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On-bead screening of one-bead one compound (OBOC) libraries is an ultra fast surface based primary
high-throughput screening (HTS) method. Typically the binding of a tagged target protein to bead immobilized
compounds or its altered enzymatic activity are detected. For an efficient and reliable ligand discovery
process secondary assays to confirm on-bead compound activity in homogeneous solution are key to exclude
artifacts and weak binders. Ideally they should allow to flag hit compounds with undesirable biophysical
properties such as aggregation, unspecific binding, or insufficient solubility and the like. Here we demonstrate
that miniaturized and parallelized equilibrium dialysis is an excellent and generic secondary confirmation
method for hit compounds identified by on-bead screening. We further show that microscale dialysis can be
reliably performed prior to decoding and resynthesis even with hit-compounds cleaved from the single beads.
Down-scaling of the method takes advantage of the fluorescent tag, AIDA, which is integrated as permanent
tracer in our library design. Our results suggest that microscale equilibrium dialysis followed by high
performance liquid chromatography (HPLC) analysis is a generic, cheap, and meaningful confirmation method
for identifying the most promising candidates within a series hit compounds derived from fluorescently
tagged one-bead one-compound libraries.

Introduction

Solid phase combinatorial synthesis provides a fast and
cost-effective way to generate large combinatorial one-bead
one-compound (OBOC) libraries.1–5 In recent years, numer-
ous new biologically active compounds have been identified
by affinity-based on bead screening of OBOC libraries.6–12

However, the high compound density on the bead, the
presence of a bead matrix as screening compartment, and
various other thermodynamic, kinetic, and electrostatic
factors often lead to increased hit rates in on-bead screening
as compared to solution screening.13,14 Wang et al. addressed
the high density problem by creating peptide libraries of
topologically segregated beads.15 In many cases, however,
not all the actives in primary on-bead screening can be
confirmed in homogeneous solution. Often, the target binding
affinity of such a primary on bead hit can be weaker than
the dynamic range of the solution assay. Consequently, to
make on-bead screening an absolutely reliable high-
throughput screening (HTS) method a series of secondary
assays are needed to confirm the activity of primary

hit-compounds in homogeneous solution. Artifacts and weak
binders can therefore reliably be excluded at early stages
within the screening process. An ideal secondary assay
should also identify the best, that is, most potent, most
specific, most soluble, least aggregating candidate compounds
for chemical resynthesis and profiling. To link on bead
screening with confirmation in solution, we have developed
methods for generating (fluorescently) tagged bead based
compound libraries: OBOC libraries with a built-in fluoro-
phore16,17 or fluorescent tagging site8 offer a unique advan-
tage for the development of such a generic secondary
confirmation assay. A reporter group on every compound
allows for a sensitive and specific detection of all bead-
derived substances.

Equilibrium dialysis is a well-known biochemical
method.18,19 Recently it has been rediscovered as a robust
method for the characterization of protein-ligand complexes
in drug discovery.20–24 Here we describe its application as a
generic, highly miniaturized, and single bead-based solution
confirmation method. The assay is run on a parallelized
device with a high degree of miniaturization and a ratiometric
data evaluation procedure in combination with high perfor-
mance liquid chromatography (HPLC)-based compound
analytics. Our microscale dialysis technique was applied to
analyze fluorescently tagged hit compounds derived from on-
bead screening of OBOC libraries. The AIDA-tag, the
fluorescent UV label which was used in this study, facilitates
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compound detection and allows for analyzing cleaved
fractions from individual hit beads.

Theoretical Basis

In a dialysis experiment, a small ligand (e.g., a compound)
diffuses across a semipermeable membrane. The membrane
separates two connected, liquid-filled compartments,V1 and
V2, which may be of different size (Figure 1). The experiment
is started by adding the compound to one of the compart-
ments (starter volume V1). Driven by Brownian motion,
compounds cross the dialysis membrane, and a concentration
gradient is formed by dilution into the reservoir V2. Under
ideal conditions the respective concentrations c1 and c2 will
finally level out, meaning that equilibrium conditions are
established.

