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Chemical libraries are revolutionizing the discovery of useful
compounds, including drugs, catalysts, and other materials.2

Following the lead of biology, chemists have developed combi-
natorial approaches to synthesizing these large arrays of related
molecules and screening them to identify the fittest members (e.g.,
the best inhibitor of a given enzyme, or the best catalyst for a
given transformation). We report here a general scheme for library
preparation that combines the two most valuable, but previously
incompatible, features of existing schemes: full parallelism of
synthesis and full library evaluation. Split-mix procedures3 allow
efficient preparation of massive libraries on beads of solid support;
however, once the desirable components are functionally selected,
their identities must be decoded individually.2b,4 Spatial encoding
on surfaces allows evaluation of all library members, although
this has to date required elaborate instrumentation.2c,5

Our general scheme uses a one-dimensionally organized solid
support in place of effectively zero-dimensional beads,3 or two-
dimensional surfaces.2c,5 A linear solid support (“thread”) allows
fully parallel synthesis in a straightforward manner. The thread
is wrapped around a cylinder in a single spiral layer (Figure 1A-
C). Partitioning the cylinder lengthwise into regions defines each
space between divisions as a distinct reaction vessel. Coupling a
different reagent to each of the regions (one reagent per reaction
vessel) creates repeating domains along the thread. Each domain
bears a single species, and the identity of each species is specified
by its distance from the end of the thread.

Before a second set of reagents can be coupled, the thread must
be redivided into regions such that all reagent combinations will
be equally represented. This is done by wrapping the thread
around a cylinder of an appropriate diameterdifferent from the
first, followed by division into regions and coupling of the second
set of reagents (Figure 1D-F). Repetition of this process allows
use of as many steps as desired, each set of reagents on a cylinder
of distinct diameter. The identity of each functional group varies
periodically as a function of distance along the thread, with each
cylinder providing a distinct period for the corresponding portion
of the molecule.

All combinations are equally represented, as long as appropriate
cylinder ratios and sufficient thread length are used. Each
compound is uniquely specified by its location on the thread, and
no compound need appear more than once. This synthesis is
analogous to schemes that use a monolithic solid support that is
cut into portions at each diversity-generating step to ensure that
all combinations are represented with no duplicates.6 A funda-
mental distinction is that in our scheme the subdivision takes place
in such a way that the support is not physically fragmented, so
spatial information on species identity is retained.

We have implemented this strategy using peptide synthesis on
a cotton thread, and evaluated binding of a small library of
peptides to streptavidin. Peptide library sequences were Ac-X2-
X1-Pro-Gln-Phe-Ala-Ala-Ala-linker thread, where X1 and X2 are
specified in Figure 2A. The sequences include the known HPQ
streptavidin-binding motif.7 Standard FMOC peptide synthetic
protocols, similar to those previously adapted to a cellulose solid
support,2c gave satisfactory results. After exposure of the thread
library to a fluorescent-labeled streptavidin, the thread was drawn
through a focused beam in a fluorescence spectrophotometer
(Figure 2B) to sequentially evaluate the binding of each thread-
bound peptide (Figure 3A). Solution-phase assays could obviously
be used if desired.

The sequence of the one-dimensional array of compounds on
the thread is particularly conducive to data analysis and summary.
One need store only the activity data in order, since the order
contains much information in a computationally useful way. The
nature of each functional group cycles along the sequence of
compounds on the thread, with a period determined by the
circumference of the cylinder used to append that group. If the
activity (in our case, affinity for streptavidin) depends to a
significant degree upon a particular portion of the molecule, the
activity data will be periodic. The period will specify the portion
of the molecule important for activity. Fourier transformation of
the detector signal8 provides a library spectrum (Figure 2D)
consisting of peaks representing cylinder frequencies and their
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Figure 1. (A) Thread wrapped on a cylinder is partitioned lengthwise
into regions. (B) Each region is exposed to a different reactant (red, blue,
or green). (C) The solid support now bears repeating domains. (D)
Support, wrapped on a cylinder of different size, (E) is redivided and
exposed to a different set of reactants (black, yellow, cyan, and magenta).
(F) All combinations are formed.
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harmonics.9 The magnitude of a given frequency domain signal
indicates the significance to activity, averaged over the library,
of variation of the molecule in the region appended on the
corresponding cylinder. If combinations of groups are required
for activity, cycling will be seen with a period corresponding to
the product of the cylinder sizes involved for the two groups.
Thus trends in the entire library data are immediately apparent
from the FT spectrum of the library, regardless of the number of
data dimensions.

