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Alternative scaffold molecules represent a class of proteins
important to the study of protein design and mechanisms
of protein–protein interactions, as well as for the develop-
ment of therapeutic proteins. Here, we describe the gener-
ation of a library built upon the framework of a consensus
FN3 domain sequence resulting in binding proteins we call
Centyrins. This new library employs diversified positions
within the C-strand, CD-loop, F-strand and FG-loop of the
FN3 domain. CIS display was used to select high-affinity
Centyrin variants against three targets; c-MET, murine
IL-17A and rat TNFa and scanning mutagenesis studies
were used to define the positions of the library most im-
portant for target binding. Contributions from both the
strand and loop positions were noted, although the pattern
was different for each molecule. In addition, an affinity
maturation scheme is described that resulted in a signifi-
cant improvement in the affinity of one selected Centyrin
variant. Together, this work provides important data con-
tributing to our understanding of potential FN3 binding
interfaces and a new tool for generating high-affinity scaf-
fold molecules.
Keywords: consensus/FN3/library/scaffold

Introduction

A major goal of the biopharmaceutical industry is the discov-
ery of agents capable of disrupting protein–protein interac-
tions for therapeutic purposes. Protein-based therapeutics are
the preferred molecules for inhibition of extracellular protein–
protein interactions, with monoclonal antibodies (mAbs) most
often the agent of choice due to their exquisite affinity and spe-
cificity (Pavlou and Reichert, 2004; Reichert and Pavlou,
2004; Sliwkowski and Mellman, 2013). In addition to the use
of mAbs, a new class of therapeutic proteins, termed alterna-
tive scaffolds, has emerged. Scaffold proteins are designed to
bind to targets with the high affinity and specificity normally
characteristic of mAbs. This binding however is accomplished
using three-dimensional structures and surfaces significantly
different than those of the mAb (Skerra, 2000; Binz et al.,

2005). More specifically, scaffold proteins are usually much
smaller in size (usually 10–20 kDa) than mAbs, consist of a
single protein chain, and are often devoid of disulfide bonds,
glycosylation and other post-translational modifications. Most
have been engineered to be highly soluble and stable. The
combination of the unique structures and biophysical proper-
ties of these molecules enable applications unique from those
of mAbs, such as alternative delivery routes, targeting of intra-
cellular proteins, simplified multi-specific formatting and
robust manufacturing strategies.

One of the most well-studied classes of alternative scaffold
proteins is the monobody, based upon the structure of the 10th
Fibronectin type III domain (10FN3) from human fibronectin
(Koide et al., 1998). Libraries of this scaffold have been engi-
neered and selected against a multitude of research and thera-
peutic targets using phage display, yeast display and in vitro
display methods (reviewed in [Jacobs and O’Neil, 2012; Koide
et al., 2012b]). Originally, and in many subsequent publica-
tions, these libraries were designed as antibody mimics, ran-
domizing the BC-, DE- and FG-loops of FN3 that are
structurally analogous to antibody complementary determin-
ing regions (CDR) regions (Koide et al., 1998, 2007; Xu et al.,
2002; Richards et al., 2003; Karatan et al., 2004; Parker et al.,
2005; Getmanova et al., 2006; Lipovsek et al., 2007; Dineen
et al., 2008; Garcia-Ibilcieta et al., 2008; Gilbreth et al., 2008;
Hackel et al., 2008; Olson et al., 2008; Wojcik et al., 2010;
Ramamurthy et al., 2012). Monobodies based on randomized
loop libraries have even been evaluated in the clinic in recent
years (Dineen et al., 2008; Bloom and Calabro, 2009). Our lab
has engineered consensus FN3 domains with excellent biophys-
ical properties and demonstrated their utility for generation of
protein therapeutics (Jacobs et al., 2012). The consensus ap-
proach was undertaken as it often results in the generation
molecules of exceptional stability and expression, ideal for
therapeutic applications (Lehmann et al., 2000, 2002; Lehmann
and Wyss, 2001; Tomschy et al., 2002; Binz et al., 2003, 2004;
Forrer et al., 2004; Steipe, 2004; Midelfort and Wittrup, 2006;
Dai et al., 2007; Merz et al., 2008; Jacobs et al., 2012).

It is desirable to produce scaffold libraries of various
surface compositions and structures to sample larger numbers
of potential epitopes on target proteins. To expand the FN3
library design beyond CDR-like loops, we analyzed a variety
of naturally occurring protein–protein interactions involving
FN3 domains. This structural analysis indicated that while the
vast majority of the interactions involved loop residues of the
natural FN3 domains, some interactions are formed by resi-
dues from the b-strands. For example, the cytokines interleu-
kin (IL)-13 and IL-4 are bound by five FN3 domains of the
IL-4 receptor and IL-13 receptor a1 (IL13Ra1) (LaPorte
et al., 2008). Although the majority of the positions governing
these interactions lie in the loop regions of these FN3 domains,
the D-strand of IL13Ra1 is found to interact with IL-4 and
IL-13 directly. Similarly, the D-strand is involved in interactions
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between an FN3 domain of granulocyte colony-stimulating
factor (GCSF) and the GCSF receptor, defined as ‘Site II’
(Aritomi et al., 1999). Finally, antibodies, which have a similar
topology to FN3 domains, interact with Protein A and FcRn
through b-strand positions of the Vh and CH3 domains, respect-
ively (Burmeister et al., 1994; Graille et al., 2000). It is thus
conceivable then that the engineered FN3 domains can be ran-
domized at strand residues to act with target molecules.

Similar to the analysis of natural FN3 domains, recent
observations from X-ray crystallographic analyses of mono-
body/target complex structures demonstrated that the strand
residues can also be important for binding, despite being held
constant in the library, thus leading to the creation of a novel
monobody library (Koide et al., 2012a,b). This alternative
design is quite different from an antibody variable domain, as
the binding face incorporates both loop and non-loop residues
(Wojcik et al., 2010; Koide et al., 2012a,b; Ramamurthy et al.,
2012). This library was used to successfully select monobo-
dies against Abl SH2, GFP and hSUMO1 with affinities as
high as 9 nM. Building upon this theme, we describe a new
FN3 library design based upon the consensus Tenascin FN3
framework (Tencon), referring to the molecules produced
from this Tencon library as ‘Centyrins’. The library, which
randomizes portions of the C-strand, F-strand, CD-loop and
FG-loop, was panned against three targets; c-MET, murine
IL-17A (mIL-17A) and rat TNFa (rTNFa), to test its utility.
Specific binding molecules with an affinity as high as 21 pM
were identified from the primary library. In addition, we show
that Centyrins selected from this library are biologically
active, have excellent biophysical properties and can be
simply produced in bacteria.

