
Therefore, instead of converting the model forest 
fires from a noncumulative to a cumulative distribu- 
tion, we present the frequency-area data for actual 
forest fires in a noncumulative form. This could be 
done by binning the data. However, there would be 
ambiguities (for example, whether the bin size is in 
linear or logarithmic coordinates). Therefore, in order 
to compare the (noncumulative) model forest fire 
results with real forest fires, we converted a cumu- 
lative distribution of actual fire areas to  a noncumu- 

lative one. We started with cumulative data, where 
1(1,, is the number of forest fires per year with an area 
greater than A,. We defined a noncumulative distri- 
bution in terms of the negative of the derivative of 
the cumulative distribution with respect to A,. This 
value is negative because the cumulative distribution 
is summed from the largest to  the smallest values. 
The derivative (dNCFld~,) is the slope of the best-fit 
line for a specified number of adjacent cumulative 
data points. Generally, we obtained excellent results 

Molecular Assembly and 
Encapsulation Directed by 

Hydrogen-Bonding Preferences 
and the Filling of Space 

Tomis Martin, Ulrike Obst, Julius Rebek Jr.* 

Multiple copies of a molecule, held together in finite aggregates, give rise to 
properties and functions that are unique to their assembled states. Because 
these aggregates are held together by weak forces operating over short dis- 
tances, a premium is placed on complementarity: The molecular surfaces must 
facilitate specific interactions that direct the assembly to one aggregate rather 
than another. Hydrogen-bonding preferences can be combined with molecular 
curvature to favor the assembly of four self-complementary subunits into a 
pseudo-spherical capsule. Filling the capsule with smaller, complementary mol- 
ecules provides the final instruction for the assembly process. 

Self-assembling systems highlight much of 
the current research in the chemistry of mo- 
lecular recognition. The instructions for as- 
sembly are often written in the size, shape, 
and chemical surfaces of the interacting mol- 
ecules. Hydrogen bonds, with their moderate- 
ly directional characteristics and predictable 
patterns, are especially useful instructions, 
and their incorporation in molecules has re- 
sulted in a spectacular array of assemblies: 
Molecular ribbons (I), tapes (2), sheets (3), 
cages (4),  rosettes (9, cubes (6),  and cap- 
sules (7) have all been designed, synthesized, 
and characterized, both in solution and in the 
solid state. For the capsules, the formula has 
been the dimerization of self-complementary 
structures with appropriate curvature (7, 8). 
These result in assemblies that reversibly en- 
capsulate smaller compounds to give "mole- 
cule-within-molecule" complexes (9). Here, 

molecule predicts some type of aggregation. 
However, the structure has particular contacts 
that suggest a specific array could form, as 
opposed to a less specific structure (10). First, 
the seven-membered ring adjacent to the gly- 
coluril ring system at one end of the molecule 
and the a oxygen of the sulfamide at the other 
end impart a curvature to the structure: A cyclic 
array of molecules is probable (Fig. 1B). Sec- 
ond, the most acidic H bond donor (the sulfa- 

using five adjacent points of the cumulative data and 
a least squares fit in linear space. The negative of 
each slope (-d&,ld~,) was plotted as a function of 
the average of the five adjacent log(A,) points. 
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rnide N-H) (1 1) is reasonably expected to pair 
with the most basic acceptor (the glycoluril 
carbonyl oxygen). These features can be ex- 
pressed in a head-to-tail arrangement of four 
units in a macrocycle such as 1, (Fig. 1C) (12), 
in which all of the H bond donors find their 
complements-at nearly ideal distances and ge- 
ometries-on nearest neighbors. Figure 1D 
shows the pattern of the 16 hydrogen bonds that 
hold the assembly together. This assembly cre- 
ates a capsule with D,, symmetq and a cavity 
for encapsulation of complementary guest mol- 
ecules (Fig. 1E). 

These notions were tested through the 
synthesis of compounds l a  and lb(Fig. 2). 
For la ,  4,s-dimethyl- l,2-phenylenediamine 2 
was converted into the cyclic sulfamide, then 
protected as its t-butyl carbamate (BOC 
group) to yield 3. Benzylic dibromination of 
3 gave 4, which was coupled with the gly- 
coluril building block 5a (13) to yield 6. 
Removal of the PMB (p-methoxybenzyl) and 
BOC protecting groups, using CAN (ceric 
ammonium nitrate) and CF,CO,H respec- 
tively, generated la. The same synthetic 
scheme was followed to obtain monomer lb,  
which showed better solubility properties. 

