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As a result of their complexity, the purification of protein
biopharmaceuticals poses challenges not encountered with
traditional small-molecule drugs and requires lengthy series
of chromatographic steps. Affinity chromatography (AC) is
perhaps the most powerful chromatographic technique avail-
able, but is limited in scope because of the lack of suitable
ligands for proteins for which no natural small-molecule
binding partner or inhibitor exists. Current AC ligands used
for targeting protein surfaces are primarily other proteins,
such as a monoclonal antibody (mAb) or another binding
protein. These ligands are expensive and amenable to rapid
degradation under common column-cleaning conditions.
Selective, chemically robust small-molecule ligands would
greatly expand the scope and use of AC for the purification of
biopharmaceuticals.[1] However, small-molecule ligands tar-
geting large protein surfaces are rare, despite significant
recent achievements.[2] The reason remains the inherent
difficulty in designing small molecules that bind tightly and
specifically to a large, featureless, amphiphilic, and flexible
protein surface.[3]

In this study we have focused on identifying small-
molecule affinity ligands for human growth hormone (hGH)
through the screening of a combinatorial library of com-
pounds designed to mimic the interactions with its native
receptor. Pioneering work has shown that the majority of the
binding energy of the initial interaction between hGH and the

extracellular part of its receptor (hGHbp) is conferred by a
central functional epitope, or “hot spot”, dominated by two
tryptophan residues (Trp104 and Trp169) in close proximity
on the receptor (Figure 1).[4, 5] This ensemble of residues
essential for binding suggests that small-molecule binders
may be designed to mimic the interactions of the biological
protein partner.

Herein, we report a fully integrated methodology for the
discovery and development of novel, small-molecule affinity
resins, demonstrated by the development of the first non-
protein affinity resin for the purification of hGH. The key
feature of this research is the combination of virtual screening
(VS) with “on-bead” automated, in-line library screening in
which a novel optical encoding scheme is utilized to facilitate
an exhaustive structure–affinity mapping of the entire one-
bead-one-compound (OBOC) library.

First, computational screening of a large number of
chemical building blocks was used to enrich the library and
provide a more focused design. This automated approach also
reduces the effect of human bias. The building blocks were
extracted from a database of commercially available com-
pounds (ACD) and incorporated into a virtual combinatorial
library of more than 40 000 compounds. The library was
designed around a core diaminopropionic acid (DAPA)

Figure 1. Interactions of the critical residues Trp104, Trp169, and
Arg43 (blue, labeled TRP-304, TRP-369, and ARG-243) of hGHbp with
site 1 of hGH (brown). Source: PDB ID 1A22.[5a]
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scaffold to which the 2715 carboxylic acid building blocks (R3)
and a short dipeptide (R1 and R2) were attached through
amide bonds (Scheme 2). The peptide fragment was con-
structed from two identical sets of l-amino acids each
consisting of Lys, Asp, Trp, and Asn. The carboxylic acid
moiety of DAPA was substituted with a proton to avoid
interference during the docking.

The intent of this design was to focus the majority of
diversity at the R3 position to allow screening of a more
diverse set of building blocks within the technical constraints
of the software. The virtual library was docked into a modified
crystal structure of hGH (PDB ID 1A22)[5a] using the docking
algorithm FlexX and evaluated by five different scoring
functions and a consensus score. The docking was directed at
the “hot spot” of site 1 to mimic the interactions of the critical
tryptophan residues of the receptor.

Results from VS suggested a general preference for
building blocks incorporating a bi- or tricyclic aromatic
moiety in the R3 position. Among the highest scoring building
blocks were bicyclic aromatics, such as naphthalenes or
heterocyclic N-derivatives, for example, quinolines and qui-
noxalines. The triheterocyclic compounds were characterized
by a hydrophilic linear tricyclic structure with a hydrogen-
bond acceptor heteroatom (N or O) in position 10, all of
which shared a remarkably consistent binding motif. While
one hydrophobic aromatic ring made an edge-to-face inter-
action with the phenyl moiety of Phe176, the other aromatic
or aliphatic ring interacted with Ile179, the aliphatic chain of
Arg64, and the methyl groups of Thr67 and Thr175 (Figure 2).