Results

Design of the TCL14 library
The crystal structure of the consensus Tenascin FN3 domain,
Tencon (PDB 3TES), was used to design a new FN3 domain
library called TCL14 (Tencon Library 14). Specific residues in
the C-strand, F-strand, FG-loop and CD-loop were randomized
to provide a binding surface similar to that observed for FN3/
Ig domain protein–protein interactions involving strand resi-
dues. For this library, the amino acid sequence of the most
stable Tencon variant identified previously, Tencon25 was

used as the framework (Jacobs et al., 2012). The C- and
F-strands were chosen, as these two strands lie at the center of
a surface of the Tencon molecule formed by the b-sheet that
includes the C-, F-, D- and G-strands (Fig. 1). For the strands,
three residues in each of the C- and F-strands with solvent
exposed side chains were replaced with random amino acids.
More specifically, these residues occur at positions 32, 34 and
36 from the C-strand and 68, 70 and 72 from the F-strand
(according to numbering from PDB file 3TES). As these two
b-strands lie between the FG- and CD-loops, portions of these
loops were also randomized to increase the binding surface
available for interacting with target molecules, including the
four residues from the CD-loop nearest to the C-strand, posi-
tions 38–41 and positions 78, 79 and 81 from the FG-loop.
These positions were previously shown to be tolerant of amino
acid substitution (Jacobs et al., 2012). Although the FG-loop is
considerably longer than the CD-loop, only three positions
were randomized for several reasons. First, we have found pre-
viously that inclusion of a glycine residue in the FG-loop
minimizes the chance of domain swapping following library
construction, a condition found to occur in some FG-loop
libraries (Teplyakov et al., 2013). Thus, the GG sequence of
positions 76 and 77 was maintained. In addition, position S80,
which falls between two positions selected for randomization,
was kept as serine as this side chain is predicted to form a
hydrogen bond with the backbone of the C-strand. Previous
studies have shown that mutation of S80 to alanine results in a
significant decrease in folding stability for Tencon (Jacobs
et al., 2012). Overall, the library design leads to a randomized
surface including 13 positions with approximate dimensions
of 30 Å in length (measured from the backbone Ca of position
78 to that of position 38) and 11 Å in width (measured from
the backbone Ca of position 32 to that of position 81.

To generate the Centyrin library, the gene sequence encod-
ing Tencon was amplified by polymerase chain reaction (PCR)
to include the degenerate codon NNS in each of the above-
mentioned positions. This results in a theoretical distribution
of all 20 amino acids ranging from 3.1 to 9.3% (Bosley and
Ostermeier, 2005). In addition, a TAG stop codon is theoretic-
ally incorporated at a 3.1% frequency, resulting in a predicted
rate of non-functional library members resulting from stop
codons of 33.8%. A Tac promoter sequence was added to the
50-end of the amplified library sequence by PCR and this frag-
ment ligated to the gene sequence for RepA to implement CIS

Fig. 1. Design of the Centyrin TCL14 library. The crystal structure of Tencon (PDB 3TES) is shown with the randomized positions of the C-strand, F-strand,
CD-loop and FG-loop depicted in green (A). The image on the right is rotated 908 around the z-axis compared with that on the left. The sequence of Tencon25 is
shown with loop positions in red (B). Library positions are underlined. The sequence is numbered below as in PDB file 3TES.
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display for the isolation of binding molecules (Odegrip et al.,
2004). Following library construction, the Centyrin portion
of the library was PCR amplified and subcloned into a pET
vector for sequence analysis. From 149 readable sequences,
43% contained a stop codon, slightly higher than the expected
theoretical value of 33% (Bosley and Ostermeier, 2005),
leaving 56% of the library functional, full-length molecules.

Biophysical properties of TCL14 library members
Our previous mutagenesis studies on the stability of Tencon
were focused mainly on the loop positions as well as the por-
tions of the strands directly adjacent to those loops (Jacobs
et al., 2012). Thus, we sought to determine how randomization
of the b-strand residues in combination with randomization
of portions of the FG- and CD-loops affects the biophysical
properties of Centyrins. The Tencon portion of the TCL14
library was amplified by PCR and subcloned into a pET vector
for expression of random library members in Escherichia coli.
Sixty-nine clones that were determined to be full-length
sequences free of stop codons were expressed in 5 ml cultures
and purified by a one-step method employing high-throughput
Ni-NTA chromatography. Size-exclusion chromatography (SEC)
using a Superdex 75 column was used to assess the aggrega-
tion state of each purified protein. Samples were considered to
be soluble and monomeric if the elution time of the sample
was between 5.7 and 6.2 min, as the elution time of monomeric
Tencon25 was 5.8 min on this column. A summary of the size-
exclusion results is found in Table I. Seventy percent of the
clones purified and eluted from the column with an elution
time consistent with that of a monomeric species. This per-
centage is further increased to 83% when clones that contain a
free cysteine, which we have found to oxidize in solution in
some cases causing formation of a mixed species of monomer
and dimer Centyrins, are excluded from analysis (data not
shown). Only a small percentage of clones (6%) had no signal
on the size-exclusion chromatogram, indicating very low or in-
soluble expression. The SEC results for 4% of the clones were
indicative of larger aggregate formation. Examples of chroma-
tography traces for each type of molecule described in Table I
can be found in Supplementary Fig. S1.

The conformational stability of 16 monomeric library
members selected at random was assessed by differential scan-
ning calorimetry in phosphate-buffered saline (PBS). A mean
melting temperature of 70.2+ 10.18C was obtained for this
set of molecules with a highest and lowest Tm observed of 87.3
and 45.68C, respectively (Supplementary Fig. S2). For compari-
son, a Tm of 938C was obtained for the Tencon25 consensus se-
quence. Overall, the size-exclusion and differential scanning
calorimetry (DSC) data indicate that the randomization of the
positions described in Fig. 1 is well tolerated in the Tencon
scaffold.

Selection of Centyrins that bind to target proteins
To assess the utility of this library design for producing new
binding molecules, the TCL14 library was panned against
three different targets, human c-MET, rTNFa and mIL-17A
using CIS display (Odegrip et al., 2004). Up to nine rounds of
CIS display were completed for each target with increasing
stringency of selection used for later rounds (see the Methods
section). Following panning, screening for binders to c-MET
and rTNFa was performed by enzyme-linked immunosorbent
assay (ELISA) using E.coli lysates expressing individual
Centyrins. For these targets, a secondary screen was also com-
pleted to find clones with the desired biological activity; inhib-
ition of human growth factor (HGF) binding to recombinant
c-MET or inhibition of rTNFa stimulation of HEK-Blue cells.
For selections against mIL-17A, the initial ELISA binding
screen was omitted due to the high hit rates obtained with
other Centyrin libraries (data not shown) and the selection
outputs thus screened directly for bioactivity via an assay
measuring inhibition of mIL-17A/mIL-17 receptor interac-
tions. Table II describes the hit rate, or percentage of screened
clones that bound to the target protein, as well as the rate of
biologically active clones obtained for each selection experi-
ment. Specific binding was defined for each target based on
background signals of each antigen. An ELISA signal of 10-fold
greater than that of the signal for binding to a non-specific
protein (human serum albumin) was used as the minimum re-
quirement for counting a clone as a hit. Hit rates from 42 to 76%
were obtained for the three selections with 29–68% of the
sequenced hits found to be unique clones. Centyrins that could
inhibit the biological activity of each target were identified in
each case.