Subunit l b  is readily soluble in dimethyl 
sulfoxided, (DMSOd,) (Fig. 3A) and other 
solvents that compete- well for hydrogen 
bonds, and it exists in a monomeric state in 

we report the synthesis and characterization 
of a capsule composed of four identical sub- 

ID * 
units. We interpret its assembly and encapsu- - "$ E 

I 
lation behavior in terms of instruction in hy- 
drogen bonding, molecular curvature, and the 
availability of suitable guest species. I $ $  4, --ua A 

Consider structure 1 as a candidate for as- a? sembly (Fig. 1A). At first glance, the presence 
' mff 

of both H bond donors and acceptors in the .A&." 
Fig. 1. (A) Structural depiction of monomers. (B) Side view of the monomer. (C) Molecular model 

Skaggs Institute for Chemical Biology and Depart- (72) of the tetramer (atom colors: gray, carbon; dark blue, nitrogen; red, oxygen; light blue, 
merit of Chemist'y- Scripps Research Institute, La hydrogen; yellow, sulfur). The aryl groups and some hydrogens have been omitted for clarity. (D) 
Jolla. CA 92037, USA. The pattern of hydrogen bonding in the assembly. (E) Schematic representation of the guest 
*To whom correspondence should be addressed. inducing the formation of a tetrameric assembly. 
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those sol\.ents. It is nzarly i~lsoluble in face of the host's interior. Remarliably. this derzd systzm. Ivloreo~er, adaillantanz com- 
CD,C12 (Fig. 3B). CDCI,. C,D,. toluene-(1,. iateraction is enough to ovzrcollle thz en- pztes successfl~lly for thr space ofthe capsule 
and 11-xylene-cl,,, Sonetheless. aftzr addition tropic disadl antages in\,ol\,ed in bringing n it11 thz solvznt CDIC1, (14 ). The tetranleric 
of adamantaae d e r i ~ a t i ~ e s  7 through 8 1  (Fig. f i ~ e  indix-idual ~llolzcules into a highly or- asszmhly can be fiuther stabilizzd by thz 
3 )  to CD,CI, suspz~lsioils of conlpound Bb. 
new signals zlllzrge in thz auclear nlagnetic 
resonancz (Nh lR)  spectra (Fig, 3, C to G )  and 
the solid goes into solution. This solubility 
bellax ior is co~lsisteilt x i th  capsule assznlbly; 
the long alliyl chains of the glj-coluril units 
arz oil the outer surface of the assewbly 
whzrz they intzract with the hulli solxent. 
~xhilz thz polar fil~lctioilalities form intermo- 
lecular contacts that hold the systew together. 

The ' H  NhlR data are consistent \T it11 
assemhl) and encapsulatioa: The I-H reso- 
ilallces for the sulfamide and the glycoluril 
arz shiftzd quitz far do\vnfield. and they are 
sharp and independent of concentration. The 
N l l R  assignnlents for thz Iarious N-H sig- 
ilals n ere confisnled tl~rough expzriwzats 
with ~llodzl co~llpounds 12 and 13 (Fig. 4) .  
The S - H  signals of the sulfa'amide anci urea in 
the tetramer ( Bb);7 are at 6 = 1 1.4 1 ppm and 
6 = 5.92 ppm. respectivel\- (Fig. 3C), nhzre- 
as the corrzsponding signals in the het- 
erodi~ner 12-13 (see helo:? ) arz at 6 - 11.15 
ppin an(1 6 - 5.99 ppm. The new signals for 
zncapsulated ada~lla~lta~le appzar upfield: 
they as2 also sharl) and widzl~- separated from 
those of fret adanlantane (6 = 1.76 ppnl for 
the CHZ of fiez adamantant. 1-ersus 6 = 0.55 
ppn1 for thz ada~lla~lta~le iaside). These fea- 
turzs speali for sizablz zntrgetic harriess he- 
tneen adanlanta~lzs in the bulk solvent and 
those in the new magnetic enviromneat. The 
stoichiometry, obraiiled froin integration of 
the spectra, shows roughl>- four alolecules of 
compound Bb per zncapsulated adamantane. 
Accordingly. a highly orderzd aggregatz is 
fol-~ned: a pseudo-spherical molzcular asszm- 
bly ,init11 ada~llailta~lz encapsulated as a guest. 
The exchange of guests in and out of the 
capsule is slon- on the NbIR timz scalz. 