If compartment V1 is filled with both the small molecule
and a target protein of higher molecular mass than the
molecular weight cutoff (MWCO) of the dialysis membrane,
a certain fraction of the compound will be retained in V1

because of protein binding. Thus, the binding of the
compound to the target protein results in a concentration
difference between the two dialysis compartments (red curves
in Figure 1) which reflects both the affinity and the
concentration of the binding partners. The dialysis process
can formally be described as (a) a reversible binding event
of the compound to the target protein and (b) transport of
the free compound across the membrane:

After addition of protein and test compound to the start
volume the initial equilibrium is described as c1 ) c1f + c1b,

with c1, c1f, and c1b denoting the concentrations of total, free,
and bound ligand. Equally, the mass balance for the protein
is described as cP ) cPf + c1b, with cP, cPf denoting the
concentrations of total and free protein. Using a large excess
of protein (cP ≈ cPf) reduces the system to a series of (pseudo)
first order reactions

with kon′ ) koncP. Accordingly, the concentration of free
compound in the starter volume V1 is governed by three
independent rate constants: kon and koff, which describe target
binding, and k12 ) -k21, the microscopic transfer rate of
compound across the dialysis membrane.

We define the partitioning coefficient p ) c1/c2, the ratio
of total compound concentrations in the two compartments
V1 and V2, as a useful observable to detect target protein
binding in compartment V1 (Figure 1). In control experiments
(index c for control, no target protein), pc values are high
after spiking the start volume and decrease to ∼1 at
equilibrium. In target binding experiments p values are
increased at all time points (c1b > 0, pt > 1, index t for target
protein containing experiment). At low transport rates, for
example, because of surface interactions of the compound,
complete equilibration of the concentrations might not be
reached, even in the absence of target protein. The p values
with and without protein, however, can still be compared to
detect binding (pt > pc) as the equilibration in the start
compartment is fast as compared to the transport through
the dialysis membrane. This holds true for most screening
conditions which are characterized by diffusion controlled
target association kinetics for small molecules, and slower
compound redistribution between the two volumes.

If microscale dialysis is applied as a validation method
for on-bead screening hits, the Kd detection range is a critical
quality parameter. A simple estimation for the measurable
affinities can be derived assuming true equilibrium conditions
(pc

∞ ) 1). Under the aforementioned assumptions about the
time scales, the concentration of free compound in the starter
volume and the reservoir will be the same during the course
of the experiment (c1f ) c2). Using the definition for the
dissociation constant Kd relates the partitioning end point to
affinity as follows

Notably, this relation is independent of the size of the
individual compartments. To save target protein, however,
it is important to minimize the starting volume to the lowest
experimentally possible size. The use of eq 3 for estimating
the low affinity detection limit within a microscale dialysis
experiment can be illustrated by a numeric example: When
a concentration of 10 µM of a target protein with a single
ligand binding site is used, the end point partitioning
coefficient after dialysis of a binder with a Kd of 50 µM is
pt

∞ ) 1.2. To detect such a 20% increase in p within a 2σ
confidence interval demands an accuracy of about 3% in

Figure 1. Dialysis principle. (A) Typical end point of a dialysis
experiment in the presence and absence of target protein binding
to a small molecule ligand (gray shading represents compound
concentrations). (B) Expected time course of the compound
concentrations equilibration in the starter volume (straight lines)
and the reservoir (dashed lines). While in the control experiment
without target (black) both concentrations level out, the presence
of a target protein causes a ligand concentration difference between
the two compartments (red).
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determining the individual compound concentrations c1 and
c2 in the respective compartments. This requirement is well
within the detection accuracy of standard HPLC systems.