Higher affinity clones were isolated by repeating the screening
assays at greater dilutions of E.coli lysate (up to 100 000-fold).
The binding affinities of one clone from each selection
that retained strong binding at the highest dilutions were deter-
mined by surface plasmon resonance (SPR; Fig. 2, Table II).
Representative clones were P114-A3 for c-MET, TP1-C6
for mIL-17A and P191-22 for rTNFa. Slow off-rates were
obtained for variants selected against all three targets with KD

values of 400 pM, 1.19 nM and 1.8 nM, respectively, for the
anti-c-MET, anti-TNFa and anti-IL17A clones when the bioti-
nylated target protein was captured on the SPR surface

Table I. Summary of SEC results

All samples (%) Exclude cysteine (%)

Monomeric 70 83
Mixture monomer/dimer 17 10
Large aggregate 4 5
No signal 6 2
Late elution 3 0

Table II. Summary of Screening and Characterization

Target

Human
c-MET

mIL-17A rTNFa

Round screened 7 9 7
Clones screened 352 160 88
Number of binders 147 Not

determined
67

Number of inhibitors 135 79 11
Number of unique
sequences

39 54 20

ka representative
clone (1/ms)

6.27 � 105 5.68 � 105 1.06 � 106

kd representative
clone (1/s)

2.67 � 1024 1.20 � 1025 1.27 � 1023

KD representative
clone (M)

4.25 � 10210 2.12 � 10211 1.19 � 1029

IC50 bioassay (nm) 0.40 0.071 33.8
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(Fig. 2). For anti-mIL17A clone TP1C6, an affinity of 21 pM
was obtained when changing the orientation of the assay such
that the Centyrin was captured directly on the surface before
flowing mIL-17A over the surface. This format was utilized
for IL-17A as this antigen was found to be inactive during re-
generation of the SPR chip surface between experiments when
directly coupled. The higher affinity obtained by this method
also agrees more closely with the cell-based potency data
(described below). However, because of the dimeric nature of
mIL-17A, we cannot rule out conclusively the contribution of
avidity effects to this binding constant.

In addition to high-affinity binding, all three selected
Centyrins were able to potently inhibit the biological activity
of the target molecule in the respective antigen-specific assays
(Fig. 2, Table II). Clone P114-A3 was shown to inhibit the
interaction of HGF and recombinant c-MET with an IC50 of
400 pM (Fig. 2B). Centyrins selected against mIL-17A were
first screened for inhibition of mIL-17A binding to the murine
IL-17 receptor captured on a Maxisorp plate (data not shown).

A more sensitive cell-based assay monitoring the release of
KC from LA-4 cells was used to further characterize the best
Centyrins. TP1C6 inhibited mIL-17A signaling in this assay
with a potency of 71+ 50 pM (averaged over three replicate
experiments) (Fig. 2C). Finally, inhibition of TNFa-induced
NF-kB activity in HEK-Blue TNF-a/IL-1b cells was used to
assess the bioactivity of anti-rTNFa Centyrins. Clone P191-22
inhibited rTNFa signaling with an IC50 of 33.8 nM (Fig. 2A).

Definition of binding surfaces
Scanning mutagenesis experiments were completed to define
the positions of the library that contributed most significantly
to target binding for the c-MET (P114-A3), mIL-17A
(TP1-C6) and rTNFa (P191-22) inhibitors. Each amino acid
position derived from the TCL14 library of the TP1-C6
and P191-22 Centyrins were individually mutated to alanine
and each mutant tested for activity. In the cases where the
parent molecule residue was an alanine, mutation was made to
serine or lysine. In addition, clone TP1-C6 contained a

Fig. 2. Binding and biological activity of selected TCL14 Centyrins. Panels on the left show binding affinity measurements by SPR while those on the right show
inhibition of biological activity for rTNFa (A), c-MET (B) and mIL-17A (C). The corresponding values of the kinetic constants and IC50 measurements for each
molecule can be found in Table II. Sensograms are shown for both the parent and affinity matured anti-rTNFa molecules. Off-rates of 1.27 � 1023 and 1.29 �
1024 1/s were measured, respectively.
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cysteine incorporated into the framework by spurious muta-
genesis during panning (Fig. 3D). This position was reverted
to tyrosine for further analysis without an effect on activity
(Supplementary Table SIII). For mIL-17A, SPR was used to
assess the binding affinity of mutants while for rTNFa, func-
tional inhibition of rTNFa stimulation of HEK-Blue cells was
used to determine the effect of each mutation. For the
anti-c-MET Centyrin P114-A3, the binding surface was
defined in the context of a bispecific Centyrin. In this con-
struct, P114-A3 was linked to a second Centyrin that binds to
another growth factor receptor to form a bispecific molecule.
Linking of P114-A3 to the second Centyrin does not affect
binding to recombinant c-MET (data not shown, manuscript in
preparation). For c-MET-binding Centyrins, each position
derived from the library scanning mutagenesis was performed
using serine rather than alanine and the effect on binding affinity
determined by SPR. Position P114-A3 S41 was not mutated in
this study. The detailed results from the scanning mutagenesis
experiments can be found in Supplementary Tables SI–SIII.
Figure 3 maps the magnitude of changes in binding affinity or ac-
tivity onto the surface of the Tencon structure for each molecule
with residues colored in green exhibiting ,5-fold loss in activity,
yellow 5–10 fold and red .10-fold. The F-strand appears to be
most important for rTNFa binding by P191-22 with the last
residue of the C-strand and the first residue of the CD-loop also
critical for binding. Anti-mIL17A Centyrin TP1C6 shows a dif-
ferent pattern of activity, with residues of the CD-loop contribut-
ing most prominently to mIL-17A binding along with positions
36 and 38 of the C-strand. Finally, anti-c-MET P114-A3 is de-
pendent upon a wider surface for c-MET binding including key
residues from both the CD- (position 38) and FG- (position 79)
loops as well as the entire C-strand and portions of the F-strand.

Affinity maturation of P191-22
While panning of the TCL14 library against human c-MET
and mIL-17A produced binders with subnanomolar affinity,
the highest affinity achieved for rTNFa was 1.19 nM.
Furthermore, the IC50 of this clone for inhibiting rTNFa stimu-
lation of cells was only 33 nM. Thus, the alanine scanning
data for this clone were used to design an affinity maturation
library to improve the potency. A new library was built in
which the sequence of P191-22 was held constant at positions
deemed critical for binding (i.e. W36, F38, M68, L70 and
R72), while the remaining positions from the original TCL14
library design (i.e. 32, 34, 39, 40, 41, 78, 79 and 81) were
re-randomized to have an equal probability of 18 amino acids
(no cysteine or methionine) using Slonomics technology (Van
den Brulle et al., 2008). In addition, positions 46 (D-strand),
84 (F-strand) and 86 (F-strand) were also randomized to
expand the potential interaction surface with the target protein.
The new library was amplified and subcloned into the CIS
display system and subjected to nine rounds of panning under
stringent conditions. Screening was completed as above for
the initial rTNFa panning. A number of clones that could bind
to rTNFa by ELISA at a higher dilution of E.coli lysate com-
pared with the parent molecule were identified and the binding
affinity determined by SPR. Figure 2A shows the decrease
in off-rate obtained for the best clone, P222-F10. An affinity
of 150 pM was calculated from this analysis, representing an
8-fold increase in affinity following the maturation process. In
addition, an increase in potency in the cell-based rTNFa
inhibition assay from 33 to 2 nM was observed. A sequence
alignment between the parent clone (P191-22) and matured
clone (P222-F10) is shown in Fig. 3D. All of the randomized
positions, with the exception of I86, were changed in the

Fig. 3. Summary of scanning mutagenesis studies for P191-22 (A), TP1-C6 (B) and P114-A3 (C) molecules. The magnitude of the decrease in activity for each
mutant is mapped onto the position of the Tencon crystal structure according to the color table. The exact values for activity of each mutant can be found in
Supplementary Tables SI–SIII. A sequence alignment compares the sequences selected from panning against Tencon25 (D). Black circles beneath the alignment
indicate the positions of the TCL14 library while red circles indicate additional positions randomized during affinity maturation.
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matured clone compared with the parent. Interestingly, the
three additional positions included from the D- and F-strands
were reverted back to the amino acid from the starting
Tencon25 consensus sequence.