Adamantanz has thz shape and I olume to 
fit in the capsule, but has oilly ,ivzak \-an dzr 
\'\:aals interactions to offer the concaxe sur- 

Table 4 .  K,(app) values and stolchiometry [equiv- 
alents of guest per equivalent of host tetramer 
(? lo%) ]  for the encapsulation of guests in the 
tetramer (Ib),. LC", free energies of formation in 
CD,Cl, at 295 K (17, 18). 

Stoi- Ka -AGO 
chiometry (M-I)" (kcal mol- l)  

*These values are the average of  three dif ferent 
measurements. +Value was no t  calculated because of  
the mul t ip le  signals o f  t he  guest. :Calculated by 
compet i t ion experiments (18). k ~ a l c u l a t e d  b y  en- 
capsulation experiments (77). 

I) H2NS02NH2 

a DMAP 3 BOC 

0 
63% 

P M B ~  x NH 

0 P BOC 
5a, Ar =4-n-heptylphenyl - N\ 

, s o 2  
DMF, KO'BU p N 

40% BOG 

B r 

95% Br BOC 

1 ) CAN, 79% - 'la 

Fig. 2. Synthesis of  monomer lia. Abbreviations: (BOC),O, di-tert-butyl dicarbonate; DMAP, 
4-dimethylaminopyridine; BOC, tert-butoxycarbonyl; NBS, N-bromosuccinimide; DMF, N,N-d i -  
me thy l  formamide; KOtBu, potassium tert-butoxide. 

Fig. 3. 'H NMR spectra (600 MHz) of  1 b  (2.57 m M )  in CD,Cl, w i t h  guests 7 through 11. The signals 
of  the guest inside of  the tetramer are labeled " i "  and the signals of  the guest outside, when 
resolved, are labeled "0." (A) Compound l b  i n  DMSO-d,. The signal a t  2.5 ppm is f rom the solvent, 
and the signal a t  3.3 ppm is H,O. (5) Compound 1 b  in CD,Cl,. The signal a t  5.32 ppm is f rom the 
solvent, the signal a t  1.55 ppm IS H,O, and the signal a t  0 .08 ppm is an impurity. (C) W i t h  excess 
adamantane (7). (D) W i t h  five equivalents of  I -adamantanol  (8). (E) W i t h  five equivalents of  
2-adamantanone (9). (F) W i t h  t w o  equivalents of  adamantane-2,6-dione (10). (C) W i t h  five 
equivalents of  bicyclo[3.3.l]nonane-2,6-dione (11). 
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presence of H bond acceptor groups in the 
guest molecule through the formation of bi- 
furcated H bonds with the glycoluril N-H 
groups of the capsule. Specifically, 2-ada- 
mantanone 9 and particularly adamantane- 
2,6-dione 10 (15) are very good guests: Less 
than 2 equivalents of 10 were required with 
respect to the monomer l b  to give a homo- 
geneous solution (Fig. 5). In the 'H NMR 
spectrum of the tetrameric capsule (lb),-10 
(Fig. 3F), we observe the signal for the en- 
capsulated guest's CH, groups (8 H) at 6 = 

0.68 ppm, whereas the corresponding signal 
for the guest outside is at 6 = 2.28 ppm. 

