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Numerous technologies have been developed to investigate
cellular events on a genome-wide scale. Oligonucleotide
arrays provide information on changes in mRNA expression
levels in response to a variety of physiological stimuli.[1, 2]

Two-dimensional gel electrophoresis,[3] or other chromato-
graphic separation methods, in conjunction with mass spec-
troscopy[4] offer a more direct analysis of proteome function.[5]

Technologies have also been developed for genome-wide
analysis of protein structure.[6] In a more targeted analysis of
protein function, maps of protein ± protein[7] and protein ±
DNA[8] interactions have been reported as well as preliminary
work towards a protein chip.[9] Methods to monitor the
catalytic activity of proteins on a genome-wide scale also
provide critical insights into cellular activity.[10, 11]

Small molecules have long been used to analyze and control
the catalytic activity of enzymes as well as to modulate
biological networks by acting as agonists or antagonists of
receptors.[12] As such, microarrays of small molecule inhibitors
or substrates provide a tool for profiling cellular activity. If
one hopes to discriminate between the more than 30 000
potential gene products in humans, it is clear that microarrays
containing large collections of compounds will be a necessity.
High density microarrays of peptides and synthetic oligomers
have been reported (40000 compounds cmÿ2),[13] however the
photolithographic techniques used limit the range of acces-
sible molecular diversity. More recently, several small mole-
cules have been printed on a glass slide in an effort to merge
robotic printing and split-pool libraries.[14] While split-pool
library synthesis[15] is far more efficient for the generation of
molecular diversity than parallel synthesis,[16] the identity of
each library member is unknown and must be individually
decoded for each active library member.[17, 18] If one wishes to
screen such libraries against more than 30 000 gene products,
the decoding of library members becomes problematic.

Herein we report a method for the preparation of small
molecule microarrays using positionally encoded libraries and
its application to functional proteomic profiling in a model
system. Libraries of small molecules tethered to peptidonu-

cleic acid (PNA)[19] tags are constructed as shown in Figure 1.
The PNA tag serves two purposes, first to encode the synthetic
history of the small molecule and second to positionally
encode the identity of the small molecule by its location upon

Figure 1. Split-pool synthesis of PNA-encoded combinatorial libraries.
Rn� element of diversity present in library, B� base of the peptidonucleic
acid, x�number of bases encoding a single element of diversity, n�
number of chemical diversity-introducing steps, PG� protecting group.

hybridization to an oligonucleotide microarray. The choice of
PNA as the encoding oligonucleotide was based on its
desirable hybridization properties, the flexibility of its syn-
thesis, and its chemical robustness.[20] For library synthesis, the
oligomerization of PNAs relies on an amide bond formation,
one of the mildest reaction in organic chemistry. Furthermore,
the wide array of possible protecting groups for the nitrogen
of the PNA�s N-terminus should accommodate a wide range
of diversity-introducing reactions. Finally, in terms of hybrid-
ization properties, the lack of negative charges on the PNA
backbone increases its affinity for DNA and reduces the
influence of salt concentration on hybridization strength.

PNA-encoded libraries of protein ligands can be screened
against several targets simultaneously by incubating the
library with the various targets containing different fluoro-
phores. Upon hybridization of the mixture to an oligonucleo-
tide array, fluorescent detection reveals the identity and
selectivity of library members for each target. Although
attractive for drug discovery, this strategy does not lend itself
to profiling biological samples since it is difficult to uniformly
label all proteins in a sample of interest. Conversely, the
PNA ± small molecule conjugate can be synthesized with a
fluorophore such that, upon incubation with a sample of
interest, the PNA ± small molecule conjugate bound to a
macromolecule can be separated from the unbound PNA ±
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small molecule conjugate by size-exclusion chromatogra-
phy.[21] As shown in Figure 2, hybridization of the high
molecular weight fraction to a chip will reveal the identity
of the small molecules bound to macromolecules, thereby
generating a profile of protein function. The correlation
between profiles and phenotypes may be rapidly assessed in
the biological system using the small molecules identified in
the profile while their molecular target(s) can be determined
by affinity chromatography.

Figure 2. Screening of PNA-encoded libraries.

In order to demonstrate the feasibility of this approach, we
focused on mechanism-based cysteine protease inhibitors
containing an acrylamide functionality.[22] Preliminary studies
to determine the optimal length of PNA indicated that 12mers
have good hybridization properties and allow ample sequence
variation to encode very large libraries. The synthesis was
carried out on acid-labile Rink resin with mutually compatible
Fmoc and Alloc protecting groups for the inhibitor and PNA
synthesis, respectively. The side chains and bases were
protected with acid-labile groups (Scheme 1).[23] The design
of inhibitors was based on the information gathered from a
previously developed method to rapidly assess the substrate
specificity of proteases.[24] A comparison of the activity
(Table 1) of compounds 1 and 2 (Scheme 1) against cathep-
sin C and cathepsin L reveals that the PNA tag does not
significantly affect the activity or selectivity of the inhibitor

(Table 1). An additional PEG spacer was incorporated in the
library synthesis to insure good water solubility.