Discussion

Selection of high-affinity binding molecules is of great import-
ance to the generation of therapeutic proteins. The FN3
domain has been exploited as a scaffold for isolating binding
molecules in various forms over the years (Koide et al., 1998,
2007, 2012a,b; Skerra, 2000; Karatan et al., 2004; Parker et al.,
2005; Hackel et al., 2008; Bloom and Calabro, 2009; Wojcik
et al., 2010). In this report, a new library design, TCL14, is
described with the diversified region centered in the second
b-sheet of the Tencon FN3 domain. In addition to these strand
positions, select residues of the CD- and FG-loops are also
randomized to create the binding surface. This library design
differs considerably from the antibody-like BC-/DE-/FG-loop
library designs traditionally used to isolate novel FN3-based
molecules but is more similar to the recent ‘side-and-loop’
library described by Koide et al. (2012a,b), in which certain
positions of the D- and C-strands are randomized in combin-
ation with the FG- and CD-loops. Despite some similarities,
the TCL14 library differs from the ‘side-and-loop’ design in
several ways. First, we chose to randomize the C- and
F-strands that lie directly between the FG- and CD-loops in
the center of the DCFG-strand (Fig. 4) in contrast to the D-
and C-loops combination used previously. Further, the
side-and-loop library of Koide et al. employed a long FG loop
with diversified length of 7–13 residues while the TCL14
library randomizes only 3 residues of this loop. As such, it is
expected that the TCL14 library relies significantly less on the
FG-loop for target binding (see below). In order for any new
library to be successfully used for engineering target binding,
it is requisite that the mutations in selected positions maintain
a certain degree of conformational stability. As both the
Tencon and 10FN3 scaffolds are highly stable proteins (Koide
et al., 1998; Clarke et al., 1999; Cota and Clarke, 2000; Jacobs
et al., 2012), we speculate that the TCL14 design can be suc-
cessfully applied to the 10FN3 scaffold and the side-and-loop
design applied to the Tencon scaffold. However, careful

measurements of stability will be needed to confirm that the
two different FN3 scaffold can tolerate substitutions at the
same positions.

Besides the location of diversified residues, an additional
difference between these library designs is the amino acid dis-
tribution employed. A complex distribution of amino acids
was applied in the case of the side-and-loop library, in which
proline and glycine were excluded from the C-strand and only
Ala, Glu, Lys and Thr incorporated into the D-strand positions
to improve stability and discourage aggregation (Koide et al.,
2012a,b). In contrast, the TCL14 library described here relies
exclusively on a simple NNS codon that incorporates a
mixture of codons for all 20 amino acids. Despite this simple
design, it is demonstrated here that Centyrins selected from
TCL14 are highly stable and soluble (Supplementary Figs. S1
and S2). For example, the anti-c-MET clone P114-A3
described in this report was found to have a melting tempera-
ture of 878C and affinity of 400 pM (data not shown).

Despite using NNS randomization at only 13 positions,
Centyrins with remarkable affinity against several targets were
readily selected. For two targets, c-MET and mIL-17A,
Centyrins with affinities of 400 and 21 pM were isolated after
nine rounds of CIS display selections (Fig 2, Table II). One
potential explanation for the high affinities of selected
Centyrins is that for binding through strand positions there is
less conformational flexibility and thus less entropic cost upon
target binding. Especially for larger loop libraries, the entropic
considerations may play an important role in limiting the affin-
ity of selected binders. Of note, the high affinities achieved in
binding these targets were obtained after panning only the
primary library as no affinity maturation step was needed.
Other studies of 10FN3 libraries have also produced binding
molecules of such high affinity (Hackel et al., 2008); however,
a more complicated maturation scheme involving random mu-
tagenesis, loop shuffling and yeast display was used to gener-
ate these molecules. Indeed, comparisons to FN3 libraries
constructed in various other labs are rendered difficult as those
libraries are ultimately built on a different FN3 scaffold (the
10th FN3 domain from human fibronectin) and utilize differ-
ent selection systems like phage display and yeast display
(Koide et al., 1998, 2007, 2012a,b; Skerra, 2000; Karatan
et al., 2004; Parker et al., 2005; Hackel et al., 2008; Bloom and

Fig. 4. Comparison of the side-and-loop library design to TCL14. The positions randomized in the side-and-loop library (A) are depicted in purple while those
randomized in the TCL14 library are depicted in cyan (B).
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Calabro, 2009; Wojcik et al., 2010). Nevertheless, the results
presented in this study confirm the utility of TCL14 in combin-
ation with CIS display to produce high affinity, stable
Centyrins against multiple target proteins in rapid fashion.

In contrast to the results for c-MET and mIL-17A,
Centyrins of only moderate affinity (1.9 nM) were selected
against rTNFa using the primary TCL14 library. In this case, a
simple affinity maturation strategy was designed based on the
results of alanine scanning mutagenesis studies. A resulting
maturation library, in which the key rTNFa interaction posi-
tions were held constant was then used to select a new Tencon
variant with an improved affinity of 150 pM. During this mat-
uration step, several residues from the D- and G-strands were
added to those diversified in an attempt to increase the size of
the binding surface. Interestingly, all three of these positions
were reverted to the sequence of the most stable Tencon
framework, perhaps due to a selective pressure for these
amino acids to stabilize the FN3 fold. Indeed, two of these
positions were previously identified to contribute significantly
to Tencon stabilization (Jacobs et al., 2012).

Of critical importance to the iterative design of new scaffold
libraries is a molecular understanding of the binding interface
formed between the scaffold and the target antigen. Despite a
lack of high-resolution structural data describing complexes of
the Centyrins bound to the respective target proteins, we have
been able to map the key TCL14 positions responsible for
binding by scanning mutagenesis. Interestingly, the Centyrins
selected against c-MET, mIL-17A and rTNFa show different
patterns in these studies (Fig 3). In all three cases, some portion
of the strand residues were determined to be critical for activity
but the exact strand positions and magnitude of importance
differ among the members of the set. Likewise, differences in
the importance of loop residues are also clear. TP1-C6, the
mIL-17A binder, was found to be mostly dependent upon the
CD-loop for binding whereas P114-A3 relied on key residues in
both the FG- and CD-loops for c-MET interactions. Future
structural determinations of Centyrins bound to target proteins
will further elucidate key interactions formed from this scaffold.

