References and Notes

1. ). Cooke, E. C. Zeeman, J. Theor. Biol. 58, 455 (1976).

. H. Meinhardt, in Somites in Developing Embryos, R.

Bellairs, D. A. Ede, J. W. Lash, Eds. (Plenum, New York,

1986), pp. 179-189.

). Cooke, Trends Genet. 14, 85 (1998).

. 1. D. Barrantes et al., Curr. Biol. 9, 470 (1999).

A. Aulehla, R. L. Johnson, Dev. Biol. 207, 49 (1999).

. Y. ). Jiang et al., Nature 408, 475 (2000).

K. J. Dale, O. Pourquie, Bioessays 22, 72 (2000).

. J. Dubrulle, M. J. McGrew, O. Pourquie, Cell 106, 219

(2001).
9. R. Bellairs, Bull. Zool. 47, 245 (1980).

10. A. G. Jacobson, S. Meier, in Somites in Developing
Embryos, R. Bellairs, D. A. Ede, ). W. Lash, Eds. (Ple-
num, New York, 1986), pp. 1-16.

11. P. P. L. Tam, P. A. Trainor, Anat. Embryol. 189, 275
(1994).

12. A. Wood, P. Thorogood, Dev. Dyn. 201, 151 (1994).

13. C.D. Stern, S.E. Fraser, R. . Keynes, D. R. N. Primmett,
Development 104 (suppl), 231 (1988).

14. D. R. N. Primmett, W. E. Norris, G. ). Carlson, R. ).
Keynes, C. D. Stern. Development 105, 119 (1989).

N

PNV AW

RESEARCH ARTICLES

15. J. Collier et al., J. Theor. Biol. 207, 305 (2000).

16. S. Schnell, P. K. Maini, Dev. Dyn. 217, 415 (2000).

17. M. Kerszberg, L. Wolpert, J. Theor. Biol. 205, 505
(2000).

18. F. E. Stockdale, W. Nikovits, B. Christ, Dev. Dyn. 219,
304 (2000).

19. R. Keller, Curr. Top. Dev. Biol. 47, 183 (2000).

20. H. L. Stickney, M. J. F. Barresi, S. H. Devoto, Dev. Dyn.
219, 287 (2000).

21. C. A Henry, L. A. Hall, M. Burr-Hille, L. Solnica-Krezel,
M. S. Cooper. Curr. Biol. 10, 1063 (2000).

22. O. Pourquie, Annu. Rev. Cell Dev. Biol. 17, 311
(2001).

23. Y. Saga, H. Takeda, Nature Rev. Genet. 2, 835 (2001).

24. See supporting data on Science Online.

25. C. Schmidt, B. Christ, M. Maden, B. Brand-Saberi, K.
Patel, Dev. Dyn. 220, 377 (2001).

26. A. Buchberger, K. Seidl, C. Klein, H. Eberhardt, H. H.
Arnold, Dev. Biol. 199, 201 (1998).

27. K. Sakamoto et al., Biochem. Biophys. Res. Commun.
234, 754 (1997).

28. Q. Xu, G. Mellitzer, V. Robinson, D. G. Wilkinson,
Nature 399, 267 (1999).

Contribution of Human «-Defensin 1,
2, and 3 to the Anti-HIV-1 Activity
of CD8 Antiviral Factor
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It has been known since 1986 that CD8 T lymphocytes from certain HIV-1-
infected individuals who are immunologically stable secrete a soluble factor,
termed CAF, that suppresses HIV-1 replication. However, the identity of CAF
remained elusive despite an extensive search. By means of a protein-chip
technology, we identified a cluster of proteins that were secreted when CD8
T cells from long-term nonprogressors with HIV-1 infection were stimulated.
These proteins were identified as a-defensin 1, 2, and 3 on the basis of specific
antibody recognition and amino acid sequencing. CAF activity was eliminated
or neutralized by an antibody specific for human a-defensins. Synthetic and
purified preparations of a-defensins also inhibited the replication of HIV-1
isolates in vitro. Taken together, our results indicate that a-defensin 1, 2, and
3 collectively account for much of the anti-HIV-1 activity of CAF that is not

attributable to B-chemokines.