A “fitness profile” summarizes how well each specific func-
tional group at a given molecular position contributes to activity.
This library-averaged trend is easily extracted from the FT
spectrum as follows. Only the frequency domain peak corre-
sponding to that molecular region and its harmonics are placed
in a small array. Reverse FT to the time domain gives the fitness
profile for that position (Figure 3C,D). If two positions are
involved, display of their cross-correlation, analogous to Figure
2C, is achieved by diagonally filling a rectangular array.

The design and analysis of combinatorial libraries made by
any technique can benefit from these ideas. Our linear organization
of library members provides the advantages of exceedingly
compact information storage and visualization. A subset of a

library will be optimally substitutionally diverse if it can be
represented as a contiguous portion of such a linear sequence,
since every variable group changes at each step as one proceeds
along the sequence of compounds.

The FT spectrum of a library is convenient for identifying
general features important for binding, and may also provide a
useful measure of the extent to which activity variation in a library
is describable by trends. Some validity of trends (independence
of variables) is demonstrated by the success of mixture decon-
volution schemes,2a,bbut idiosyncrasies (nonlinear effects) are also
well documented.10

In summary, we present a new paradigm for preparation and
evaluation of diverse collections of molecules. The simple
synthetic procedure we present potentially approaches the ideal
of fully parallel synthesis of massive libraries with full library
analysis. In this era, it is a challenge to make use of the enormous
quantity of data collected. Linear data organization with FT
analysis stands as a unique approach to the efficient storage and
use of the large quantities of library data acquired to assist the
development of new drugs, catalysts, and materials.
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Figure 2. (A) Sequences of the peptides studied. X1 cycles through His,
Ser, Asp, Ala, Phe and X2 cycles through Leu, Phe, Bz, Ac, His, Glu,
Gly in that order. Phe in position X2 was unacetylated. Standard FMOC
peptide synthetic protocols were followed, similar to those previously
adapted to a cellulose solid support.2c The linker is NH2(CH2CH2O)3-
CH2CH2NHCO2-cellulose. For couplings of X1 and X2 on cylinders,
paraffin was applied with a modified hot glue gun to form an impermeable
barrier separating the regions. (B) Cell that fits into a spectrometer for
fluorescence measurements on thread. Teflon tubes direct the thread
library from an audiotape cassette to the cell. Lenses focus exciting light
onto thread, and collimate emitted light. (C) Traditional representation
of peptide library binding, derived from data in Figure 3A. X1 ) Histidine
is best.7 (D) Measurement of fluorescein-conjugated streptavidin binding
to biotin regions on a thread, obtained by driving thread through the cell
with an audiotape player. Large peaks correspond to biotin regions, small
peaks two samples later correspond to low concentration of biotin; others
are negative controls. Black markings delineate samples because of
background fluorescence.

Figure 3. (A) Fluorescence evaluation of streptavidin binding to the
thread library. After exposure of the thread library to fluorescein-labeled
streptavidin, binding was measured by drawing the thread at a constant
rate (by means of an audiotape player) through a focused beam of light
in a fluorescence spectrometer. Values are triplicate averages, with 45
units of background fluorescence subtracted. (B) FT spectrum of the
library obtained by Fourier transformation of data in (A). Peaks marked
1/5 and 1/7 indicate the significance of groups installed using cylinders
of 5 or 7 compounds, respectively. Peaks marked * or # are harmonics
of 1/5 or 1/7 peaks, respectively. (C and D) “Fitness profiles” for the X1

and X2 positions, respectively. See text.
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