An important driver for the creation of new binding inter-
faces on scaffold proteins is the hypothesis that alternative
designs may lead to alternative epitopes recognized on target
proteins. Koide et al. (2012a,b) hypothesize that the concave
shape of strand–loop libraries may be more amenable to
binding flatter, concave protein–protein interaction surfaces
while extended loop libraries may be more successful at reach-
ing into grooves or clefts of target proteins. In addition, recent
work from Skerra and colleagues suggests that an immuno-
globulin variable domain can be engineered to have high affin-
ity for a novel Huntington epitope where the binding interface
is dominated by b-sheet residues. The authors postulate that
such non-canonical modes of binding may occur more widely
than originally thought and suggest that targeted engineering
of the b-sheet region may be an alternative strategy to generate
Ig domain binders (Schiefner et al., 2011). We share enthusi-
asm for these hypotheses and have now completed selections
against �30 different targets with Centyrin loop libraries and
the TCL14 library. A detailed comparison between the results
obtained for these experiments is beyond the scope of this
manuscript but our results suggest that in some cases different
epitopes are indeed recognized preferentially by these differ-
ent Centyrin library designs. Future publications will attempt
to dissect these results in more detail.

Methods

Antigen sources
Recombinant mIL-17 receptor-Fc, recombinant Human HGF
and recombinant c-MET-Fc were purchased from R&D
Systems (Minneapolis, MN, USA). mIL-17A was produced in
house from HEK cells. Mouse TNF Receptor 2 was purchased
from Sino Biological Inc. (Beijing, China). A single-chain
version of rTNFa was designed according to that previously
described for human TNFa (Krippner-Heidenreich et al.,
2008). This construct was expressed in strain BL21 E.coli and
purified by Ni-NTA chromatography and SEC.

Library construction
To randomize non-contiguous stretches of Tencon25 described
in the TCL14 library design, the Tencon25 gene, including an
E11R point mutation, was randomized at positions L32, Q34,
Q36 (C-strand), S38, E39, K40, V41 (CD-loop), T68, S70,
Y72 (F-strand), H78, R79 and N81 (FG-loop) using the PCR.
Briefly, two DNA cassettes, the first incorporating degenerate
nucleotides in the C-strand and C:D loop and the second in-
corporating degenerate nucleotides in the F-strand and F:G
loop were generated by PCR. Following the creation of each
cassette, the two cassettes were combined by restriction digest,
amplified by PCR and finally appended to the gene encoding
for RepA for CIS display (Odegrip et al., 2004). The C-C:D
cassette was made using primer CD 50 Long (GCGCGTCT
GTCTTGGACCGCGCCGGACGCGGCGTTCGACTCTTTC)
as the forward primer, GC-FG 50 Long N46V (GTATTCGGTA
CCCGGTTTCAGACCGGTCAGGTCGTAAGAACGTTCAG
AACCCGGAACGGTCAGAACGATCGCTTCACC) as the
reverse primer and Tencon C-CD N46V (GCGGCGTTCGAC
TCTTTCNNSATCNNSTACNNSGAANNSNNSNNSNNSGG
TGAAGCGATCGGTCTGACCGTTCCGGGTTCTGAACGTT
CTTACGACCTGACCGGTCTGAAACCGGGTACCGAATAC)
with degenerate positions as the template. For the F-F:G cassette,
FG 50 Long N46V (GGTGAAGCGATCGTTCTGACCGTTCC
GGGTTCTGAACGTTCTTACGACCTGACCGGTCTGAAAC
CGGGTACCGAATAC) was used as the forward primer, FG 30

(GGTGGTGAAGATCGCAGACAG) as the reverse primer and
Tencon F-FG-Sf E86I-R with degenerate positions (GGTGG
TGAAGATCGCAGACAGCGGSNNAGASNNSNNACCACC
TTTAACACCSNNGATSNNAACSNNGTATTCGGTACCCG
GTTTCAGACCGGTCAGGTCGTA) as the template for the
F-F:G cassette. BsaI restriction sites were added to the cas-
settes by PCR using primers CD 50 BsaI (AAAGGTCTCGCG
TCTGTCTTGGACCGCG) as the forward primer and CD 30

BsaI (AAAGGTCTCAACGATCGCTTCACCAAC) as the
reverse primer for the C-C:D cassette and FG 50 BsaI (AAA
GGTCTCATCGTTCTGACCGTTCCG) as the forward primer
and C-SDG28a (SEQ Id No. 13) as the reverse primer for the
F-F:G cassette. The TAC promoter region was amplified with
a fragment of the 50-end of Tencon and a 30 BsaI restriction
site using primers R1RecFor (GAACGCGGCTACAATTAA
TACATAACC) as the forward primer and TAC-Tencon
Reverse BsaI (AAAGGTCTCAGACGCGCAGAGTCTTC) as
the reverse primer. The full-length library was constructed by
digesting the three cassettes with BsaI restriction enzyme
(NEB, Ipswich, MA, USA) and performing a triple ligation
using T4 DNA Ligase (NEB). The full-length ligation product
was digested with NotI restriction enzyme (NEB) and a diges-
tion and ligation reaction was performed with RepA in the
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presence of NotI and PspOMI (NEB). The full-length TAC-
TCL14-RepA CIS display library was amplified by PCR from
the digestion/ligation reaction using R1RecFor and DigLigRev
(CATGATTACGCCAAGCTCAGAA) as the forward and re-
verse primers, respectively.

Small-scale purification
To enable further characterization of either library members or
selection outputs, small-scale plate-based purifications were
performed. Library members/selection outputs were amplified
by PCR using TCON6 (AAGAAGGAGAACCGGTATGC
TGCCGGCGCCGAAAAAC) as the forward primer and TCON5
E86I short (GAGCCGCCGCCACCGGTTTAATGGTGATGGT
GATGGTGACCACCGGTGGTGAAGATCGCAGACAG) as
the reverse primer and subcloned by annealing into a pET15
vector modified to contain a ligase independent cloning site
(pET15-LIC). The annealing reaction was transformed into
BL21-Gold(DE3) E.coli (Agilent, Santa Clara, CA, USA) and
plated for individual colonies. Single clones were picked and
grown to saturation in 1 ml Luria Broth (LB) supplemented
with 100 mg/ml ampicillin (LB-Amp media) in 96 deep well
plates at 378C. The following day, 25 ml was transferred to
fresh 5 ml LB-Amp media in 24 deep well plates and grown at
378C for 2 h. Isopropyl b-D-1-thiogalactopyranoside (IPTG)
was added at 1 mM final concentration and protein expression
was induced at 308C for 16 h. The cells were harvested by cen-
trifugation and subsequently lysed with Bugbuster HT (EMD
Chemicals, Gibbstown, NJ, USA) supplemented with 0.2 mg/ml
final chicken egg white lysozyme (Sigma-Aldrich, St Louis,
MO, USA). The bacterial lysates were clarified by centrifugation
and the supernatants transferred to new 96 deep well plates. The
his-tagged Centyrins were purified using a 96-well Ni-NTA
Multitrap Plate following the manufacturers recommendation
(GE Life Sciences, Piscataway, NJ, USA).