T lymphocytes that carry the CD8 antigen
play a critical role in controlling HIV-1 or
simian immunodeficiency virus (SIV) repli-
cation in vivo (7). The initial control of vire-
mia after primary infection is temporally cor-
related with the onset of virus-specific CD8
cytotoxic T lymphocytes (CTLs) (2, 3). SIV
replication in macaques increases dramatical-
ly when a monoclonal antibody (mAb) is
used to deplete CD8 T cells (4, 5). Moreover,
the strong pressure exerted by cellular immu-
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nity in vivo is apparent from the rapid emer-
gence of CTL-escape viruses (6, 7). Al-
though the direct killing of infected cells by
CD8 CTLs is important in virus suppression
(1), soluble factors secreted by CD8 T lym-
phocytes can also inhibit HIV-1 or SIV rep-
lication in vitro. In 1986, Walker et al. (8)
first described the CDS8 antiviral factor
(CAF), a diffusible molecule secreted by
stimulated CD8 T cells from certain HIV-
l1-infected individuals. Unlike the activity of
CTLs, the antiviral activity of CAF is noncy-
tolytic and does not require restriction by
major histocompatibility complex class I
molecules or cell-to-cell contact. Instead, the
activity is believed to be mediated by a heat-
stable, acid-stable protein (9) with a molecu-
lar mass of <20 kD (10) or <10 kD (/7). It
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is noteworthy that CAF inhibits HIV-1 repli-
cation irrespective of viral phenotype or tro-
pism (9), but its precise mechanism of action
remains unknown, although there are indica-
tions that the effect may be at the level of
viral transcription (12, 13).

Stimulated CD8 T lymphocytes release
CAF in greater than normal abundance from
HIV-1-infected persons who are doing well
clinically, particularly those characterized as
long-term nonprogressors (LTNPs) (9, 14—
16). In contrast, it is uncommonly detected in
CD8 T cells from infected patients with evi-
dence of immunodeficiency (progressors).
CAF-like activity has been detected in stim-
ulated CD8 T cells from SIV-infected rhesus
macaques (/7) or African Green monkeys
(18), HIV-1-infected chimpanzees (/9), and
some healthy uninfected humans (20).

Despite tremendous efforts over the past 16
years (9), the identity of CAF has remained
elusive. In 1995, Cocchi ef al. (21) showed that
stimulated CD8 T lymphocytes can secrete
B-chemokines (RANTES and the macrophage
inflammatory proteins MIP-lac and MIP-13)
that block HIV-1 infection in vitro. However,
their antiviral activity was observed against
macrophage-tropic viral isolates, but not against
T cell line—tropic strains. This dichotomy was
later explained by the discovery that the recep-
tor for B-chemokines, CCRS, also serves as the
coreceptor for HIV-1 entry into CD4 T cells
(22-24). Thus, it became apparent that 3-che-
mokines can competitively block so-called RS
viruses that use CCRS as coreceptor, but not
so-called X4 viruses that use an alternate core-
ceptor, CXCR4 (25). Such an antiviral profile
clearly distinguished B-chemokines from CAF,
which can inhibit both types of HIV-1. More-
over, CAF activity could not be eliminated by
removing either 3-chemokines (26, 27) or SDF
la (28), the ligand for CXCR4, with specific
mAbs. Other cytokines have subsequently
emerged as possible candidates for CAF, in-
cluding macrophage-derived chemokine (29)
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and interleukin 16 (30), but none has stood the
test of time (31, 32).

A cluster of small proteins secreted by
stimulated CD8 T cells. We have long stud-
ied a cohort of LTNPs, many of whom were
good producers of CAF (I4). Supernatant
fluids were harvested from stimulated and
unstimulated CD8 T lymphocyte cultures de-
rived from three of these LTNPs, as well as
from four progressors and 15 normal controls
(33). Each sample was analyzed on the Pro-
teinChip system (Ciphergen Biosystems, Fre-

RESEARCH ARTICLES

mont, CA), which is based on the integration
of chemically modified array surfaces with
surface-enhanced laser desorption/ionization
(SELDI) time-of-flight (TOF) mass-spec-
trometry (MS) detection (34). This technolo-
gy was chosen because of its power of reso-
lution, high reproducibility, ease of use, and
femtomole-level sensitivity (34, 35). As
shown in Fig. 1, representative protein mass
spectra for two LTNPs and one normal con-
trol revealed significant differences in peak
pattern between stimulated and unstimulated
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Fig. 1. Representative protein mass spectra of culture supernatants from stimulated and unstimu-
lated CD8 T cells from two LTNPs, one normal individual, and one progressor. Protein peaks that
are up-regulated after stimulation are highlighted and their masses are indicated.