Evidence for the formation of additional 
H bonds between guests containing carbonyl 
groups (9, 10) and the capsule comes from 
the observed downfield shift of the glycoluril 
N-H groups with increasing number of guest 
carbonyl groups. The glycoluril N-H signal 
for the capsule with included adamantane (7, 
no carbonyl group) is located at 6 = 5.93 
ppm, whereas for the capsule containing 9 
(one carbonyl group) 6 = 6.17 ppm, and for 
guest 10 (two carbonyl groups) it shifts to 
6 = 6.33 ppm. At the same time, the N-H 
signals for the sulfamide group are shifted 
upfield: For the capsule occupied by 7 the 

3.50 J I 

0 200 400 800 800 1000 

Concentration (mM) 

C10H21 C10H21 

Fig. 4. Dilution experiments in CD2C12.0f the compounds 12 and 13 and their 1:l mixture. The 
heterodimer 12-13 shows greater stabll~ty than either of the homodimers (12.12 and 13-13), as 
shown by the NMR chemical shifts for the protons labeled A through D. 

Fig. 5. Two views of the tetrameric capsule filled with 10 obtained by modeling (12). The aryl 
groups and some hydrogens have been omitted for clarity. 

signal is at 6 = 11.41 ppm, for 9 it is at 6 = 
1 1.20 ppm, and for 10 it is at 6 = 1 1.02 ppm. 
With chiral guests such as the diketone 11, 
the capsule resonances are doubled (the N-H 
signals of the cyclic sulfamide are at 6 = 
10.99 pprn and 10.97 ppm, whereas the N-H 
signals of the glycolwil, are at 6 = 6.31 pprn 
and 6.21 ppm; Fig. 3G); symmetry axes are 
still present, but planes of symmetry are lost 
in the assembly (16). Although the presence 
of carbonyl groups in the guest increases 
its affinity for the capsule, filling the ap- 
propriate volume of the cavity appears to 
be the principal requirement for-&capsu- 
lation. For example, 1,4-cyclohexanedione 
has carbonyl groups available for the H- 
bonding regions of the tetramer, but it is 
not encapsulated. 

Because it was possible to observe and 
cleanly integrate the NMR signals of the 
guest 10 outside and inside of the tetramer, 
these data were used to calculate the equilib- 
rium association constant (K,) for the guest. 
The values are here denoted as apparent as- 
sociation constants, K,(app), because of the 
simplification of several dynamic processes 
(17). The reliable K,(app) for 10 was then 
used to calculate constants for the other 
guests through direct competition experi- 
ments (Table 1) (18). 

The H-bonding preferences in these assem- 
blies are reasonable, but additional experiments 
were canied out using the urea 12 and the 
sulfamide 13 (19) to test whether the associa- 
tion between ureas and cyclic sulfamides is 
general. Dilution experiments performed with 
the individual compounds and with a 1 : 1 mix- 
ture of both (Fig. 4) showed that heterodimer- 
ization (12.13) is indeed preferred to ho- 
modimerization (12.12 and 13-13, respectively). 
Thus, a cyclic sulfamide is potentially a useful 
building block for the construction of other 
three-dimensional assemblies. 
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K,(~PP) 
Haaregate - C F==== H4G 

The following assumptions were made: (i) the 
amount of tetramer (unfilled or filled wi th solvent) 
present before addition of the guest is negligible; (ii) 
after addition of the guest, all of the host material 
not assembled into the capsule (including solid ma- 
terial) is in the aggregate state; and (iii) the associ- 
ation of the guest wi th itself is negligible. 

W 4 G l  - x v  

K"app' = [H ,,,,,, ,,][GI (h - x i ( g  - x) 

AGO = -RT In K,(app) 

x = 9( lg l lg t )  

/gt = l g o + l g ,  

In these equations, H is the host as a 
low-ordered aggregate, C is the guest, H4C is the 
tetramer complex, x is the amount of guest (in 
millimoles) in the complex H4G, V is the to ta l  
volume (in milliliters), h is the init ial theoretical 
amount of tetramer (in millimoles), g is the 
amount of guest (in millimoles) added t o  the so- 
lution, l G 0  is the free energy of formation, R is the 
ideal gas constant, T is temperature (kelv~n),  I,, is 
the sum of all the integrals corresponding t o  the 
guest, I,, is the integral for the signal of the guest 
outside of the tetramer complex, and I, is the 
integral for the signal o f  the guest inside of the 
tetramer complex To obtain K,(app) for guest 10, 
we added 0.5 equivalents of the guest w i th  respect 
t o  the monomer l b  in CD,CI,, sonicated the het- 
erogeneous solution for 30 min, and measured the 
' H  NMR spectrum after 30 hours. 
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Inhibition of Xenoreactive 
Natural Antibodv Production bv 

