
T h e  cone energy is independent of the mod- 
uli G and thus indenendent of the  elastic 
thickness h (23).  T h e  cone energy remains a 
significant fraction of the  tetrahedron ener- 
PV for all tetrahedra studied. Nevertheless. ", 
the asymptotic scaling gives less than 1096 
error for tetrahedra larger than about lo3 
times their thickness (for example, a 10-cm 
tetrahedron made of standard 0.1-mm-thick 
office paper). T h e  simulated sheets of Ter- 
soff (24) and of Kroll (22) did not approach 
these size-to-thickness ratios; thus, it is not 
surprising that they saw 110 evidence for the  
energy scaling predicted here. 

T h e  ridges suggest an  approach for de- 
scribing a s t r o ~ ~ g l y  crumpled sheet. From 
common observation, crumpled sheets con- 
tain a laree number of vertices. W e  mav 
suppose that pairs of adjacent vertices give 
rise to  ridges like the ones seen in our 
simple shapes. T h e  neighboring ridges can 
be expected to influence one another. Still, 
this mutual influence cannot be too ereat. 
Our  study has shown that well-developed 
ridges are but little influenced by the  sur- 
face at distances of order X from the  ridge 
line. This is natural, because the  ridge en- 
ergy is concentrated a t  distances much 
smaller than X from this line. W e  are led to 
treat the  ridges as independent, at least as a 
first approximation. Thus, we may find the  
approximate energy of a given crumpled 
sheet from its ridge lengths X, by simply 
adding the  individual energies to obtain a 
total energy E = K C,(X,Ih)'13. 

W e  expect the  stretching-ridge concept 
to  c o n t r i b ~ ~ t e  to future understanding of the  
crumpled materials like those in Fig. 1. 
LVhen the  ridges are a few hundred times 
longer than the  membrane thickness, they 
eive a auantitative account of the  deforma- 
tion energy. T h e  ridge concept should aid 
in the  design of macroscopic energy-absorb- 
ing materials such as packing material (4)  
and protective .r.ehicle structures (3 ) ,  for 
example, by placing defects to  control 
where ridges form. Knowledge about ridges 
mav aid the  understanding of microsco~ic  
phdnomena such as the  coiapse of grapkte  
membranes (6)  and the passage of blood 
cells through capillaries (25),  and it may 
elucidate large-scale phenomena such as 
the  b~lckling of the  Earth's crust (26).  
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Au toencapsulation Through Intermolecular 
Forces: A Synthetic Self-Assembling 

Spherical Complex 
Robert S. Meissner, Julius Rebek Jr.," Javier de Mendoza 

The synthesis and characterization of a system for the study of molecular recognition 
phenomena are described. The system involves a tetraurea molecule that is capable of 
assembly into various associated states through hydrogen bonding. In organic solvents, 
the dynamic transition between a low-ordered (aggregate) state and a highly ordered 
dimeric assembly can be induced by the introduction of smaller molecules of appropriate 
size and shape. These smaller molecules, such as benzene, adamantanes, and fer- 
rocenes, act as guests that occupy the pseudospherical capsule formed by the dimeric 
host. Among various guests, those that best fill the cavity and offer chemical comple- 
mentarity to the host are preferentially encapsulated. 

H o w  molecules fit together-molecular 
recognition-can be explored with biologi- 
cal macromolecules and with synthetic 
structures of low molec~llar weight. Recogni- 
tion expresses structural information and 
takes the form of complementarity in size, 
shape, and chemical surfaces. A subtle ex- 
pression of information is possible with self- 
complementary molecules. Multiple copies 
of such molecules can give rise to ordered 

superstructures-assemblies-with functions 
that are unique to their assembled states. 111 
molecular assembly formation, favorable 
binding forces (enthalpy) compete with en- 
ergy loss due to the decreased freedom of the 
individual subunits (entropy). Guest mole- 
cules that match a host assembly in size and 
shape interact to produce an  increased van 
der Waals attraction, and those guests with 
functional groups capable of forming hydro- 
gen bonds with the host produce increased 

