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New Technologies for Chemical Genetics
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Abstract Chemical genetics, in which small molecules are used in lieu of mutations to study biological processes,
requires large and diverse chemical libraries to specifically perturb different biological pathways. Here we describe a
suite of technologies that enable chemical libraries prepared by split-pool solid phase synthesis to be screened in a
diverse range of chemical genetic assays. Compounds are synthesized on 500 micron high-capacity polystyrene beads,
and arrayed into individual wells of 384-well plates using a hand-held bead arrayer. Compounds are cleaved from
synthesis beads using a chemically-resistant ceramic dispensing system, producing individual stock solutions of single
compounds. Nanoliter volumes of these solutions are then transferred into assay plates using an array of stainless steel
pins mounted on a robotic arm. We have designed reusable 1536- and 6144-well assay plates made of silicone rubber
that can be cast in the laboratory and filled by hand. This integrated technology platform enables hundreds of biological
assays to be performed from the product of a single synthesis bead, enabling the results of different chemical genetic
experiments to be directly compared. ). Cell. Biochem. Suppl. 37: 7-12, 2001. © 2002 Wiley-Liss, Inc.
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Chemical genetics is an emerging approach in
which chemical libraries are used to perturb
biological systems to identify proteins that
participate in biological pathways [Mitchison,
1994; Crews and Splittgerber, 1999]. To be
successful, the approach requires that diverse
chemical libraries be screened in a broad range
of biological assays [Mayer et al., 1999; Peterson
et al., 2000; Rosania et al., 2000; Degterev et al.,
2001]. The development of split-pool combina-
torial synthesis has made it possible to generate
large chemical libraries in academic labora-
tories. New concepts in diversity-oriented che-
mical synthesis [Schreiber, 2000] have enabled
the creation of chemical libraries with struc-
tural features reminiscent of natural products
[Tan et al., 1998; Pelish et al., 2001]. However,
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libraries generated by this method create
several challenges for screening. The identity
of each compound must be recorded by encoding
procedures [Ohlmeyer et al., 1993] or deter-
mined by direct chemical analysis. Compounds
must be released from beads to perform cell-
based assays. Finally, the limited amount of
compound produced by each bead has made it
difficult to perform more than a few assays.

To address these challenges, we have devel-
oped a suite of technologies that process synth-
esis beads into an array of individual stock
solutions that can be efficiently screened in a
broad range of assays. A summary of the
approach is shown in Figure 1. Following
completion of a synthesis, high-capacity poly-
styrene beads, carrying 150 nanomoles of
compound, are arrayed into individual wells of
384-well plates. Compounds are cleaved from
the beads using a ceramic dispensing system,
and resuspended in 15 pl of DMSO to produce
individual stock solutions of approximately
10 mM concentration. A robot-mounted stain-
less steel pin array then transfers 10—100 nl
of the stock solution into assay plates. To con-
serve compound and reagent use, we have
developed reusable 1536- and 6144-well assay
plates that are cast from silicone rubber. These
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Fig. 1. Summary of the approach used to generate and screen
arrayed split-pool chemical libraries. Beads are first arrayed into
individual wells of 384-well polypropylene plates. Compound
is cleaved from the arrayed beads by delivery of cleavage
solution using an automated ceramic dispensing system.

technologies enable the product of a single
synthesis bead to be screened in over a hundred
assays. Arrayed stock solutions minimize the
amount of decoding that is required, as a parti-
cular stock solution does not need to be decoded
more than once. Results of different chemical
genetic screens using arrayed libraries can be
directly compared, providing important infor-
mation regarding the selectivity of compounds,
aiding the prioritization of hits for the subse-
quent steps of decoding and resynthesis.

Bead Arraying

To array synthesis beads, we developed a
hand-held vacuum manifold that contains an
array of 384 micromachined holes, each 300
microns in diameter (Fig. 2A). Dry synthesis
beads are sprinkled on top of the device, and
when a vacuum is applied, negative pressure

Compounds are subsequently resuspended in DMSO to
produce stock solutions. An array of 384 pins is then used to
transfer nanoliter volumes of liquid from compound storage
plates to assay plates.

traps a 500 micron bead in each hole. Excess
beads are removed with a brush, producing an
array of 384 beads (Fig. 2B). The device is then
inverted over a 384-well polypropylene plate,
and a brief pulse of positive pressure is applied,
depositing a single bead in each well of the plate.
Although we have used this system exclusively
for arraying 500 micron polystyrene beads, the
use of smaller holes would in principle enable
smaller beads to be arrayed. In routine use, a
plate of beads can be arrayed in few minutes by a
single person. We have found that the inclusion
of a small amount of solvent in the recipient
plate enhances transfer efficiency and accuracy
[Clemons et al., 2001]. Detailed plans and
specifications for this device and the others
described below may be found on our website
at http://iccbweb.med.harvard.edu/king/index.
html.