Retroviral Gene Therapy 
Jennifer 1. Bracy, David H. Sachs, John lacomini* 

The major barrier t o  transplantation across discordant species, such as from pig 
t o  human, is reiection mediated bv xenoreactive natural antibodies fXNAl that . , 
bind the carbohydrate epitope G ~ ~ ~ I - ~ G ~ ~ ~ I - ~ c ~ c N A c - R  (aGal) on donor tis- 
sues. This epitope is synthesized by the enzyme glucosyltransferase uridine 5'- 
diphosphate gala~t0Se:P-~-gala~t0~yl-1,4-N-a~etyl-~-gl~~0Saminide a(1-3)galac- 
tosyltransferase (E.C. 2.4.1.151), or simply aGT. When a functional aGT gene 
was introduced by retroviral gene transfer into bone marrow cells, aCal XNA 
production in a murine model ceased. Thus, genetic engineering of bone marrow 
may overcome humoral rejection of discordant xenografts and may be useful 
for inducing B cell tolerance. 

A shortage of human organs has stimulated a 
great deal. of research into the possibility of 
using nonhuman doilors for transplantation. 
Pigs are the inost likely species to seilie as 
donors for clinical xenotrailsplantation be- 
cause of their similarity to humans (1, 2). 
However, humoral rejection mediated by 
aGal XNA re~nains a inajor barrier to suc- 
cessful xenotransplantation (3, 4). Although 
several approaches have been developed to 
preTent hyperacute rejectloll mediated by 
aGal XNA, delayed rejection caused by these 
antibodies remains a formidable challenge 
(5-8) For xenotransplantation to be success- 
ful, methods must be de~eloped to overconle 
organ da~nage mediated by aGal XIiA 

Induction of  nixed chimerism bv bone 
marrow transplantation can be used to toler- 
ize B cells producing aGal XNA (9), but this 
is not a practical solution (10). We hypothe- 
sized that production of aGal XNA may be 
inhibited by introducing a functional aGT 
gene by retroviral gene transfer into autolo- 
gous bone mai-row cells. aGal epitopes 
would then be expressed on the surface of 
bone marrow-derived cells or on secreted 

- 
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proteins that could potentially tolerize B cells 
making aGal XNA. Thus, establishing mo- 
lecular rather than cellular chimeris111 could 
circumvent difficulties associated with en- 
graft~nent of pig bone Inarrow in primates for 
the purpose of inducing tolerance. 

To construct a retroviral ~ e c t o r  (11) carry- 
ing the gene encoding porcine aGT, we isolated 
from the plasmid pSal3GT1 an 1145-base pair 
(bp) Eco RI-Cac 81 DiiA fragment containing 
the coding region of pig aGT (12) and cloned it 
together with the inurine phosphoglycerate h- 
nase promoter into the ii2A retroviral ~ e c t o r  
(13) to construct LGTRV (Fig. 1A). The 
LGTRV construct was transfected into the am- 
photropic retro~iral packaging cell line AM12 
(14) to de r i~e  the virus producer cell line 
LGTA7. The viral titer of supernatants harvest- 
ed from the LGTA7 line was approxiinately 
5 X lo4 to 1 X 10' colony-fom~ing units per 
milliliter. To test whether LGTA7-derived ~ i r u s  
could transfer hnctional aGT expression, we 
transduced Vero cells with LGTA7 or a control 
virus containing only the neoinycin resistance 
(neo') gene, and surface expression of aGal 
epitopes was analyzed by staining with the 
isolectin BSI-B, (IB4 lectin) isolated fro111 Ban- 
deil-crea si~npliclfolia, which specifically binds 
aGal (15). G418-resistant Vero cell clones in- 
fected with LGTA7 expressed aGal epitopes 
on the cell surface at levels detectable by stain- 
ing with IB4 lectin (Fig. 1B). Surface expres- 
sion of aGal epitopes was stable and could be 
detected on the surface of transduced cells for at 
least 4 months in culture. In contrast, no surface 
expression of aGal epitopes was detected on 
Vero cells transduced with control virus. Treat- 
ment of LGTA7-transd~~ced Vero cell clones 
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