R. S. Messner and J. Rebek Jr.. Massachusetts Institute electrostatic attraction. Guests that maxi- 
of Technology, Department of Chemistry, Cambridge, mize the attracti.r7e forces are preferred (1 ) .  
MA 02139, USA. 
J,  de Mendoza, Universdad Autonoma de Madrid, De- Here we describe a lnolecule that 
partamento de Qumica, Cantobanco, 28049 Madrid, to prol~ide a host for the  rel~ersible encapsu- 
Spain. lation of sizable, complementary guests (2).  
-To whom correspondence should be addressed. Molecule 1 consists of 13 fused rings that 
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give it an extended, rigid structure (Fig. 1A). 
The stereoisomer shown presents the R groups 
on the same face of the molecule as the cen- 
tral ethylene bridge. This feature permits the 
structure to assume low-energy conformations 
of an overall C-shape, with all R groups posi- 
tioned on its convex surface. As in other cases 
of molecular assembly formation (3), hydro- 
gen bonds provide the attractive forces. The 
hydrogen bond acceptors on the ends of the 
structure (the four N-H bonds) are comple- 
mentary to the hydrogen bond donors near its 
center (the four carbonyl oxygens). When 
two molecules of 1 come together with their 
concave surfaces ouuosed, a structure of 

A. . 
roughly spherical shape can result. The assem- 
bly is modeled (4) in Fig. lB, where the 
hydrogen bonding sites and the gentle curva- 
ture of the units are highlighted. 

In the synthesis of compound l a  (Fig. 
2), we took advantage of its symmetry and 
modular nature. The  urea-containing ter- 
mini of the target were made by sequential 
treatment of tetrabromodurene (2)  with 
tert-butyl hydrazodiformate (3) and diphe- 
nylglycoluril (5) .  Although only modest 
yields of 6 were obtained, this procedure 
avoids the use of protecting groups at the 
remaining reactive sites of 2 and 5 (5). 
Compound 6 was then deprotected with 
acid to produce the hydrazine salt 7. The  
central unit 8 was prepared by a multiple- 
step process that relied on  the Diels-Alder 
cylcloaddition of the acetylene 9 and the 
diene 10 as the key reaction (Fig. 3) (6). 
The  final assembly fused the tetraacid- 
chloride 8 to two molecules of hydrazine 7 
(Fig. 2). The  reaction produced a mixture 

Fig. 1. (A) Structural depiction of monomer 1. (B) 
Energy-minimized (4) dimeric depiction of the self- 
assembled structure 1. The R groups and some 
hydrogens have been omitted for clarity. Carbon 

of the three possible stereoisomers. Isola- 
tion of the desired C-shaued isomer was 
achieved by a combination of extraction 
and silica gel chromatography. A parallel 
synthesis, in which each phenyl group was 
replaced with an  isopentyl ester, gave a 
derivative ( l b )  with greater solubility in 
organic solvents. 

In the solvent benzene-d6, proton nucle- 
ar magnetic resonance (NMR) signals of 
molecule l a  are sharp, and downfield shifts 
were observed for the N-H resonances, 
characteristic of an  ordered, extensively hy- 
drogen-bonded system (Fig. 4A). However, 
in CDCl,, the molecule dissolved with dif- 

J. 

ficulty and formed a gel-like phase after a 
few minutes. The spectrum showed broad 
unresolved peaks (Fig. 4B), and the suspen- 
sion in the NMR tube could be turned 
upside down without loss of its contents. 

Evidently, in this solvent an aggregate of 
relatively low order was formed. 

The  more soluble derivative l b  showed 

9 0 7 6 5 4 3 2 i '  
Chemical shift (ppm) 

Fig. 4. 'H NMR spectra of l a .  (A) Benzene-d, 
solvent. The signals between 7.2 and 7.0 ppm, 
and between 2.2 and 0 ppm, are from the solvent 
and its impurities. (6) Chloroform-d solvent. The 
single peak at 7.26 ppm is from the solvent. 

K ~ B O C  DMF 'BOC 
Br Br 44% 6 

95% 
2 3 Br 4 'BUOK, 

DMSO 
48% 

0 

,H 
P 

'H-HCI 0 0 8  
0.5 eq 0 0 

NE13, DMF 18 (17%, 67% of theorelcat) 
+two omer isomers 

Fig. 2. Synthesis of monomer l a .  Abbreviations: BOC, tert-butoxycarbonyl; DMF, N,N-dimethyl form- 
amide; 'BuOK, potassium tert-butoxide; Ph, phenyl; DMSO, dimethyl sulfoxide; Net,, triethyl amine; and 
eq, equivalents. 