Results and Discussion

Dialysis at the Single Bead Level. Ideally, primary on-
bead screening hits are validated in solution without com-
pound resynthesis. This requires downscaling of the experi-
mental dialysis protocol to the single bead level. We used
the Avidin-Biotin interaction system for method establish-
ment. A typical on-bead screening situation was simulated
with 8 TentaGel-beads containing biotin, labeled with a UV
excitable dye (AIDA) which was used previously as fluo-
rescence tracer in our one-bead one-compound libraries.16,17,25

(Figure 2A). The beads were individually placed in a glass
vial and processed separately as if they had been picked in
an on-bead screen (Figure 2B). After compound cleavage
from the bead and after removing the solvent under reduced
pressure, the compounds were redissolved in 2 or 4 µL of
dimethyl sulfoxide (DMSO), respectively. One of 2 and 2
of 4 µL were added to dialysis units containing either
300 nM Avidin (target chamber) in 50 µL of dialysis buffer
or 50 µL of buffer without protein (control chamber). After
dialysis, the solutions were recovered and fluorescence
intensities were quantified on a fluorescence spectrometer.

Retention of AIDA-biotin because of Avidin binding
during the dialysis experiment was clearly confirmed by
detection of at least 5 fold increased AIDA fluorescence
intensity in the protein compartment as compared to the
reservoir (Figure 2C). In the buffer control chambers the

AIDA-biotin concentrations had leveled out (c1 ) c2).
Moreover, only the compartment containing target protein
showed an increased anisotropy suggesting that compound
retention was due to protein binding.

The AIDA-biotin fluorescence intensities were related to
compound concentrations with a calibration curve derived
from a linear dilution series starting from a 1 mM AIDA-
biotin stock solution (see Supporting Information, Figure 1A).
Averaged over 4 beads, the amount of AIDA biotin found
in the individual compartments were as follows: 5 pmol in
50 µL of the target protein containing compartment, 9 pmol
in 450 µL of the respective reservoir, and 20 pmol of AIDA-
biotin in 500 µL of the buffer control (Figure 2C). This
resulted in a total of 34 pico-moles of AIDA-biotin cleaved
from individual 90 µm TentaGel beads, respectively. This
amount of compound is within the expected loading range
of the resin and the typical photolytic compound cleavage
efficiency. From the error bars in Figure 2C it is evident
that intensity-based calibration showed considerable variations.

We therefore reasoned that a reversed phase HPLC
analysis performed under the usual denaturing conditions
would provide a standardized protocol for the determination
of AIDA-conjugated substances recovered from the indi-
vidual microscale dialysis compartments. The bound com-
pound is separated from the protein by elution with an
acetonitrile gradient on a reversed phase column. Signal
variations because of an altered quantum yield of the dye in
the bound state are thereby prevented. Compound concentra-
tions after dialysis were therefore quantified via peak area
integration of HPLC traces. The ratio of peak area measured

Figure 2. Single-bead dialysis experiments. (A) AIDA-linker as used for the combinatorial library design and the structure of AIDA-biotin.
(B) Outline for sample preparation. (C) Fluorescence spectroscopy performed in each of the four compartments after dialysis (results
averaged for the beads #5-8). Intensity and anisotropy changes indicate binding of AIDA-biotin to the target protein. (D) HPLC analysis
of the recovered solutions. Peak area and partitioning value of the compounds are shown for all 8 individual beads in the presence (red) and
absence (black) of target protein.
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in two connected dialysis compartments directly reflects the
partitioning coefficient p (data are summarized in Figure 2D).
Although, by following the HPLC quantification protocol,
surface exposure to tips and wells is reduced to a single
transfer step, the absolute amount of cleaved compound still
considerably varied between the individual beads (upper
panel, Figure 2D). However, replacing the individual peak
area measures by the ratio of the peak areas in the target
and reservoir compartments resulted in much more robust
parameter (pt/pc) for detecting ligand-target binding (Figure
2D, lower panel). For this initial experiment the dialysis
membranes have not been pre-boiled, which led to significant
volume shifts explaining the variations in Figure 2D.
Nevertheless, comparing the partitioning values for each
individual pair of dialysis wells with and without Avidin
revealed the binding event in all 8 samples, even in sample
#3, which contained a very low compound concentration.