Fig. 2. Device used to array beads. A: Schematic of vacuum manifold device. B: Image of arrayer after 500
micron synthesis beads have been captured by individual holes through vacuum suction.
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Compound Elution and Resuspension

Once beads are arrayed into polypropylene
plates, compounds are cleaved from a silicon-
based linker by addition of a dilute solution of
hydrofluoric acid buffered with pyridine. Since
this reagent is hazardous and reacts with glass,
we integrated a chemically-resistant ceramic-
based pump system (Series 100 Multiplex 8
Dispenser, IVEK Corporation, North Spring-
field, VT) with an automated cartesian robotic
head (ADM 661; Creative Automation, Sun
Valley, CA) and plate stacker (Twister, Zymark
Corporation, Hopkinton, MA). This system
retrieves plates from the stack, dispenses
cleavage reagent to the plate, and returns the
plate to the stacker to allow cleavage to occur.
The plate is then returned to the instrument to
dispense a quenching reagent. Volatile products
are removed by centrifugal evaporation, leaving
beads and compound residue behind in the
wells. Compounds are then resuspended in 15 pl
of DMSO solution using a 384-channel Hydra
HTS workstation (Robbins Scientific, Sunny-
vale, CA). Each bead has a capacity of approxi-
mately 150 nanomoles of compound [Tallarico
et al., 2001], yielding a 10 mM stock solution.
Detailed images of these systems are available
on our website. A series of best practices have
been developed for the efficient formatting and
cleavage of libraries using the bead arrayer and
compound cleavage system [Clemons et al.,
2001].

Compound Transfer

We developed a robotic system for transfer-
ring nanoliter volumes of DMSO stock solutions
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from storage platesinto 384-, 1536-, or 6144-well
assay plates (Fig. 3). Commercially-available
pipetting systems typically require microliter
volumes for priming prior to dispensing even
nanoliter volumes of liquid. Our goal was to
develop a system that consumed only the
amount of compound required for an assay,
ranging from 5-100 nl of liquid. The system
consists of a series of interchangeable stainless-
steel pin arrays (V&P Scientific, San Diego, CA)
mounted on the arm of a large cartesian robot
(Seiko 3106 D-TRAN, Seiko Instruments, Tor-
rance, CA). Compound is transferred via adhe-
sion of liquid to the pin surface or by capillary
action within a groove at the tip of the pin. By
varying the shape or diameter of the pin, it is
possible to transfer volumes ranging from 5 to
100 nl. The robot deck contains positions for
25 compound plates and 25 assay plates, and a
system for washing the pin array between each
round of transfer, eliminating the need for
disposable tips or pins (Fig. 3D). The robot head
is equipped with suction cups that rotate down
to move plate lids (Fig. 3C), and rotate out of
the way during the compound transfer step
(Fig. 3B). A set of 25 plates can be processed in
about 15 min, depending on conditions used for
washing the pin array. Compound transfer is
reproducible, with a coefficient of variation of
approximately 10% from pin to pin. We have
used the system to successfully deliver com-
pound into 384-, 1536-, and 6144-well plates.

High Density Assay Plates

To increase throughput and conserve com-
pound and reagents during screening, we have
developed reusable 1536-well assay plates that
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Fig. 3. Pin-based compound transfer system. A: Picture of robotic system consisting of a 4-axis cartesian
robot, pin array, deck for plates, and wash station. B: Robot head containing mounted pin array. C: Suction
cups have been rotated downward in preparation for lid removal. D: Wash station consisting of sonicator,

flowing methanol bath, and air dryer.
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Fig. 4. High density silicone rubber assay plates and mold. A:
1536-well plate and enlarged view of wells. B: 6144-well plate
and enlarged view of wells. C: Schematic of mold used for
casting 1536-well plate.

hold 2 pl of liquid per well (Fig. 4A), and 6144-
well plates that hold 250 nl of liquid per well
(Fig. 4B). The wells have angled walls that
facilitate reagent and compound addition,
with a shape similar to that reported for other
high density plates [Oldenburget al., 1998]. We
adapted a previous procedure [You et al., 1997]
to cast plates in the laboratory from silicone
rubber (Sylgard 184 Elastomer, Dow Chemical,
Midland, MI). In this case, we designed a new
mold, composed of a piece of machined acrylic, in
which a series of intersecting V-shaped grooves
provide the pattern for the wells (Fig. 4C).
The mold is shaped to fit precisely within an
inexpensive commercially-available polystyr-
ene tray (Omnitray, Nagle Nunc International,
Rochester, NY) that is used for casting and
holding the rubber assay plate. Plates are cast
by filling the Omnitray with liquid elastomer,
and pressing the acrylic mold on top of the
polymer. After curing for 24 h, the plate can be
removed by peeling it from the mold. It is then
placed back within the Omnitray, which holds
the flexible plate during screening and enables
precise positioning on deck of the compound
transfer robot. Lids on the Omnitrays are used
to prevent sample evaporation. Detailed mold
designs and casting instructions can be found on
our website.