0 
I 

H O  dB 97% 
OPMB 78%- 

0 

0 0 

OPMB 71%- PMB 72% 
99% 

0 0 
10 8 

Fig. 3. Synthesis of the central tetraacylchloride. Abbreviations: Me, methyl; PMB, para-methoxy benzyl; 
and TFA, triflouroacetic acid. 

Table 1. Stoichiometric and kinetic data. Abbreviations: [ I  b],,,, total concentration of 1 b; [guest],,,, total 
guest concentration; K,(app), apparent association constants; and M, molar. 

Guest Stoi- [lbltot [guestl,,, K,(~PP) 
chiometry* (mM) (mM) (M-')? 

1,3,5,7-tetramethyladamantane 0.9 8.15 40.8 6.7 
1 -adamantanearnine 1 .O 6.70 3.35 190 
1 -adamantanecarboxamide 0.9 6.70 2.65 31 0 
1 -adamantanecarboxylic acid 1 .O 6.70 2.65 780 
1,3-adamantanedicarboxlic acid 1 .O 6.70 -$ - 4 
1 -ferrocenecarboxylic acid 1.1 6.40 3.20 280 

atoms are gray, nitrogen are dark blue, oxygen are *Equivalents of guest per equivalent host dimer (21  0%). 'VCalculated with Eq. 1 (10). $Value was not calculated 
red, and hydrogen are light blue. because of the insolubility of the free guest. 
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a spectrum similar to that of l a  in benzene- 
d,, but in para-xylene-dlo it produced broad 
signals in the NMR spectrum (Fig. 5A). 
Addition of 1-adamantanecarboxylic acid 
to the xylene solution led to a significant 
sharpening of the signals, and a set of up- 
field signals emerged between -0.1 and -1.0 
parts per million (ppm) (Fig. 5B). These 
can be attributed to an inclusion complex 
in which two molecules of l b  surround the 
1-adamantanecarboxylic acid; the four ben- 
zene rings of the host provide the anisotro- 
pic environment that leads to the shielding 
of the NMR signals of the guest. Similarly, 
1,3-adamantanedicarboxylic acid (Fig. 5C), 
1 -adamantanecarboxamide (Fig. 5D), l-fer- 

9 8 7 6 5 4 3 2 1 0  
Chemical shiR (ppm) 

Fig. 5. l H  NMR spectra of 1  b  in para-xylene-dl, 
sclvent with various guests. The signals of the 
included guest are labeled with an "i," and the 
excluded guest signals, when resolved, are la- 
beled with an "e." (A) Compound 1 b  (6.70 mM) in 
para-xylene-dl, solvent. The signals between 7.0 
and 6.6 ppm, 2.2 and 1.8 ppm, and at 0.1 7 ppm 
are from the solvent and its impurities; the residual 
water signal is at 0.22 ppm. (B) Compound l b  
(6.70 mM) in para-xylened,, solvent with 2 equiv- 
alents of 1 -adamantanecarboxylic acid added. (C) 
Compound l b  (6.70 mM) in para-xylene-d,, sol- 
vent with 2 equivalents of 1,3-adamantanedicar- 
boxylic acid added. (D) Compound l b  (6.70 mM) 
in para-xylene-dl, solvent with 2 equivalents of 
1 -adamantanecarboxamide added. The labeled 
guest peaks between 3.6 and 5.0 ppm are the 
amide N-H signals. (E) Compound 1  b  (6.40 mM) 
in para-xylene-d,, solvent with 2 equivalents of 
1 -ferrocenecarboxylic acid added. (F) Compound 
1  b  (8.1 5 mM) in para-xylene-dl, solvent with 10 
equivalents of 1,3,5,7-tetramethyladamantane 
added. 

rocenecarboxylic acid (Fig. 5E), 1,3,5,7-tet- 
ramethyladamantane (Fig. 5F), l-adaman- 
taneamine, and ferrocene can also be en- 
capsulated by the dimeric host. In the case 
of 1,3-adamantanedicarb~x~lic acid, the 
guest alone was completely insoluble in the 
para-xylene-dlo solvent but was rapidly 
drawn into solution by encapsulation (7). 

