (13)
W3 = 6J(w; + w)) 9)
whereJ(w) is the spectral density function describing the motion of with:
the dipolar coupled nuclei. Two cases were considered for describing
the molecular dynamics of the diverse species involved in the present leze_”
study: (1) a rigid body undergoing isotropic overall tumbling (for the P12 = (14)
monomers CD7(Am) and CD7(Ac)) and (2) a rigid body undergoing Ameqe (1 + kR (1 + kR)r

anisotropic axially symmetrical overall tumbling (for the CD7(Am):
CD7(Ac) dimer). The corresponding spectral densities are given in whereDy is the translational self-diffusion coefficient (see eq

the following equations: 15 in Appendix),R; andR; are the radiino is the concentration
. of the interacting colloidsy is the solvent viscosity, and™? is
Case 1: J,= qu% (10) the DebyeHUckeI reciprocal Iengt_h of thg soIL_Jtlon. Unde_r
1+ o0%) the assumption that the cyclodextrins are identical but bearing
opposite charges and if taking= 103 Pas,Ry = R, = R=
(3cos 0 — 1)z, 1nm,ng =2 mM= 1.2 x 10 molecules/L,z| = |z| = 7¢|
Case 2: Jynso= G| 0.2 (1+ w’?) + (e is the elementary chargek,! = 2 nm, the numerical
) a ) integration of the previous expression provides:
3 sirf 6 cog 01, sin® Oz,
— |+ 07— (A1)
1+ 0?2 1+ 0?2 G~ 2 x 10* collisions/s
where gy = 0.1y}h%° 12 = 70, 1y = 5/(61c) + 1(6n), 1. = It is then possible to estimate the lifetimgq; of the free

1/(3rr) + 2/(3m), and@ is the angle between the relaxation vector and  interacting units:
the symmetry axig?

The mean standard deviati®between simulated and experimental T ~ 1/G = 40 us
data has been calculated according to the formula: unit

and thus

(12) (48) Handbook of Chemistry and Physiéd st ed.; CRC Press Inc.: Boca
Raton, 1986-1981.
(49) In the present system, the duration of an encounter between the
) interacting oppositely charged units is much larger than the rotation time
where SiV 3" andV £® respectively, designate the ensemble of spins required to orient into the most stable associated species. The capture
efficiency can thus be reasonably assumed to remain close to one to derive

(45) Bouchemal-Chibani, N.; Braccini, I.; Derouet, C.; HedeePenhoat, a crude estimate. For references on electrostatics in the Brownian dynamics
C.; Michon, V.Int. J. Biol. Macromol 1995 17, 177—-182. of association in complex systems, see for instance: Northrup, S. H.; Boles,

(46) Steiner, T.; Mason, S. A.; Saenger, W.Am. Chem. Sod 991 J. O.; Reynolds, J. C. 1. Phys. Chen1987, 91, 5991-5998 and references
113 5676-5687. therein.

(47) Olejniczack, E. T.; Gampe, R. T., Jr.; Fesik, S.JMMagn. Reson. (50) Verwey, E. J. W.; Overbeek, J. Th. Gheory of the Stability of

1986 67, 28—41. Lyophobic ColloidsElsevier: New York, 1948.



Self-Assembly of a Molecular Capsule

Tae®™ KO, ~ 10°~10°s

unit

with [KO= 10%0.12 7, exceeding by far 1® s, this crude

calculation suggests the associated species CD7(Ac):CD7(Am)
to be kinetically stable at the time scales associated with all the

present series of NMR experimentis.

Expressions of Translational Self-Diffusion Coefficients
and Correlation Times (Stick Boundary Conditions). (a)
Translational Self-Diffusion Coefficients. (i) Spheré3

sphere__ KT 1
wherek is the Boltzmann constant,the absolute temperature,
7 the medium viscosity, ang the sphere radius.

(i) Prolate Ellipsoid.3!

/
p”°Dy n (1 41— p2)
V11— p2 P

wherea andb are thez and x semi-axis of the ellipsoida( >

b), p = D/L, andDg designates the self-diffusion coefficient of
the equivalent sphere of the same volume:

D= (16)

KT o

6rna (17)

0=

(i) Right Circular Cylinder. A semiempirical formula is

available in the range 2 p = L/D < 3033
_kT(Inp+v)
T 3wl

with

y = 0.312+ 0.565p — 0.100p? (18)

Another work, in fair agreement with experimental results,

reports translational self-diffusion coefficients for different

values ofp.33" In view of our experimental errors, the agreement

between experimental and semiempirical red#lend between

J. Am. Chem. Soc., Vol. 120, No. 33, 82938

(i) Prolate Ellipsoid. With the same notations as befcte:

_ 3kT[(2a° — b)S— 24]

1/(6r) = 32— bY) (21)

3kT(2a — b9

I(6r) = ———— 2
1(6) 32m(a% — bA)b? #2)

with

_ 2 atva —

S= NS In ( 5 ) (23)

(iii) Right Circular Cylinder.  Semiempirical formula are
obtained forrg andz; in the range 2< p = L/D < 30. With
the same notations as abdi#&s3"9

3kT(In p + 5perr)

1/(6r
(6r) = S
with
Operp= —0.662+ 0.917p —0.050p (24)
4KT
1/(67||) = >
AmnLDX(L+ 600
with
A=3.841 and,y =

(1.119x 10 %) + 0.6884p — 0.2019p? (25)

As previously justified, we extrapolated eqs 24 and 25 up to
= 1. In fact, the authors of ref 24 mention themselves that
these equations would probably apply belpw 2 fairly well.

(iv) Dumbbell. With the same notations as in the last
paragraph, the following semiempirical expression has been used

to deriver;;:33d:34b.35
0.267%T [2 3 rp)t
1/(6ry) = —ex Z —
i= 1
(26)

L —4r\
Terl3 3.
8nr, =14= ry

data contained in both refs 33f and 33h pushed us to extrapolate

egs 20, 21, and 22 up o= 1.
(iv) Dumbbell. Two large spheres (radiug; D = 2r;) are
connected by a rod of smaller spheres at contact (radjus

The following semiempirical expression has been used to derive

Dt:33a

6myr

AR o

Another set of semiempirical data corresponding,te= 0 has
also been used for comparis#H.

(b) Correlation Times. (i) Sphere. With the same notations
as in the last paragraph, the correlation tirparound any axis

7) is obtained by summing the individual rotational diffusion
coefficients of the constituting spheres of the dumb#ell.

1/(6r)) =
kT

kT
SP%’ESSJW rz'phere

= =) 27)
— 4r
nl2r®+ —rf)

I

Supporting Information Available: Figures showing the
comparison of experimental and simulafétiNMR chemical
shifts of CD7(Am) as a function of pH for H1 and H6a signals,
simulation of translational self-diffusion coefficients as a
function of the aspect ratic./D for different geometries,

containing the sphere center that is measured by NMR relaxationdependence of the correlation timgsandzy as a function of

experiments is

_ 4m7R3
e (20)

(51) In particular for the treatment of PGSH NMR data. See: Kaer,
J. Ann. Phys1969 24, 1-4. Kager, J.Ann. Phys1971, 27, 107—109.

the aspect rati@/D for the symmetrically axial ellipsoidal shape,
and simulation of the correlation timegandzg as a function

of the aspect ratit/D for different geometries (5 pages; print/
PDF). See any current masthead page for ordering information
and Web access instructions.
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