Example Assay

The compound transfer robot and silicone
rubber assay plates have been used to screen
110,000 compounds in duplicate to identify
novel mitotic inhibitors (N.R.P. and RW.K,,
unpublished data). Cytoplasmic extracts con-
taining a luciferase reporter protein were plated
directly onto the assay plate surface using a
pipette and razor blade (Fig. 5A,B). We have
found that brief treatment of the plates using a
glow discharge chamber (Extended Plasma
Cleaner, Harrick Scientific, Ossining, NY) in-
creases the hydrophilicity of the plate surface
and enhances the spreading of liquid. Com-
pounds were transferred robotically from four
different 384-well source plates into a single
1536-well assay plate by offsetting the pin array
between each round of transfer. After incuba-
tion of the extracts with compound for 1 h, a non-
contact dispensing system (Pixsys 3200 Dis-
penser, Cartesian Technologies, Irvine, CA)
was used to deliver 250 nl of luciferin reagent
to each well of the assay plate. The assay plates
were then imaged using a CCD-based imaging
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Fig. 5. Example assay. A: A 1536-well plate is filled by
pipetting cytoplasmic extract onto the plate surface. B: A razor
blade is used to spread liquid across the plate surface, filling all
of the wells. C: Sample image collected with a CCD-based
imaging system. The plate was filled with cytoplasmic extract

system (Lead Seeker, Amersham Pharmacia,
Piscataway, NdJ). The reporter protein is
degraded as the extracts progress through
mitosis; small molecules that inhibit cell cycle
progression result in stabilization of the repor-
ter protein, producing a high signal. Figure 5C
shows a sample image from the screen, and
indicates that the pin transfer robot can deliver
compounds accurately to single wells without
any spill over. We processed 40 plates per day
using the technologies described in this manu-
script, for a throughput of 60,000 compounds
per day. We washed and reused a single set of 40
assay plates four times to collect 240,000 data
points for the screen.

We have found that 6144-well plates can be
filled with assay reagents using a similar
approach, and compounds can be successfully
delivered to these plates using pin arrays.
However, since 16 rounds of compound transfer
are required to deliver compounds from 384-
well stock plates to 6144-well assay plates,
evaporation of liquid in the assay plates
becomes a significant problem. By using 1536-
well plates for compound storage, only four
rounds of compound transfer would be required,
reducing the evaporation problem. We are
currently evaluating the feasibility of using
1536-well polypropylene plates for compound
storage.

containing a luciferase reporter protein. Compounds were
transferred using the pin-based transfer system. Compounds
that inhibit cell cycle progression result in stabilization of the
luciferase reporter protein, producing a high signal. A strong hit
and several weak hits can be observed.

CONCLUSIONS

Combinatorial chemical libraries can be syn-
thesized using a variety of approaches. Parallel
synthesis enables large of amounts of each
compound to be produced, and does not require
the use of solid-phase synthesis resins. How-
ever, each compound must be synthesized
through an independent set of reactions, limit-
ing the number of compounds that can be
produced. Directed sorting, in which solid-
phase synthesis resin is packed into tagged
carriers, combines the efficiency of split-pool
synthesis with tracking procedures that unam-
biguously identify each compound. This tech-
nology can be used to synthesize libraries of over
10,000 compounds [Herpin et al., 2000], but
requires large amounts of chemical reagents,
making the synthesis of each library too ex-
pensive to be practical in an academic setting.
Split-pool combinatorial synthesis, using high-
capacity synthesis beads, enables very large
libraries (over 100,000 compounds) to be syn-
thesized in an academic setting for a reasonable
cost. The amount of compound produced is
sufficient to perform over a hundred assays,
given the availability of screening technologies
that can use the compound efficiently.

Our goal was to develop a flexible, low-cost
system that would enable screening of split-pool
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combinatorial libraries in a diverse range of
biological assays. Although technologies exist
for screening small amounts of compound
released from beads [Dunn et al., 2000], these
methods typically allow just a few assays to
be performed from the product of a single bead.
By arraying high-capacity synthesis beads
[Tallarico et al., 2001], our approach enables
the results of hundreds of chemical genetic ex-
periments to be directly compared. The activity
of a single compound can be determined in a
broad range of chemical genetic assays, enab-
ling investigators to identify compounds that
are specific to a particular biological pathway.
An important aspect of this approach is that the
specificity of a compound can be assessed prior
to elucidation of the structure or resynthesis of
the compound. This feature is especially impor-
tant when performing broad screens for ligands
that affect cellular processes or pathways, as
these screens typically produce large numbers
of hits.
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