Analytical SEC
Purified proteins were subjected to SEC to determine the
aggregation propensity of individual library members. The
elution profiles of select clones were determined by injecting
10 ml of the purified proteins onto a Superdex 75 5/150
column using an Agilent 1200 HPLC with absorbance read at
280 and 214 nm. The flow rate was 0.3 ml/min with PBS as
the running buffer.

Thermal stability
DSC was used to measure thermal stability. DSC data were
obtained by heating 0.5 mg/ml solutions for each clone in PBS
from 35 to 958C at a rate of 18C/min in a VP-DSC capillary
cell microcalorimeter (MicroCal, LLC, Piscataway, NJ, USA).
Melting temperatures were calculated for each clone using
CpCalc (MicroCal, LLC) software.

CIS display selections
TCL14 library members that could bind specific targets were
identified through several iterative rounds of selection using
CIS display. Purified soluble target proteins (mIL17A, rTNFa
and c-MET) were first biotinylated using the EZ-Link
No-Weigh Sulfo-NHS-LC-Biotin Microtubes (Thermo Fisher,
Rockford, IL, USA) followed by extensive dialysis into PBS
as per the manufacturer’s recommendations. For selections,
3 mg of TCL14 library DNA was in vitro transcribed and trans-
lated in E.coli S30 Linear Extract (Promega, Madison, WI,

USA) followed by blocking with CIS Block (2% bovine serum
albumin (BSA)) (Sigma-Aldrich), 100 mg/ml Herring Sperm
DNA (Promega), 1 mg/ml heparin (Sigma-Aldrich) and add-
ition of biotinylated target protein at concentrations of 400 nM
(Round 1), 200 nM (Rounds 2 and 3) and 100 nM (Rounds 4
and 5). For selection against rTNFa, an additional selection
scheme was performed with mouse TNFR2 pre-mixed with
single-chain rTNFa in a 1 : 1 molar ratio before beginning the
selection. Bound library members were recovered using
Neutravidin magnetic beads (Thermo Fisher) (Rounds 1, 3 and
5) or streptavidin magnetic beads (Promega) (Rounds 2 and 4)
and unbound library members were removed by washing the
beads 5–14 times with 500 ml PBST followed by two washes
with 500 ml PBS. Finally, bound library members were eluted
from the beads by incubating with 1� Pfx amplification
buffer (Invitrogen, Carlsbad, CA, USA) heated to 758C. PCR
was used to amplify the Centyrins and the resulting product
was digested with NotI and ligated to a PspOMI-digested
RepA DNA fragment. Finally, the resultant full-length product
was amplified by PCR to enable the next round of selection.

Selection for higher affinity
Outputs from Round 5 were prepared as described above and
subjected to additional iterative rounds of selection with the
following changes to push for faster on-rates and slower off-
rates: incubation of biotinylated target antigen was decreased
from 1 h to 15 min and bead capture was decreased from 20 to
15 min, biotinylated antigen was decreased to 25 nM (Rounds
6 and 7) or 2.5 nM (Rounds 8 and 9), and an additional 1 h
wash was performed in the presence of an excess of non-
biotinylated target antigen.

Lysate generation for screening
Outputs from Rounds 5 and 9 of panning were amplified by
PCR using primers and subcloned by annealing into a pET15
vector incorporating a ligase independent cloning site. The
annealing reaction was transformed into BL21-Gold(DE3)
E.coli (Agilent) and plated for individual colonies. Single
clones were picked and grown to saturation in 1 ml LB with
ampicillin in 96 deep well plates at 378C. The following day,
25 ml was transferred to fresh 1 ml LB/ampicillin media in
96 deep well plates and grown at 378C for 2 h. IPTG was
added at 1 mM final concentration and protein expression was
induced at 308C for 16 h. The cells were harvested by centrifu-
gation and subsequently lysed with Bugbuster HT (EMD
Chemicals) supplemented with 0.2 mg/ml chicken egg white
lysozyme (Sigma-Aldrich). The bacterial lysates were clarified
by centrifugation and the supernatants were transferred to new
96 deep well plates and tested for binding to the target protein
by ELISA.

Binding ELISA
ELISA was performed on individual clones from select
panning outputs to determine if the selections produced target-
specific binders. Maxisorp plates (Nunc, Rochester, NY, USA)
were coated with 0.1 mg anti-His antibody (Qiagen, Valencia,
CA, USA) overnight, washed with Tris-buffered saline, pH 7.4
with 0.05% Tween-20 (TBST) and blocked using
StartingBlock T20 (Thermo Fisher). Clarified lysate was
diluted in starting block 1 : 5 and the HIS-tagged proteins were
captured by the anti-HIS antibody. The plates were washed with
TBST and biotinylated target protein or human serum albumin,
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as the control, were added at a concentration of 1 mg/ml. The
plates were incubated for 1 h, washed with TBST and the bioti-
nylated protein detected with streptavidin-HRP (Jackson
ImmunoResearch, West Grove, PA, USA) and POD chemilu-
minescent substrate (Roche, Indianapolis, IN, USA). Binders
specific for target protein were defined as having 10-fold lumi-
nescence signal above the albumin control signal and hit rate
defined as the number of binders divided by the total number of
clones screened.

Affinity measurements
Affinity measurements were made by SPR methods using a
Proteon Instrument (Biorad). For anti-c-MET Centyrins, goat
anti-human Fc IgG (R&D systems) was directly immobilized
via amine coupling (at pH 5.0) at 5 mg/ml on all six ligand
channels in horizontal orientation on GLC Sensor Chip (Bio-
Rad, catalog no. 176-5011) with a flow rate of 30 ml/min in
PBS containing 0.005% Tween-20. The immobilization dens-
ities averaged �1500 Response Units (RU) with ,5% vari-
ation among different channels. c-MET-Fc was captured on
the anti-human Fc IgG surface to a density around 600 RU in
vertical ligand orientation. Selected c-MET-binding Centyrins
were tested at 1 mM concentration in 3-fold dilution series
of five concentrations in the horizontal orientation. A buffer
blank was also injected as a sixth sample to monitor the base-
line stability. The dissociation phase for all concentrations of
each c-MET-binding Centyrins was monitored at a flow rate of
100 ml/min for 30 min (for those with koff � 1022 s21 from
off-rate screening), or 1 h (for those with koff � 1023 s21 or
slower). The binding surface was regenerated for the next
interaction cycle using an 18 s pulse of 0.8% phosphoric acid
to remove the c-MET-Fc and the bound Centyrins. The raw
data were processed by subtracting two sets of reference data
from the response data: (i) the interspot signals to correct
for the non-specific interactions between the c-MET-binding
Centyrins and the immobilized IgG surface; (ii) the buffer
blank injection signals to correct for baseline drifting due to
the dissociation of captured c-MET-Fc ligand surface over
time. The processed data at all concentrations for each
Centyrins were globally fit to a 1 : 1 simple Langmuir binding
model to extract estimates of the kinetic (kon, koff ) and affinity
(KD) constants.