The spectroscopic observations can be 
interpreted as follows. In the presence of a 
solvent ill-suited for encapsulation (the 
small chloroform or the elongated p-xy- 
lene), intermolecular hydrogen bonding led 
to low-order aggregation of the monomer. 
With the addition of a guest of complemen- 
tary size and shape, such as benzene or 
1,3,5,7-tetramethyladamantane, the spheri- 
cal dimeric form is favored, because attrac- 
tive van der Waals interactions between 
host and guest are maximized within the 
inclusion complex. The equilibrium is fur- 
ther displaced toward the dimeric capsule 
when guests such as the functionalized ada- 

. mantane derivatives or l-ferrocenecarboxy- 
lic acid fill the space and provide hydrogen 
bonds to the interior surface of the host 
(Fig. 6). 

Integration of the 'H NMR signals pro- 
vides the stoichiometry of the host-guest 
complex, and in each case, one guest per 
host dimer is clearly indicated (Table 1). 
The widely separated signals for free and 
bound guests in the NMR spectra indicate 
that exchange of guests in and out of the 

models with cutaway views showing the van der 
Waals radii of the complex with tetramethylada- 
mantane (top) and 1 -ferrocenecarboxylic acid 
(bottom) encapsulated in dimer 1  b. The R groups 
have been omitted and the guests colored yellow 
for clarity. 

cavity is slow on the NMR time scale. 
The inclusion studies indicate that the 

functionality of the guest can be most im- 
portant in organizing the assembly. The ad- 
dition of only 1 equivalent of the function- 
alized adamantane derivatives to the solu- 
tion of l b  produced the sharp spectrum in- 
dicative of a well-ordered dimeric assembly, 
whereas even 10 eauivalents of 1.3.5.7-tet- . , , 
ramethyladamantane was insufficient to pro- 
duce such order. Similarly, the proportion of 
encapsulated-to-free guest was much greater 
for the functionalized adamantanes (8), a 
result consistent with larger contributions of 
electrostatic versus van der Waals interac- 
tions (9) .  . . 

The analysis of quantitative data ob- 
tained from the 'H NMR sDectra can be 
used to calculate equilibrium association 
constants for various guests. These values 
are here denoted as apparent association 
constants, K,(app), because of the simplifi- 
cation of the several dynamic processes 
present into one process in by Eq. 1 (1 0). 

lb(,ggr e,,r,) + guest & l b  .guest. l b  
(1) 

[ l b  . guest. lb]  
K.(~PP) = ilbl 

aggregare)I[guestI 

The apparent association constants listed in 
Table 1 allow comparison of the relative 
affinities of the dimeric assembly for these 
guests. 

In summary, the behavior and func- 
tions of molecule 1 can, to some extent, 
be controlled, either by solvation or en- 
capsulation of guests. The considerations 
of host-guest complementarity and the siz- 
able cavity of the dimeric capsule suggest 
that catalysis of reactions that feature 
transition states of the appropriate size, 
shape, and functionality may be possible 
within the assembly. 
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Yeast Checkpoint Genes in DNA Damage 
Processing: Implications for Repair and Arrest 

David Lydall and Ted Weinert 

Yeast checkpoint control genes were found to affect processing of DNA damage as well 
as cell cycle arrest. An assay that measures DNA damage processing in vivo showed that 
the checkpoint genes RAD17, RAD24, and MEC3 activated an exonuclease that degrades 
DNA. The degradation is probably a direct consequence of checkpoint protein function, 
because RAD17 encodes a putative 3'-5' DNA exonuclease. Another checkpoint gene, 
RAD9, had a different role: It inhibited the degradation by RAD17, RAD24, and MEC3. A 
model of how processing of DNA damage may be linked to both DNA repair and cell cycle 
arrest is proposed. 