Table 1. Changes in molecular mass (m/z) before [-] and after [+] reduction with or without alkylation.

n/d, Not detected.

Dithiothreitol Acrylamide lodoacetamide

T g e e T g e gy e

change change change
Peak 1 3371.0 33772 62 Peak1 33700 38043 4343 33715 37200 3485
Peak 2 3441.7 34478 6.1 Peak2 34413 38750 433.7 34421 37913 349.2
Peak 3 34858 34916 58 Peak3 n/d n/d n/d n/d n/d n/d
Average 6.0 434.0 348.9
No of disulfide bonds 3 3 3

CD8 supernatants. A cluster of two or three
peaks, with molecular masses of 3371.9,
3442.5, and 3486.5 daltons, was found in
stimulated cultures. This cluster was detected
in cultures of stimulated CD8 T lymphocytes
from three of three LNTPs and 11 of 15
normal individuals, but not from four pro-
gressors (Fig. 1). A unique peak at 7815.0
daltons, later identified as MIP-1a (see be-
low), was also detected in stimulated samples
from two LTNPs. Although plenty of peaks
were observed from 8 to 200 kD, no consis-
tent differences were found between stimu-
lated and unstimulated CD8 cultures for the
three study groups (36). In particular, no
peak >8 kD consistently correlated with the
presence of CAF activity.

To further characterize the cluster of peaks
between 3.3 and 3.5 kD, culture supernatants
from stimulated CD8 T cells from LTNP subject
3 (LTNP-3) and normal control number 2 (Nor-
mal-2) were enriched for these proteins as de-
scribed (33). Enriched materials were then treat-
ed with dithiothreitol (DTT), acrylamide, or
iodoacetamide to probe for the existence of
disulfide bonds within each protein in the clus-
ter. The resultant materials were then analyzed
by SELDI-TOF-MS. The changes in molecular
mass for the three peaks found in Normal-2
upon reduction with DTT are shown in Table 1.
Each peak gained ~6 daltons after reduc-
tion (fig. S1), which suggests that every
protein in the cluster contains three internal
disulfide bridges, because DTT reduction
would add two hydrogen atoms to form two
free sulthydryl groups for each disulfide bond
broken. Furthermore, for peaks detected in the
culture supernatant from LTNP-3, reduction
and alkylation with acrylamide or iodoacet-
amide led to increases of ~434 or 349 dal-
tons, respectively (Table 1). Given the molec-
ular masses of acrylamide (71 daltons) and
iodoacetamide (57 daltons), the observed
mass increases were again consistent with the
addition of six acrylamide or iodoacetamide
molecules to each protein through six free
sulfhydryl groups. This result further con-
firmed the presence of three intramolecular
disulfide bridges in each protein in the cluster.
Taken together, these findings raised the pos-
sibility that these small proteins are similar
and related.

Identification of the protein cluster as
human a-defensin 1, 2, and 3. By searching
through protein databases (NCBI: www.
ncbi.nlm.nih.gov; Swiss-Prot: www.ebi.ac.
uk/swissport), we found that the peaks of
3371.9, 3442.5, and 3486.5 daltons corre-
spond precisely to the molecular masses of
human a-defensin 2, 1, and 3, respectively,
which are peptide antibiotics made principal-
ly by human neutrophils (37-39). Each of
these peptides is known to contain three in-
ternal disulfide bonds (40). Moreover, the
absence of the 3486.5-dalton peak in some
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cases (e.g., LTNP-3 in Fig. 1) is consistent
with the lack of a-defensin 3 in about 10% of
the population (41). To confirm the identity
of these molecules, we first examined wheth-
er an mAb specific for human a-defensin 1,
2, and 3 would recognize the protein peaks of
interest. We incubated supernatants from
stimulated CD8 T lymphocytes from subjects
LTNP-3 and Normal-2 with beads only or
beads coated with an mAb against a-defensin
1, 2, and 3 or MIP-la as described (33),
before testing on protein-chip arrays by using
SELDI-TOF-MS. Pretreatment with an mAb
against a-defensin 1, 2, and 3 eliminated the
cluster of proteins in the range of 3.3 to 3.5
kD (Fig. 2A), without significantly affecting
other peaks. Preincubation with an mAb
against MIP-la antibody did not affect the
peaks of interest but did result in the removal
of a peak at 7815.0 daltons. These findings
strongly support the suggestion that this clus-
ter of proteins represents members of the
human «a-defensin family.