The data in Figure 2D show that the partitioning coefficient
of AIDA-biotin was independent of the individual starting
concentrations in each well. This implies that equal splitting
of the redissolved compound is not critical for a successful
binding experiment. The optimized procedure for microscale
dialysis followed by ratiometric HPLC analysis comprised
the dilution of the single bead cleaved compound in 4.2 µL
followed by spiking 50 µL of the two starter volumes with
2 µL of the stock solution in DMSO. This keeps the DMSO
concentration below 5%, which might be crucial for protein
integrity and folding.

Solution Properties of AIDA-Tagged Compounds. To
test the applicability of microscale dialysis as a secondary
assay in a high throughput screening process, we selected a
diverse set of 45 resynthesized AIDA-tagged hit-compounds,
resulting from a series of on-bead screens with diverse target
proteins. From DMSO stock solutions, a typical amount for
single bead analysis (25 picomols) was dialyzed against
buffer in the absence of protein. Automated HPLC peak
detection was used to quantify the compound concentration
in each dialysis compartment and to calculate the corre-
sponding partitioning coefficient (Supporting Information,
Figure 2A). The area under the main HPLC peak was
converted into absolute substance amounts based on a
previously recorded calibration curve (Supporting Informa-
tion, Figure 1B). The initial compound concentration was
determined by HPLC analyzing an aliquot of the stock-
solution without prior dialysis under identical conditions. By
comparison of the amount of AIDA-fluorescence in the
dialysis compartments with that of the reference run from
the stock solution, the compound loss during the experiment
was calculated (recovery, Supporting Information, Figure 2B).
After dialysis, the liquid-filled volume of the starter compart-
ment V1 was measured using a pipet (Supporting Information,
Table 1) to account for any possible volume changes due to
evaporation and osmotic pressure.

During the first dialysis experiments with AIDA-biotin,
volume shift in the dialysis compartments were recognized
to be an issue. This problem was solved by including a pre-
boiling step for the dialysis membranes. It seems that
complete hydration and swelling of the membrane before
loading the compound is critical to avoid liquid redistribution.

When using 450 µL of dialysis buffer in the reservoir, the
starter volume V1 was on average slightly increased from
50 to 62.7 ( 6.7 µL after 24 h. The increase may be due to
a small osmotic or hydrostatic pressure difference between
the two compartments. As noted above the end-point
partitioning coefficients pt

∞ are not affected by volume shifts.
However, too small volumes containing the target protein
may not be compatible with automated HPLC injection.

The average starting concentration for a spiking experiment
was 300 nM in a volume of 50 µL and therefore each dialysis
tube contained on average 15 pmol of compound. After
dialysis the concentration decreased to less than 30 nM (1/
10th) because of compound dilution into the reservoir and
some adsorption. On average 50% of the spiked compound
could be recovered after 24 h. Despite these losses, AIDA
fluorescence intensity exceeded the sensitivity limit of the
HPLC detector (10 Lu × sec ≈ 0.1 pmol/50 µL ) 2 nM
AIDA). After 24 h dialysis at room temperature, the samples
reached an average partitioning coefficient of pc ) 3 (n )
45, stdeV ) 4.7); however, this value was biased by a small
subset of extreme outliers. Applying an arbitrary cutoff
criterion (pc > 5) results in a mean partitioning value of pc

) 1.5 (n ) 40, stdeV ) 0.79) for the remaining samples.
Thus, equilibrium was almost fully reached in this subgroup
(Supporting Information, Table 1).

We then asked whether there is a systematic correlation
between the hydrophobicity of the compound and the
partitioning and recovery after a dialysis experiment (Figure
3). For each structure, the cLogP values, that is, the
partitioning coefficient between water and octanol phases,