The heteroatom of the cyclic structure formed a hydrogen
bond with the hydroxyl group of Thr67, while the carboxyl
group of the amide connecting the building block to the
scaffold formed a hydrogen bond to Thr175. Preference for
amino acids varied within the different scoring functions, with
Trp, not surprisingly, being the most favored followed by Lys,
Asn, and Asp. A total of 18 building blocks for position R3

were selected (Table 1) and combinatorialized with two
identical sets of 11 l-amino acids (Trp, Lys, Asp, Asn, Tyr,
His, Arg, Ile, Phe, Thr, and Pro) for positions R1 and R2 in an
OBOC library,[6] thus providing a focused library of 2178
unique compounds.

The OBOC library was encoded and deconvoluted using
the optical bead-encoding protocol recently described by
Meldal and Christensen.[7] The technology features facile and
rapid structural elucidation of every library compound with-

out the use of chemical tags or the destructive and laborious
compound identification necessary with other methods.[8] The
semiautomated protocol enables in-line fluorescence mea-
surement of each library member, thus allowing an exhaustive
mapping of the correlation between structure and affinity. In
this way, structure–affinity information is presented not only
for the most active compounds but also for all combinatorial
products. The combination of 1) on-bead compound identifi-
cation with 2) in-line screening/analysis of protein binding is a
unique feature of this method.

The OBOC library was synthesized on approximately
50000 encoded poly(ethylene glycol)–poly(acrylamide) co-
polymer (PEGA) beads with a ligand density of
5.7 mmolmL�1 (Scheme 1). The beads were incubated with
rhodamine (ROX)-labeled hGH in a saline buffer at pH 7.5
and excess nonbinding protein was removed by washing. The
ligand code and fluorescence intensity resulting from protein
binding were measured in-line and simultaneously for each
bead in the library at a rate of approximately three beads per
second.

The effects of the individual building blocks on the overall
affinity of the ligand were determined by analysis of variance
(ANOVA). Interestingly, the two most active building blocks,
R3

1 and R3
13, both belong to the group of tricyclic heterocyclic

compounds and were the only such compounds in the set. This
class of compounds was also found to show high affinity for
hGH in the VS as detailed above. Of the 100 highest-scoring
compounds in the library, 15 and 35% contained R3

1 and R3
13,

Figure 2. Interactions of ligands containing building blocks R3
1 (left,

gray) and R3
13 (right, brown).

Table 1: Building blocks (R3) selected by virtual screening and incorpo-
rated into the OBOC library.

R3
x Structure R3

x Structure

1 10

2 11

3 12

4 13

5 14

6 15

7 16

8 17

9 18
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respectively. Most of the bicyclic compounds, however,
exhibited low affinity for hGH. The amino acids Phe, Arg,
and to a lesser extent Lys, Ile, and Tyr showed the highest
affinity to hGH whereas Trp, surprisingly, did not affect
affinity significantly.

Figure 3 shows the extensive nature of the data collected
by using this protocol, which emphasizes the unique capa-
bilities of this strategy. Figure 4 illustrates clearly that building
blocks R3

1, R3
11, R3

13, and R3
14 contribute to ligands with

significantly higher than average affinity, as indicated by the
fluorescence intensity. Correlation of the screening results
with docking predictions was good, with the scoring function
Chemscore proving particularly accurate. Thus, R3

1, R3
11, and

R3
13 were ranked 2, 6, and 4, respectively, among the total of

2715 docked building blocks, which indicates a positive
enriching effect from the VS protocol.

Finally, a selection of the most promising ligands (Table 2)
was resynthesized on amino-functionalized Fractogel. The

resulting affinity resins were evaluated for their ability to
selectively adsorb and elute hGH from a microfiltered
Escherichia coli lysate. The hGH microfiltrate (2.6 mgmL�1)
was loaded onto the resin in 25 mm Tris buffer at pH 7.50 and
eluted using a 1m NaCl gradient in the same buffer. The purity
of the eluent was qualitatively evaluated by SDS-PAGE. The

Scheme 1. Synthesis, decoding, and affinity screening of the focused
OBOC library. a) Fmoc-DAPA(Alloc)-OH, MSNT, MeIm, DCM; b) 20%
piperidine/NMP; c) TBTU, NEM, DMF; d) Pd(PPh3)4, Me2NH·BH3,
DCM; e) TFA/H2O/TIS/EDT. Fmoc =9-fluorenylmethoxycarbonyl;
Alloc = allyloxycarbonyl; MSNT=1-(2-mesitylenesulfonyl)-3-nitro-1H-
1,2,4-triazole; MeIm= 1-methylimidazole; DCM =dichloromethane;
NMP = N-methylpyrrolidone; TBTU =N-[(1H-benzotriazol-1-yl)(dime-
thylamino)methylene]-N-methylmethanaminium tetrafluoroborate N-
oxide; NEM = N-ethylmorpholine; TFA = trifluoroacetic acid; TIS= tri-
isopropylsilane; EDT = 1,2-ethanedithiol.