To further confirm this conclusion, the en-
riched materials previously used for the reduc-
tion and alkylation experiments were digested
with trypsin and analyzed by tandem mass
spectrometry (33). Trypsin-digested materials
from both LTNP-3 and Normal-2 subjects
yielded a unique 1060.50-dalton (Fig. 2B, up-
per-right inset) fragment, which was further
selected and fragmented into smaller ions by
collision-induced dissociation in the MS-MS
collision cell. The seven unique ions generated
by this means (Fig. 2B) were then used in a
protein search engine (see legend to Fig. 2B) to
look for theoretical fragments of the 1060.50-
dalton parent ion. The search yielded a perfect
and unequivocal match with a trypsin-digest
fragment of human a-defensin 1, 2, and 3. In
fact, this peptide is conserved among these
three molecules and corresponds exactly to the
sequence YGTCIYQGR from amino acid po-
sitions 16 to 24 (42) (Fig. 2B). We therefore
confirmed by protein sequencing that the pro-
teins of interest are indeed members of the
human a-defensin family.

Human a-defensin 1, 2, and 3 account
for much of the HIV-1-suppressive activity
of CAF that is not attributable to B-chemo-
kines. To evaluate the relative contribution
of a-defensin 1, 2, and 3 to CAF activity,
culture supernatants from stimulated CD8 T
cells from subjects LTNP-3 and LTNP-5
were selectively depleted of these molecules
by the use of an affinity column or beads
coated with a specific antibody (33). The
antiviral activity, before and after depletion
of a-defensin 1, 2, and 3, were compared
against a panel of X4 and R5 HIV-1’s from
various genotypes (33) (Fig. 3A). Before de-
pletion, culture supernatants were able to in-
hibit ~50 to 60% of the replication of all X4
viruses tested. After depletion, however, the
inhibition of X4 viruses was largely eliminat-
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Fig. 2. (A) Identification of protein peaks with molecular masses of 3371.9, 3442.5, and 3486.5 daltons as
human a-defensin 2, 1, and 3, by using beads coated with an antibody against a-defensin 1, 2, and 3. (B)
Protein sequencing of a unique 1060.50-dalton peptide fragment after trypsin digestion (upper right), by
using tandem mass spectrometry. Unique peaks from collision-induced dissociation of 1060.50-dalton parent
jon are indicated. Protein Prospector MS-Tag search of NCBI and SwissProt database showed that the peptide
fragment, YGTCIYQGR (highlighted in the upper left), from a-defensin 1, 2, and 3 was the best match with
a probability-based Mowse score of 49 (Mascot software from Matrix Science). The next dosest match
(B-galactosidase precursor, 76.091 kD) had a score of only 17. In such analyses, a Mowse score over 38 is
regarded as positive identification or extreme homology.
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Fig. 3. (A) Antiviral ac-
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R5 B

tivity against a panel
of X4 and R5 HIV-1's
before (solid) and af-
ter (hatched) deple-
tion of a-defensin 1, 2
and 3 from culture su-
pernatants of subjects
LTNP-3 and LTNP-5.
The names of the viral
isolates are as indicat-
ed, and the HIV-1 ge-
notypes are shown in
parentheses. The error
bars indicate the stan-
dard deviation from

-
[=]
o

Percent inhibition of viral replication
g

the mean of two inde- & & @
pendent experiments. N @‘b\ ngp \,’(9‘3’
(B) Antiviral activity of q,@‘\ & &
culture supernatants

from stimulated CD8 T cells from LTNP-3 and LTNP-5 in the presence of
increasing amounts of antibodies against a-defensin 1, 2, and 3 (left) or
in combination with that against 3-chemokines (right).

ed, which indicated that a-defensin 1, 2, and
3 account for most of the suppressive activity
of CAF against X4 viruses. For R5 viruses,
there was an average of ~40% reduction in
anti-HIV-1 activity after the removal of
a-defensins (Fig. 3A). Control experiments
with an irrelevant antibody did not result in
the loss of antiviral activity (fig. S2).