The binding affinity of Centyrins P222-F10 and P191-22 for
biotinylated rTNFa was determined using a streptavidin-
coated GLC Sensor Chip. The running buffer consisted of
PBS with 0.005% Tween 20 (Calbiochem, catalog no.
655204). Streptavidin (Jackson ImmunoResearch, catalog no.
016-000-084) was immobilized at 7.5 mg/ml in 10 mM acetate
buffer, pH 5.0 on the chip at �2300 RU via direct amine
coupling. rTNFa (prepared at 0.1 mg/ml in running buffer)
was indirectly immobilized on streptavidin-coated channels at
densities ranging from 75 to 101 RU using a flow rate of
30 ml/min. Due to observed inactivation of immobilized
rTNFa following exposure to 0.85% phosphoric acid for
surface regeneration, rTNFa was captured on a separate ligand
channel prior to each new Centyrin analysis. Each Centyrin
was analyzed by injection of a concentration series (prepared
in running buffer at starting concentrations of 100 or 300 nM
and serially diluted 1 : 2) in analyte channels orthogonal to the
rTNFa channel. Centyrins were injected at 200 ml/min for
120 s with dissociation times of 1–2 h. One analyte channel
was reserved for a running buffer blank injection to enable the

monitoring of the ligand surface over time. Raw kinetic data
were subjected to double referencing (Interspot and blank
analyte channel subtraction) prior to processing by Langmuir
1 : 1 global fit for the determination of affinity and kinetic rate
constants. Non-specific interactions were monitored at ligand
and streptavidin-free interspots as well as at ligand-free
streptavidin-coated channels. Additional analyses were per-
formed to assess for ligand density and mass transfer effects,
by varying levels of immobilized rTNFa and analyte flow
rates.

For Centyrin/mIL-17A affinity measurements, purified
Centyrins were directly immobilized on the chip via amine
coupling with varying densities (100–300 RU) at pH 5.0 and
a flow rate of 30 ml/min for 5 min. Binding was determined
for a 3-fold concentration dilution series of mIL-17A, starting
at 100 nM. The dissociation phases for all concentrations of all
samples were monitored for 1–2 h at a flow rate of 100 ml/min
depending on their off-rate. A buffer sample was injected to
monitor the baseline stability and the surface was not regener-
ated for further use. In another format, biotinylated mIL17A
was directly immobilized as the ligand on a streptavidin-coated
GLC Sensor Chip. Streptavidin (Jackson ImmunoResearch,
catalog no. 016-000-084) was immobilized at 7.5 mg/ml in
10 mM acetate buffer, pH 5.0 on the chip at �1900 RU via
standard amine coupling in vertical orientation at a flow rate of
30 ml/min. Biotin-mIL17A (prepared at 0.5, 0.25 mg/ml in
running buffer) was then captured on streptavidin-coated chan-
nels at densities ranging from 39 to 206 RU using a flow rate
of 30 ml/min. Binding of anti-mIL17A Centyrin to immobi-
lized bt-mIL17A was tested by flowing five different concen-
trations of Centyrin (prepared at 2 mM starting concentration
in PBST serially diluted in a 3-fold concentration series) as
analytes simultaneously over the immobilized mIL17A sur-
faces in horizontal orientation. A sixth sample (buffer only)
was injected to monitor the baseline stability. The dissociation
phases for all concentrations were monitored for 15 min at a
flow rate of 100 ml/min. The surfaces were regenerated using
one short pulse (18 ml) of 0.8% phosphoric acid for next inter-
action cycle. The raw binding data were subject to double ref-
erencing by subtracting: (i) the interspot signals to correct for
the non-specific interactions between analytes (Centyrins or
mIL17 in different format) and the chip surface; (ii) the sixth
buffer channel signals to correct for baseline drifting. The pro-
cessed data were globally fit to a simple 1 : 1 Langmuir
binding model without mass transport (ProteOn Manger
version 3.1.0).

Centyrin mIL17A:mIL17A receptor inhibition assay
Centyrin lysates were screened for their ability to inhibit the
mIL17A:mIL17A receptor interaction. Maxisorp plates were
coated with 0.2 mg/ml mIL17A Receptor Fc fusion overnight,
washed with PBS, pH 7.4 with 0.05% Tween-20 (PBST) and
blocked with 2% BSA, 5% sucrose in PBS. Centyrin lysates
were diluted 1 : 5 in blocking solution and then mixed 1 : 1
with 20 ng/ml biotin-mIL17A. The mixture was allowed to in-
cubate with gentle mixing for 20 min. The blocked plates were
washed and 100 ml of the Centyrin lysate/biotin-mIL17A
incubations were transferred and allowed to incubate for an
additional hour. The plates were washed with PBST and the
biotinylated protein detected with streptavidin-HRP (Jackson
ImmunoResearch) and OPD colorimetric substrate (Sigma-
Aldrich). Plates were read at absorbance 490 nm using an M5
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plate reader (Molecular Devices). Percent inhibition for
mIL-17A:mIL-17A receptor binding was defined as 100 2
(sample/negative control � 100). Percent inhibition values of
50% or greater were considered hits.

In the effort to show that the anti-mIL17A Centyrins could
inhibit recombinant mIL-17A from binding to the IL-17R
in its native confirmation, an LA-4 cell-based assay was
employed. LA-4 cells are an epithelial cell line that was
derived from mouse lung adenoma. This cell line was pur-
chased from ATCC, and all cells used for the characterization
of anti-mIL17A Centyrins were derived from the same lot, to
help control lot-to-lot variability. When LA-4 cells are stimu-
lated with IL-17, they produce a dose-dependent release of
mouse KC, the ortholog to human IL-8, which is measured in
the cell supernatants using a plate-based ELISA. The assay
was performed by seeding 2.0 � 105 LA-4 cells per well in a
100 ml of culture media (Hams F12K supplemented with
2 mM L-glutamine, and 15% heat inactivated fetal bovine
serum) in a 96-well tissue culture treated plate. Plates were
placed in a tissue culture incubator (378C, 5% CO2, humidi-
fied) overnight to allow cells to equilibrate. On Day 2, LA-4
cells were serum starved with Ham’s F12K media containing
2 mM L-glutamine and 0.1% heat inactivated fetal bovine
serum for 24 h. The cells were treated on Day 3 with a constant
concentration of mIL-17A and human TNFa, along with,
TP1K-C6 at a starting concentration of 200 nM and 1 : 3 serial
dilutions for 19 points. The plates were incubated for 24 h at
378C and 5% CO2. Supernatants were harvested and stored at
2808C for further analysis. Mouse KC Duo Set ELISA kit
(R&D Systems) was used to quantify the amount of mouse
KC in the samples using the manufacturer’s protocol and a 1 :
5 dilution of the samples. Raw data were then entered into the
Graphpad PRISM statistics software, where it was transformed
and plotted on a sigmoidal dose response curve to determine
the IC50.