Scheme 2. Ligand structures used for virtual screening and encoded
OBOC library.

Figure 3. Distribution of measured fluorescence intensity, which shows
a large number of beads with low fluorescence intensity close to
background (8 units) and a few high-fluorescence hits (inset).

Figure 4. ANOVA results for the 18 different building blocks in
position R3. Each dot on the chart represents a bead and the diamonds
the mean fluorescence for that building block. The horizontal line is
the mean fluorescence intensity for the entire population, with a value
of 13 units. The inset shows the correlation of the average docking
score (Chemscore, lower is better) and the measured fluorescence for
each of the 18 building blocks.

Table 2: Evaluation results and corresponding fluorescence intensity of
selected affinity resins.

Resin R1 R2 R3 Flu[a] DBC
[mgmL�1]

Selectivity[b]

F-1 Tyr Arg 1 149 13.8 very poor
F-10 Phe Ile 13 96 2.8 very good
F-15 Arg Phe 14 62 <5 good
F-18[c] His Asp 6 5 0 n/a

[a] Average fluorescence intensity of beads recorded during in-line
screening. [b] SDS-PAGE evaluation. [c] Negative control. n/a= not
applicable.
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resins were cleaned in place (CIP) with 0.2m NaOH, thus
underscoring the advantage of having a base-tolerant ligand
attached to the resin. In particular, affinity resins containing
R3

13 were found to selectively adsorb hGH and to provide
good rates of recovery, whereas two negative controls
selected from library members with the lowest fluorescence
intensity after screening had no affinity for the hormone.

Optimization of the loading and elution conditions for the
most promising affinity resin (F-10 ; Table 2) showed a distinct
correlation between the pH of the loading buffer and the
dynamic binding capacity (DBC) of the resin. The capacity
for hGH thus declined sharply above pH 6.50 and was zero
above pH 7.75. The optimal conditions were found to consist
of a loading buffer of 50 mm 2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol (Bis-Tris) at pH 6.25, at
which a 10% DBC for pure hGH of 6.7 mg mL�1 resin was
achieved (Figure 5). The 10 % DBC of the hGH microfiltrate
under these conditions was 3.2 mgmL�1. Elution was best
effected by using either a simple salt gradient or an increase in
pH to values higher than 7.50. With the latter, we were able to
isolate hGH from the untreated microfiltrate at a purity of
91% (HPLC) in a single purification step. Recovery was
61%, while higher rates of recovery up to 83 % were obtained
when eluting at pH 8.00 at the cost of lower purity (80 %). The
same ligand was synthesized, purified, and attached to a
Fractogel resin (F-21) for validation of these results. Evalua-
tion of this resin showed similar selectivity but slightly
improved DBC, and the eluted hGH showed full biological
activity in a BaF-3/hGHR cell proliferation assay.

In conclusion, we have dem-
onstrated a versatile and expedi-
tious methodology for the devel-
opment of novel, small-molecule
AC ligands for protein targets. By
combining computational enrich-
ment with automated, in-line
screening and affinity mapping
of an optically encoded combina-
torial library, we discovered a
novel set of AC ligands capable
of efficiently isolating a difficult
protein target from a complex
fermentation broth. We believe
that the generality and speed of
this method holds great potential
to broaden the scope and applic-
ability of AC in protein purifica-
tion.
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Figure 5. Left: Chromatogram showing the purification of hGH using affinity resin F-10 ; c

absorbance; a buffer gradient. Right: Coomassie-stained SDS-PAGE analysis of purification using a
loading buffer of pH 6.25. Lane 1: protein marker; lane 2: flow-through; lane 3: eluate (pooled); lane 4:
CIP (pooled); lane 5: hGH microfiltrate reference; lane 6: hGH reference (insert from separate gel).
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