Figure 3. Dialysis and hydrophobicity. (A) Partitioning coefficients
of individual compounds plotted against their predicted cLogP. We
defined a cutoff criterion for further hit compound investigation of
pc < 5 (broken line) (B) Recovered amount of sample after dialysis
in comparison to the initially spiked compound correlated with
cLogP (broken line). Compounds with pc > 5 are highlighted (open
symbols).
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was calculated using a chemo-informatics tool (Biobyte,
Novartis Institutes for BioMedical Research). A comparison
of these cLogP values with the experimentally determined
partitioning coefficients revealed a remarkable independence
of these two properties. The measured pc values were almost
constant up to clogP-values of about 6. Some compounds
with log p values between 6.5 and 8 show stronger retention.
However, their pc values are generally still below 5.
Therefore even compounds with less ideal properties can be
analyzed for target binding. A limited number of outliers
populate the quadrant with clogP > 8 and pc > 5. Overall,
these data demonstrate that small molecule dialysis provides
a suitable method for characterizing hit-compounds over a
wide range of cLogP values. In fact, the entire cLogPs range
commonly considered appropriate for drug like molecules
(clogP < 5) and even beyond is covered.

In contrast to the partitioning coefficient, the compound
recovery from dialysis chambers correlates negatively with
the calculated cLogPs. Compounds with a smaller cLogP
exhibit a preferentially better recovery. Although this cor-
relation is significant, Figure 3B illustrates that each com-
pound shows unique adsorption properties to the material
of the dialysis chamber which cannot be predicted from
hydrophobicity alone. We emphasize that even with com-
pound recoveries as low as 10% a reliable partitioning
coefficient can still be determined.

Dialysis at the Single Bead Level. For integration into a
bead-based screening process, equilibrium dialysis must be
applicable to compounds cleaved from individual hit beads.
90 µm TentaGel beads, which are commonly used for on-
bead screening, contain ∼50 pmol of substance. Three key
questions related to the miniaturization of the dialysis
experiment needed to be addressed: (i) What is the minimal
amount of AIDA-conjugated compound that can reliably be
detected via HPLC-analysis after dialysis? (ii) How many
dialysis runs can be carried out with single bead derived
substance? and (iii) What is the well-to-well variability of
partitioning coefficients for individual hit compounds?

To address these questions 11 exemplary compounds
including AIDA-biotin were selected. For each compound,
two beads were manually removed from the resin batch and
placed in two sample tubes. The compounds were then
cleaved from the resin and processed as outlined in Figure
4A: 20% of substance was kept for monitoring the cleavage
yield; 50% or 30% were dialyzed against buffer. Measuring
the volumes of the start compartment V1 after dialysis using
a pipet showed that the presence of protein does not introduce
additional osmotic pressure, since the volume shift of in
average 20% was unchanged as compared to the buffer
controls (Supporting Information, Figure 3). A corresponding
shift towards dissociation because of protein dilution can
therefore be neglected. The obtained dialysis results from
the bead cleaved material were in good agreement with what
was observed for resynthesized and purified hit compounds.
The absolute amounts of compound obtained from single
bead cleavage as well as the compound recoveries after
dialysis varied considerably, whereas the partitioning values
showed significantly less variability (Figure 4B). On average
the 10 compounds dialyzed with p ) 1.3 ( 10%. The

accuracy of HPLC detection is remarkable: A comparison
of the data achieved with the 50% split fractions and the
30% split fractions shown in Figure 4C demonstrates that
the partitioning coefficient was reproduced within 1%. For
compounds with reduced solubility this accuracy is reduced
because of incomplete dialysis. Because of the high detection
sensitivity revealed in initial experiments described above,
we decided to include a further compound split in the dialysis
process scheme to test for potential unspecific binding events
with primary hit compounds. As outlined in Figure 4D, we
dialyzed one aliquot of compound against buffer, a second
aliquot in the presence 5 µM of the corresponding target
protein, and a third in the presence of 5 µM of the ubiquitous
cellular house keeping protein Carboxyanhydrase 2 (CAN2).
The 30% subdivision allows addressing hydrophobicity (pc),
binding potential (pt), and specificity (ps) with the substance
obtained from one individual bead. The ratio of peak areas
of the two control dialyses without protein and with CAN2
was almost identical (pc ) ps ≈ 1.3). The dialysis in presence
of target protein, however, yielded a higher partitioning
factor, pt ) 1.43 therefore indicating a weak, specific target
protein binding of compound (9).