We next examined whether CAF activity
could be neutralized in a dose-dependent man-
ner by the addition to the culture supernatant of
an antibody against a-defensin 1, 2, and 3, with
and without the addition of antibodies to B-
chemokines. Anti-HIV-1 activity of CD8 su-
pernatants from LTNP-3 and LTNP-5 de-
creased as the concentration of an a-defensin—
specific antibody increased (Fig. 3B). For all
X4 viruses tested, the suppressive activity of
CAF was virtually eliminated when antibody
concentration reached 25 pg/ml, although a
similar amount of a control antibody had no
effect (fig. S3). The inhibitory activity against
RS viruses was also reduced by the addition of
an a- defensin—specific antibody, although
the effect was not as profound (Fig. 3B and
fig. S3). To address the possibility that the
residual activity against RS viruses could be
due to B-chemokines (2/), culture superna-
tants from subjects LTNP-3 and LTNP-5
were treated with increasing amounts of a
mixture (1:1:1) of antibodies against MIP-
la, MIP-18, and RANTES, together with a
fixed concentration (25 wg/ml) of an a-de-
fensin—specific antibody. The residual antivi-
ral activity against three RS isolates was sub-
stantially neutralized at the highest antibody
concentration used (Fig. 3B, right panels).
Collectively, these results suggest that o-de-
fensin 1, 2, and 3 account for much of the
anti-HIV-1 activity in supernatants of stimu-
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Fig. 4. Anti—HIV-1 activity of commercially available a-defensin 1 and 2 peptides (A) and purified
a-defensin 1, 2, and 3 (B). The unconnected symbols at the lower right corner of each panel denote
the antiviral activity of the highest concentration of a-defensins when an a-defensin—specific mAb

(25 png/ml} is also added.

lated CD8 T lymphocyte cultures that is not
attributable to B-chemokines.

Synthetic and purified human o-
defensins can inhibit HIV-1 replication in
vitro. We next turned our attention to the test-
ing of synthetic or purified forms of a-de-
fensins. Two products are commercially avail-
able: a-defensin 1 and 2 (American Peptide Co.,
Sunnyvale, CA). With increasing concentrations
of a mixture (1:1) of these two synthetic «-de-
fensins, a greater degree of inhibition was ob-
served against six isolates of HIV-1 (Fig. 4),
regardless of viral phenotype or genotype. The
50% inhibitory concentrations (IC,,) for the
mixture ranged from ~11 to 24 pM, and there
was no evidence of cytotoxicity associated with
these peptides (36). Although the antiviral po-
tency of this mixture was not great, it was noted
that these commercial products were not pure

(fig. S4). Thus, to ensure the specificity of the
anti-HIV-1 activity of commercial a-defensin
preparations, we repeated virus inhibition assays
(33) with these peptides but now in the presence
of an a-defensin—specific antibody. The anti-
body indeed neutralized substantially the anti—
HIV-1 activity of commercial peptides (Fig. 4,
A). This result suggests that the antiviral effect
is not mediated by nonspecific contaminants in
the commercial preparations; instead, the activ-
ity resides in elements that are recognized by the
a~defensin—specific antibody.

We also examined the anti-HIV-1 activity
of a-defensin 1, 2, and 3 purified from neu-
trophils of a normal person (37, 40). This
preparation contained o-defensin peaks that
are virtually indistinguishable by mass spec-
trometry from those found in supernatants of
CD8 T cells from LTNP-5 (fig. S5). It inhib-
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neutrophil

unstimulated
cD8

stimulated CD8

Fig. 5. Immunofiuorescence staining of -
defensin 1, 2, and 3 in human neutrophils as well
as in unstimulated and stimulated CD8 T lympho-
cytes. The procedure was carried out as described
(33) such that a-defensins stain in green, CD8
proteins in red, and nuclei in blue. Cells stained
with an irrelevant antibody are shown in fig. S6.

ited HIV-1 replication with IC,, of ~0.5 to
2.2 pM (Fig. 4, B) and without cytotoxic-
ity, which suggests that purified o-de-
fensins are about 10 to 20 times as potent
against HIV-1 as commercial products. The
antiviral effect of purified human neutro-
phil a-defensins was also substantially re-
duced or eliminated by the addition of the
a-defensin—specific antibody.