A series of compounds designed to inhibit cathepsin S, L,
H, B, C, and calpain (Scheme 2) were synthesized. The PNA
sequences were selected to hybridize to the terminal twelve
residues of the 20mer probes of a GenFlex tag array[25] (arrays
of this type are currently available at a density of
400 000 features cmÿ2). The PNA tags only hybridize to a
portion of the array probe, and it was expected that each
probe would have different hybridization properties. Hybrid-
ization of a mixture of the six probes (0.45 pmol of each in
150 mL) afforded the results shown in Figure 3, panel A. The
difference in intensity of each array feature reflects the
differences in melting temperature of the individual probes.
Importantly, despite such differences in melting temperature,
30 % changes in probe concentration were reliably detected.
An equimolar mixture of the six compounds (3 ± 8, 28 pmol)
was incubated with commercially available purified cathep-
sin C (100 mm, 20 mL[26]) for 2 hours at 23 8C, passed through a
size exclusion column (BioRad, Bio-Sil, SEC 125-5) to remove
material below 10 kDa, and hybridized to a GenFlex tag array.
As shown in Figure 3, panel C, hybridization afforded the
expected signal for the probe corresponding to cathepsin C,
whereas a control experiment lacking cathepsin C gave no
signal (panel B). The same experiment was performed with
cathepsin L (10 mm, 20 mL[26]) using ten-fold less protein.
Direct detection of the fluorescein gave a weak signal, but this
signal could be amplified using an anti-fluorescein goat
antibody followed by a biotininalted anti-goat antibody and
phycoerythrin-labeled streptavidin (Figure 3, panel D). These
results show that the proposed size exclusion separation is
effective to separate the bound PNA ± ligand conjugates from
the unbound ones, that PNA is efficient for positional
encoding, and that small molecule ± PNA conjugates can be
used to probe protein function in a microarray format.

Cathepsins have been postulated to play important roles in
many physiological and pathological functions including
antigen presentation,[27] tumor progression,[28] osteoporosis,[29]

cataract formation,[30] and parasitic virulence.[31] A library
based on the described tools enables the identification of

specific cathepsin inhibitors, the rapid diagnostic
identification of specific cathepsin activity in bio-
logical samples, and the identification of novel
proteases. The ability to array small molecule
libraries prepared by split-pool combinatorial syn-
thesis in a spatially addressable format allows for
multiplexed screening in a highly miniaturized
format to generate profiles of cellular activity. This
approach should also be applicable to other classes
of proteases, kinases, and phosphatases, as well as
receptors. Screening large libraries as a single
mixture in solution prior to hybridization may
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Scheme 1. Synthesis of the designed cathepsin L inhibitor with (2) and without (1) PNA
tag on a Rink amide resin. Fmoc� 9-fluorenylmethoxycarbonyl, Alloc� allyloxycar-
bonyl.

Table 1. Kinetic inhibition of cathepsins by acrylamide inhibitors 1 and 2.

Cathepsin C Cathepsin L

IC50 [mm] kinact./Ki [mÿ1 sÿ1] IC50 [mm] kinact./Ki [mÿ1 sÿ1]
1 17.6 40 > 2000 ±
2 14.1 70 > 2000 ±
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Scheme 2. Chemical structure of designed PNA-tagged cysteine protease
inhibitors 3 ± 8. FITC� fluorescein.

prove useful as it minimizes nonspecific interactions of
surfaces with the targets. Finally, this technology may prove
to be a general and practical solution to prepare and screen
microarrays of other biomolecules including antibodies and
other proteins.
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Two Mechanisms of Slow Host ± Guest
Complexation between Cucurbit[6]uril and
Cyclohexylmethylamine: pH-Responsive
Supramolecular Kinetics**
Cesar Marquez and Werner M. Nau*

Supramolecular materials capable of performing specific
functions are of great current interest.[1±3] Ultimately, their
suitability will greatly depend, in particular for the case of
prospective supramolecular machines, on the speed by which
their operations and functions are performed. A prediction
and optimization of this speed requires knowledge of the
sequence and the rates by which the elementary supra-
molecular processes occur, which defines the emerging field
of supramolecular kinetics.[4] We have recently introduced a
fluorescent probe for measurement of very fast host ± guest
association processes with cyclodextrins[5] and now report a
study of the factors which govern the other extreme of very
slow host ± guest complexation kinetics between cyclohexyl-
methylamine (1) and the container compound cucurbit[6]uril
(CB6). The pH proved crucial for the kinetics and the rate

constants turned out to be unrelated to the thermodynamics
of complexation; rather, they are related to the degree of
protonation of the guest. The distinct pH dependence of the
kinetics of this host ± guest complexation process points to two
different mechanisms, in which the ingression of the proto-
nated guest is retarded by the formation of an association
complex, while the unprotonated guest can enter the cavity
directly with a rate constant 20-fold larger. Such a regulation
of the supramolecular kinetics between an organic guest and a
container-type host molecule through pH is unprecedented.

CB6 is a glycoluril macrocycle with two ªcrownsº of six
ureido-carbonyl groups on both rims suitable of complexing
organic ammonium salts through ion ± dipole and hydrogen
bonding interactions.[6, 7] The small cavity openings of CB6
have been considered as portals, the size of which (about
4 �)[8] determines whether and how fast complexation occurs.
The inner, wider cavity (5.5 � in width and 6 � in height)[8] is
suitable to accommodate nonpolar organic residues through
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