Compound Profiling by Microscale Dialysis. To dem-
onstrate the usefulness of microscale dialysis as a method

Figure 4. Dialysis of compounds cleaved from single beads AAA.
(A) Dialysis process scheme for single beads to address variability
and sensitivity of the dialysis experiment. Eleven beads were
processed in duplicates. (B) Partitioning and recovery for each
compound (# identifier as in Supporting Information, Figure 2).
Errors are derived from the 4 independent dialysis experiments.
(C) HPLC chromatograms for compound (36): 20% reference
directly from the redissolved stock (black) in comparison to the
solutions after dialysis in compartments V1 (starter volume, black)
and V2 (reservoir, red) spiked with 50% and 30% of bead material,
respectively. A blank HPLC run (PBS, blue) is shown. (D)
Alternative strategy for splitting the single bead probe to include a
protein specificity control. The 4-fold split strategy is exemplified
using compound (9). HPLC traces from left to right: Reference,
buffer control (pc), target protein (pt), specificity control (ps).
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to validate compounds from bead-based screening and profile
their biophysical properties, we investigated a subset of 4
chemically related, resynthesized AIDA-compounds. The
original hits were picked based on a target protein binding
to the bead immobilized compound in the course of an on-
bead screening experiment. All of these compounds were
active in spectroscopic and cellular assays (not shown). For
microscale dialysis we used 100 pmol of compound for each
experiment as outlined in Figure 4D.

The experiment showed that the solution properties of the
four compounds differed substantially (Figure 5). While
compound (34) exhibited aggregation or surface adsorption,
compound (36) equilibrated almost completely, however,
without any target protein binding as indicated by a less than
3% difference in the partitioning coefficients pt, pc. Although
the partitioning values for compounds (37) and (46) indicated
target protein binding (pt > pc), only compound (46) dialyzed
equally well in presence of CAN2 and in the buffer only
control (pt ∼ pc). Compound (37) turned out to be unspecific
(i.e., pt ∼ ps > pc). Therefore compound (46) was the only
validated hit of the subset with the favorable biophysical
properties.

Conclusion

To expand the repertoire of generic secondary assays
which can be carried out with the ∼50-100 pmol of
substance, cleaved from one hit bead, we looked into
methods which require less sophisticated equipment and are
universally applicable. Equilibrium dialysis is a well estab-
lished biochemical method. It is, however, not widely used
in drug screening and profiling. In this study we successfully
explored the possibility to adapt equilibrium dialysis com-
bined with HPLC analytics to confirm, validate, and profile

on-bead screening identified hit compounds cleaved from
single 90 µm TentaGel beads. Because the compounds
contained AIDA as a generic fluorescent tag, we were able
to probe up to three different experimental conditions:
Solution properties, target protein binding, and specificity.
Thus, in addition to detection of binding, our approach
delivered important information about the molecular proper-
ties of the compounds such as purity, solubility, binding
selectivity, and tendency to aggregate in a very early phase
of the selection process.

It cannot be ruled out that the AIDA-moiety influences
the measured properties to a certain extent. However, on the
basis of substantial experience in on-bead screening of AIDA
tagged libraries we can conclude that there is generally a
good correlation between physicochemical profiles of tagged
and not-tagged compounds. AIDA was designed as a
relatively inert chemical entity to allow subsequent combi-
natorial expansion of the library rather than to generate an
optimized fluorescent tracer. The placing of the AIDA moiety
as the first building block in a combinatorial synthesis might
partly be responsible for the relatively unchanged binding
properties of an AIDA tagged compound. The number of
experiments which may be performed with single-bead
cleaved material increases with detection sensitivity. There-
fore, fluorescent tags with enhanced brightness would be
beneficial. Our recently introduced post-screening library
tagging system, which is suited for a “single bead-single
molecule” fluorescence spectroscopic analysis and subse-
quent Kd determination allows for a far greater flexibility in
choosing a dye tracer.8

In contrast to standard dialysis, the compound concentra-
tions were detected in both the protein and the buffer
containing compartment. Because our method combines the