A subset of CD8 T lymphocytes ex-
press a-defensin 1, 2, and 3. Neutrophils
and CD8 T cells purified from several normal
blood donors were studied by immunofluo-
rescence (33) for intracellular expression of
a-defensin 1, 2, and 3. A small fraction of
unstimulated CD8 T lymphocytes carried
these molecules within small cytoplasmic
granules, but in quantities considerably less
than that found in neutrophils (Fig. 5). Upon
stimulation, some of the CD8 T cells seemed
to lose the a-defensin—positive granules, pre-
sumably because of secretion into the culture
supernatant. However, a small percentage of
CD8 T cells were activated to express a
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higher amount of a-defensins (Fig. 5, cell on
the extreme right).

By flow cytometric analysis (33), few un-
stimulated CD8 T lymphocytes expressed ap-
preciable levels of a-defensins (36). After 1
day of stimulation, some of the cells containing
a-defensin were no longer detectable. Howev-
er, consistent with the immunofluorescence re-
sults, a population of CD8 T cells expressing
higher amounts of a-defensins emerged after 2
days of stimulation. These findings further con-
firm that a small subset of CD8 T cells do
indeed harbor and secrete a-defensin 1, 2, and
3, establishing yet another linkage between in-
nate and acquired immune systems.

Discussion. The principal source for
a-defensin 1, 2, and 3 is the neutrophil (37,
40). However, additional producers have
been described, including NK cells, v& T
cells, B cells, and monocyte/macrophages
(43), as well as certain epithelial cells (44).
Thus, it is not too surprising that these mol-
ecules are also made by CD8 T lymphocytes,
as shown here. Having identified certain
a-defensins as a major contributor to CAF,
we think it will now be easier to determine
the precise subpopulation of CD8 T cells that
is producing this family of antiviral factors.

a-Defensin 1, 2, and 3 are cationic mole-
cules, which contain three intramolecular di-
sulfide bonds (40) (see Fig. 2B). These pep-
tides can damage the membrane of bacteria,
probably only when they are in a proper
conformation constrained by disulfide linkag-
es (40). We do not know whether this would
be true of their anti-HIV-1 activity. Nor do
we know the elements within a-defensins
that mediate the antiretroviral effect. Like-
wise, the mechanism of action of defensins
on HIV-1 is also unclear, although previous
studies on CAF have suggested an effect on
viral transcription (12, 13).

Our studies to date do not adequately
quantify the potency of a-defensins against
HIV-1. Although the commercial products
are active in blocking viral infection (Fig. 4),
they also contain components with molecular
masses that are incorrect for a-defensins (fig.
S4). In addition, there is no assurance that
proper forms are synthesized even for those
peaks that have the right approximate mass.
In this regard, it is worth noting two addition-
al points. First, when a-defensin 1 or 2 was
individually tested against HIV-1, the inhib-
itory activity was rather low compared with
results for the two defensins combined. It is
possible that the anti-HIV-1 activity is me-
diated by different defensins interacting to-
gether, perhaps through the formation of het-
erodimers. Second, the commercial products
together inhibited HIV-1 replication with
IC,, of 11-24 uM. However, we found that
a-defensins purified from human neutrophils
blocked HIV-1- infection 10 to 20 times bet-
ter. Additional studies are necessary to define

the true antiviral potency of a-defensins,
which in turn will determine their clinical
utility in treating HIV-1.

In light of our new findings, it is interesting
to note that several defensins have been report-
ed to have antiviral activity in general and
anti-HIV-1 activity in particular. Human o-de-
fensin 1 can inactivate herpes simplex virus
types 1 and 2, cytomegalovirus, vesicular sto-
matitis virus, and influenza virus (45). Modest
anti-HIV-1 activity has been found for defen-
sin-like peptides from guinea pigs, rabbits, and
rats (46), as well as from insect species (47).
Last, a human homolog of the monkey 6-de-
fensin, termed retrocyclin, has recently been
demonstrated to block HIV-1 infection in vitro
(48). More studies are required to relate these
observations to ours. Nonetheless, we hope that
the identification of a-defensin 1, 2, and 3 as a
major component of the long-sought-after CAF
will open up fruitful avenues of research.
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Guest Transport in a Nonporous
Organic Solid via Dynamic van
der Waals Cooperativity