Checkpoint controls recognize DNA dam
age and halt cell division until DNA repair 
is complete. They are thought to play an 
important role in tumor prevention, be
cause human checkpoint genes, such as p53 

Department of Molecular and Cellular Biology, University 
of Arizona, Tucson AZ 85721, USA. 

and ATM, are often compromised in tumor 
cells (I). How eukaryotic checkpoint con
trols work to sense DNA damage and to 
signal arrest is unclear. Studies in yeasts 
have identified genes that are essential for 
arrest in G2 after DNA damage, at the G2 

checkpoint. Here we examine the role of 
the G2 checkpoint genes RAD9, RAD17, 

RAD24, and MEC3 (2-5) in yeast. Other 
genes, MECI, RAD53, and POLe, are also 
required for checkpoint control at the S-
phase checkpoint when DNA replication is 
blocked (5-7). 

Checkpoint proteins could be involved in 
a signal transduction pathway linking DNA 
damage to cell cycle arrest. However, several 
observations suggested to us that the RAD9, 
RAD17, RAD24, and MEC3 genes are not 
solely, if at all, involved in signal transduc
tion. We found that these four checkpoint 
control genes can be divided into two groups 
based on phenotypes that suggest possible 
roles in DNA repair. These groups are the 
RAD24 group (RAD17, MEC3, and RAD24) 
and the RAD9 group (consisting only of the 
RAD9 gene) (Table 1). We found, for exam
ple, that rad9 rad24 double mutants are more 
sensitive to the DNA damage caused by ul
traviolet (UV) radiation and methyl methane 
sulfonate (MMS) than are the corresponding 
single mutants (Fig. 1). Our analysis of the 
results summarized in Table 1 led us to test 
whether the RAD9 and RAD24 group genes 

Fig 1 . Assignment of rad9 mutants to a different 
epistasis group than radl 7, rad24, and mec3 mu
tants. (A) Sensitivity of checkpoint mutant strains to 
UV irradiation. A series of A364a strains in which 
combinations of the RAD9, RAD17, RAD24, and 
MEC3 genes had been deleted were tested for their 
sensitivity to UV irradiation. All the survival curves 
shown were obtained on the same day. There was 
slight day-to-day variation in cell viability, but when
ever a rad9 mutation was combined with any other 
checkpoint mutation the cells were more sensitive 
to UV irradiation. Experiments in the W303 back
ground produced a similar pattern (76). (B) Sensi
tivity of checkpoint mutant strains to the alkylating 
agent MMS. Strain DLY 217 (A364a background, 
Mata rad9::HIS3 rad17::LEU2 rad24::TRP1 
mec3::URA3) was crossed to strain DLY221 
(A364a background, Mata his3 Ieu2 trp 1 ura3). The 
diploid was sporulated, and all possible combina
tions of mutations were found in the haploid prog
eny. Strains were replica-plated to YEPD-rich 
plates (containing yeast extract, peptone, and dex
trose) with (+) or without ( - ) 0.01 % MMS. In addi
tion, the progeny from each tetrad (labeled a, b, c, 
or d in table) were replica-plated to -URA, - H I S , • 

B 
-MMS +MMS 

Wild-type 

25 50 75 

U V dose (J/m2) 

100 

mec3 rad17 rad24 
rad17 
mec3 

mec3 rad9 rad24 

mec3rad9 

Tetrad 
number 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

a 

9,17 

3,9 
3,17,24 
24 
24 
3,9, 24 
17,24 

-
3,9, 24 
3 
3,9,24 

b 

9 

-9 
WT 
9,17,24 
WT 
3,9 
9,17, 24 
9,17 
3,17,24 
3 

c 

3,17,24 

WT 
3,9, 24 
3,9,17 
3,17 
9,17,24 
3,17 
9,24 
3,24 
9,17 
9,17, 24 

d 

3,24 

3,9,17,24 
17 
3,9,17,24 
3,9 
3,17 
9,24 

-
17 
9,24 
17 

-LEU, and - T R P plates to 
determine which checkpoint mutations were present. Abbreviations in table 
are as follows: 3, mec3::URA3; 9, rad9::HIS3; 17, rad17::LEU2; 24, rad24:: 
TRP1; and WT, wild type. A dash indicates that this particular spore did not 

grow. Three levels of growth were observed in the presence of MMS: Wild-
type cells were MMS-resistant, rad9 or rad24 group mutants were sensitive, 
and rad9rad24 group double mutants were supersensitive. Consistent results 
were found in the W303 genetic background (76). 
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