Figure 5. Microdialysis for compound profiling HPLC analysis (start volume trace in black, reservoir trace in red) of resynthesized compounds
dialyzed in the absence (pc) and presence of 5 µM target protein (pt) or a house keeping protein (CAN-2) as a specificity control (ps).
Within the group of four chemically related compounds (1-4) (A) is sticky or aggregates in solution, (B) equilibrates well but does not
bind to the target, (C) binds unspecifically to both tested proteins, and (D) binds specifically to the target protein.
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resolving power of HPLC analytics with an upstream
equilibrium binding assay, it allows for identification of the
active chemical entity above a background of side products.
Side products derived from a single bead may be assigned
by retention time and ranked according to their partitioning
values. Subsequent MS analytics may then be used to decode
the active species. This may be particularly important for
OBS, because on bead library production inherently lacks
the possibility for efficient post-synthesis purification steps
on the solid support. Therefore side products present in
screening situations cannot always be avoided to the same
degree as in homogeneous solution HTS. Multiplexed
detection, however, may even be exploited purposefully by
designing libraries displaying more than one compound class
per bead as long as the respective HPLC peaks are separable.

To deal with the possible issues arising from handling and
analysis of picomole amounts we introduced the concentra-
tion ratio of the compound in both dialysis compartments,
the partitioning coefficient, as a remarkably robust and
reproducible readout. It is well-known that multiple effects
like electrostatics, adsorption to walls, or the formation of
higher order aggregates can complicate the quantitative
analysis of equilibrium binding data. Using a ratiometric
approach, most of these negatively influencing factors cancel
out. As a next development step a multi well format and
progressive automation could be easily implemented.21,24 In
addition, combined HPLC and mass spectrometric (LC-MS)
decoding strategies may significantly enhance the scope of
this approach for triaging of on-bead screening hit lists.23

Currently, the partitioning values provide a fast and easy
method for relative ranking of the hit-compounds according
to their affinity for a target protein. Equation 3 describes a
simple relation between the Kd of a compound and the
partitioning value for an idealized sample at full equilibration.
However, the long dialysis times which are required to reach
a fully equilibrated state of the sample make the use of this
equation impractical. In addition, non-specific interactions
of the compounds with components of the dialysis compart-
ment would lead to a significant overestimation of absolute
affinities for many compounds. We are therefore in the
process of developing a theoretical framework based on
differential equations for the determination of absolute
affinities from non-equilibrium dialysis data.

Experimental Section

Library and OBS. Details about the library design and
the screening procedures leading to OBS hit-compounds is
described elsewhere.16,17 In brief, AIDA is an indazole-based
UV-dye which was attached via a photocleavable nitro-
benzyl linker to TentaGel beads as the first element of our
on-bead library design. The dye is followed by a three-carbon
atom diaminopropane spacer unit connecting different het-
erocyclic scaffolds to the AIDA tag. The scaffolds generally
contain 4 combinatorial positions used for diversification
during a split-mix-and-divide combinatorial synthesis scheme.
For OBS, the beads were distributed in a monolayer in 96-
well glass-bottom plates, incubated with fluorescently labeled
target protein and subjected to confocal scanning by the
CONA method on the PickoScreen platform.7 After data

analysis, the picking device integrated in our screening
instruments allowed picking of individual hit beads and their
deposition in HPLC auto sampler vials for further processing.
For compound cleavage from resin, the beads were placed
in a solution of methanol, containing 1% TFA. and exposed
to UV illumination for 120 min using a Stratalinker 1800
UV illumination cabinet (Stratagene, La Jolla, CA, U.S.A.),
fitted with five 365 nm UV bulbs (Type NEC black light
T5FL8BL, 26 cm length, 8 W each). Irradiation power was
1070 µJ/min. The beads were removed from the solution
afterward, and the samples dried and redissolved in DMSO.