Jerry L. Atwood,* Leonard ). Barbour,* Agoston Jerga,
Brandi L. Schottel

A well-known organic host compound undergoes single-crystal-to-single-crystal
phase transitions upon guest uptake and release. Despite a lack of porosity of the
material, guest transport through the solid occurs readily until a thermodynam-
ically stable structure is achieved. In order to actively facilitate this dynamic
process, the host molecules undergo significant positional and/or orientational
rearrangement. This transformation of the host lattice is triggered by weak van der
Waals interactions between the molecular components. In order for the material
to maintain its macroscopic integrity, extensive cooperativity must exist between
the molecules throughout the crystal, such that rearrangement can occur in a
well-orchestrated fashion. We demonstrate here that even weak dispersive forces
can exert a profound influence over solid-state dynamics.

The assembly of organic molecular crystals is
primarily controlled by a variety of intermolec-
ular interactions which, in unison, immobilize
the building blocks to form stable arrays (/-6).
When these materials are heated beyond their
melting or sublimation points, the cohesive forc-
es are overcome, resulting in increased mobility
and disorganization of the molecules. The mol-
ecules of a solid can also be mobilized by pro-
cesses such as dissolution and solid-solid phase
changes. The latter can occur as a result of
physical stimuli (e.g., temperature, pressure, or
radiation) or gain or loss of ancillary molecular
components. Whereas inclusion of either a liquid
or gaseous guest by a solid matrix is a well-
known phenomenon, the mechanisms of such
processes are poorly understood. This is partic-
ularly true for the organic solid state, where
transport of the guest through the solid, and
subsequent complexation, usually involves con-
comitant reorganization of the host lattice (7). In
all but a few documented cases, guest-induced
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lattice rearrangement results in severe fracturing
of single crystals into polycrystalline material
(8). When fracturing does not occur, structural
analysis of the successive solid phases can
provide valuable insight into the dynamic
processes that prevail. For instance, unam-
biguous single-crystal-to—single-crystal
transformations preclude a mechanism that
entails either complete or localized dissolu-
tion of one phase with subsequent growth of
another (9-1I). There have been several
reports of monocrystalline host-guest (H-G)
inclusion or decomposition reactions of the
general type

H(s)+nG(,orv)=H-G(s) (1)

where it can be shown that the host lattice is
porous (9, 12-16). In these instances, it is pre-
sumed that the structural integrity of the chan-
nels is maintained during the transition, and a
plausible mechanism thus simply involves diffu-
sion of a highly mobile guest through these
channels until a thermodynamically stable host-
guest structure is achieved. This implies, there-
fore, that the design of an organic system for
guest uptake should focus primarily on porosity
of the host lattice.

We report the structure of a purely organic
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solid that does not contain channels, but nev-
ertheless facilitates the diffusion of guest spe-
cies through its lattice. Furthermore, guest
uptake involves a single-crystal-to—single-
crystal phase transformation with consider-
able displacement of the host molecules in
two dimensions to give a nonporous inclusion
complex. Our results imply that the organic
solid state is often much more dynamic than
generally believed and that the usually immo-
bile molecules can be reorganized in an or-
derly fashion by weak dispersive forces.
Crystals of p-Bu'-calix[4]arene (Scheme 1)
were prepared by sublimation of 1 at 280°C
under reduced pressure. Single-crystal x-ray
analysis of the resulting unsolvated form, la,
reveals that the calixarene molecules arrange
themselves into the well-known bilayer packing
motif (/7). Pairs of offset, facing calixarene
molecules can be loosely described as dimers
that form skewed capsules, each with an estimat-
ed free volume of 235 A%, As a result of these
relatively large lattice voids, 1a has a rather low
packing efficiency (PE) of 0.59. It should be
noted that a polymorphic form of 1, grown from
a tetradecane solution, has recently been pub-
lished (/8). The latter structure, 1b, consists of a
well-packed (PE = 0.67) arrangement of calix-
arene dimers, where each of the two facing
molecules inserts one of its Bu’ groups deep into
its neighbor’s cavity. Purely organic solid-state
frameworks rarely contain substantial lattice
voids such as those observed in 1a. Indeed, the

Bu

Scheme 1.
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