Dialysis. For dialysis, Slide-A-Lyzer MINI units (Pierce
#69570, MWCO 10 kDa) were placed into 48-well micro-
plates (Falcon #351178). Prior to the experiment, the Slide-
A-Lyzer MINI units were shortly boiled in distilled water
to remove trace contaminants of metals and glycerol and to
accelerate hydration of the membrane. The units were
equilibrated in dialysis buffer in 48-well plates overnight,
emptied by upside down centrifugation with 15 g for 1 min
(Heraeus Megafuge 1.0R) and filled with either 50 µL of 5
µM target protein solution (300nM Avidin for the AIDA-
biotin experiment) or 50 µL of dialysis buffer (PBS, 0.005%
Tween20, Sigma) as a control. The filled units were placed
into the reservoir plate, containing 450 µL of dialysis buffer
per well. Dialysis was started by adding equal volumes of
the single bead compound stock solution in DMSO (typically
1.8 µL, i.e. < 2.5 µL ) 5% DMSO) to 50 µL of the starter
volume. The units were then covered with adhesive sealing
film (Exel Scientific, #100-SEAL-PLT), the lid was closed
and sealed with parafilm to avoid evaporation. Dialysis was
allowed for 24 h at room temperature without mechanical
agitation.

HPLC. For analysis, 50 µL of each, the starter volume
and the reservoir, were supplemented with 10 µL of
acetonitrile in HPLC autosampler vials. When less than 50
µL volume could be recovered, a 1:1 ratio was maintained,
and the reduced amount adjusted to 60 µL final volume. In
all cases 55 µL were injected into an Agilent 1100 HPLC
instrument equipped with DAD (G-1315B) and fluorescence
detectors (G1321A). Either: Separation was done on a Merck
EcoCart cartridge system with Lichrospher C18 SelectB
column (5 µm, 60 Å, 3 × 125 mm +4 × 4 mm precolumn)
with a gradient from A: 95/5 water/acetonitrile, 0.1% TFA
to B: 95/5 acetonitrile/water, 0.1% TFA (1 min 0% B, 9
min 5-95% B, 4 min 95% B, 3 min 95-5% B, 3 min 5%
B) and a flow of 0.7 mL/min. Or: Separation was done on a
Waters Symmetry C8 column (3.5 µm, 60 Å, 4.6 × 50 mm
+4 × 4 mm Merck Lichrospher RP-8 precolumn) at 40 °C
with a gradient from A: 95/5 water/acetonitrile, 0.1% TFA
to B: 95/5 acetonitrile/water, 0.1% TFA (1 min 0% B, 5
min 5-95% B, 1 min 95% B, 3 min 95-5% B, 2 min 5%
B) and a flow of 1.2 mL/min. The compounds were
monitored by UV absorption at 215, 254, and 280 nm and
fluorescence detection at ex 333 nm/em 410 nm, gain 10.
The fluorescence from the AIDA-tag of the compound was
used to quantify the amount of substance by automatic peak
integration. Individual peaks of the chromatograms at 410
nm emission were batch-reintegrated with the Agilent

Analysis of Protein-Small Molecule Interactions Journal of Combinatorial Chemistry, 2010 Vol. 12, No. 5 653



Chemstation software. Data for retention time and peak area
were exported as text with a custom-programmed macro
program.

Fluorescence Spectroscopy. Spectra were measured with
a Fluorolog τ-3 spectrofluorometer (Jobin Yvon/Horiba,
Germany) equipped with double monochromators in the
excitation and emission path. Exciting at 333 nm, we
integrated emission spectra from 350-450 nm, using slits
at 5 nm bandwidth, 5 s integration time with a wavelength
increment of 1 nm. A WG320 UV filter in the emission path
was used for stray light attenuation. Raman scattering was
subtracted by a buffer spectrum. AIDA samples were
quantified using an AIDA-calibration curve, which was
reproduced from a 1 mM stock-solution of AIDA-biotin.
Anisotropy was measured using 333 nm excitation and 410
nm emission in repetitions to less than 0.1% error. All
measurements were done with 60 µL fluorescence quartz
cuvettes (26-50-F Q, Starna, U.K.) at room temperature (∼22
°C).
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