Centyrin:HGF competition assay
Centyrins lysates were screened for their ability to inhibit
HGF binding to c-MET in a biochemical format. Recombinant
human c-MET Fc chimera (R&D Systems, cat# 358-MT) was
diluted to 0.5 mg/ml in PBS were coated on 96-well White
Maxisorp Plates (Nunc) in 100 ml per well. Plates were
covered with a plate sealing film (VWR) and incubated over-
night at 48C. The plates were washed 2� with 300 ml per well
of Tris-buffered saline with 0.05% Tween 20 (TBS-T)
(Sigma-Aldrich) on a Biotek plate washer. Assay plates were
blocked with 200 ml per well of StartingBlock T20 (Pierce)
for 1 h at room temperature with shaking and again washed
2� with 300 ml of TBS-T. Lysates diluted in StartingBlock
T20 were incubated at 50 ml per well on assay plates for 1 h at
room temperature with shaking. Dilutions ranged from 1 : 10
to 1 : 100 000 and were performed on the Hamilton STARplus
robotics system. Control wells were incubated with wild-type
Centyrin in lysate at same dilution as test samples. Without
washing the plates, 50 ml per well of biotinylated HGF (R&D
Systems, cat. 294-HGN/CF, biotinylated in-house) diluted to
1 mg/ml in StartingBlock T20 was added to the plate for a
final concentration of 500 ng/ml. Control wells received either
50 ml per well of StartingBlock T20 or 50 ml per well of the
diluted HGF. The plates were incubated for 30 min at room
temperature with shaking. Plates were then washed four times
with 300 ml per well of TBST and incubated with 100 ml per

well of streptavidin-HRP (Jackson ImmunoResearch) at a 1 :
2000 dilution in TBST for 30–40 min at room temperature
with shaking. Again the plates were washed four times with
300 ml per well of TBST. To develop signal, 50 ml per well
of POD Chemiluminescence Substrate (Roche), prepared
according to manufacturer’s instructions, was added to the
plate and within �3 min read on the Molecular Devices M5
using SoftMax Pro. Luminescence was read from the top with
an integration time of 500 ms and an output reading of raw
fluorescence units (RFU). Percent inhibition was determined
using the following calculation: 100 2 ((RFUsample 2 mean
RFUNo bt-HGF control)/(mean RFUbt-HGF control 2 mean RFUNo

bt-HGF control) � 100). Percent inhibition values of 50% or
greater were considered hits. A dose response curve for
P114-A3 was generated with starting concentrations of 5 mM
and below and then tested in the assay format above. The data
were plotted as percent inhibition against the logarithm of
Centyrin molar concentrations and IC50 values were deter-
mined by fitting data to a sigmoidal dose response with vari-
able slope using GraphPad Prism 4.

Inhibition of rTNFa activity
HEK-BlueTM TNF-a/IL-1b cells (Invivogen, San Diego, CA,
USA) were maintained in assay media (DMEM þ glucose
supplemented with 10% HIFBS, 50 U/ml penicillin, 50 mg/ml
streptomycin, 100 mg/ml Normocin and 100 mg/ml Zeocin) at
378C, 5% CO2. Dose response curves of rTNFa were prepared
in assay media (ranging from 0 to 10 nM; 1 : 3 dilutions).
HEK-BlueTM TNF-a/IL-1b cells were manually detached
from culture flask, placed in a 50 ml conical tube and spun at
1200 rpm for 5 min in a Thermo Scientific Megafuge 40R.
Cells were counted and adjusted to a concentration of 5.0 �
105/ml in assay media. Hundred microliters of dose response
curve was added to a clear 96-well tissue culture plate fol-
lowed by 100 ml of cell suspension. The plates were incubated
at 378C, 5% CO2 overnight. The following day, 20 ml of each
cell supernatant was mixed with 180 ml of Quanti-BlueTM

(Invivogen) in a clear 96-well plate to measure secreted em-
bryonic alkaline phosphatase. The plate was incubated for
40 min at 378C and absorbance at 650 nm was read.
Absorbance data were plotted as a function of rTNFa concen-
tration to a sigmoidal dose response with variable Hill Slope
using the PRISM software (GraphPad PRISM) to determine
EC50 value.

Dose response curves of small-scale purified Centyrins
were prepared in assay media (ranging from 0 to 10 mM; 1 : 3
dilutions). HEK-BlueTM TNFa/IL-1b cells were manually
detached from culture flask, placed in a 50 ml conical tube and
spun at 1200 rpm for 5 min in a Thermo Scientific Megafuge
40R. Cells were counted and adjusted to a concentration of
5.0 � 105/ml in assay media. Fifty microliters of each dose re-
sponse curve followed by 50 ml rTNFa (30 pM, final concen-
tration) and 100 ml of cell suspension were added to a clear
96-well tissue culture plate. The plates were incubated at
378C, 5% CO2 overnight. The following day, 20 ml of each
cell supernatant was mixed with 180 ml of Quanti-BlueTM

(Invivogen) in a clear 96-well plate to measure secreted
embryonic alkaline phosphatase. The plate was incubated
for 40 min at 378C and absorbance at 650 nm was read.
Absorbance data were plotted as a function of Centyrin con-
centration to a sigmoidal dose response with variable Hill
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Slope using the PRISM software (GraphPad PRISM) to deter-
mine IC50 values.

Protein expression and purification
Gene sequences encoding Centyrin mutants or single-chain
rTNFa were produced by DNA2.0 and subcloned into
pJexpress401 vector for expression via the T5 promoter. The
resulting plasmids were transformed into E.coli BL21 Gold
(Stratagene) for expression. A single colony was picked and
grown in LB supplemented with kanamycin and incubated
18 h at 378C. One liter Terrific Broth, supplemented with
kanamycin, was inoculated from these subcultures and grown
at 378C for 4 h while shaking. Protein expression was induced
with 1 mM IPTG, once the optical density at the absorption of
600 nm reached 1.0. The protein was expressed for 18 h at
308C. Cell paste was harvested by centrifugation at 6000 g and
stored at 2208C until purification.

The frozen cell pellet (�25 g) was thawed for 30 min at
room temperature and suspended in 125 ml of BugBuster
protein extraction reagent supplemented with 0.2 mg/ml re-
combinant lysozyme and incubated for 1 h on a shaker. The
lysate was clarified by centrifugation at 74 600 g for 25 min.
The supernatant was applied onto 5 ml Qiagen Ni-NTA cart-
ridge immersed in ice, using an AKTA AVANT chromatog-
raphy system. The Ni-NTA column was equilibrated in
25.0 ml of 50 mM Tris-HCl buffer, pH ¼ 7.0 containing
0.5 M NaCl and 10 mM imidazole (Buffer A) at a flow rate of
5 ml/min. The protein was bound to the Ni-NTA column by
sample pump flowing at 4 ml/min. After binding the protein to
the column, the column was washed with 100 ml of 50 mM
Tris-HCl buffer, pH7.0 containing 0.5 M NaCl and 10 mM
imidazole (Buffer A), with 100 ml of 50 mM Tris-HCl buffer,
pH7.0 containing 0.5 M NaCl, 10 mM imidazole, 1% CHAPS
detergent and 1% n-octyl-b-D-glucopyranoside (Buffer A2),
and 100 ml of 50 mM Tris-HCl buffer, pH7.0 containing
0.5 M NaCl and 10 mM imidazole (Buffer A). The protein
was eluted with 8 ml of Buffer A supplemented with 250 mM
imidazole (Buffer B), and the single elution fraction used for
preparative gel-filtration on a TSK Gel G3000SW 21.5 �
600 mm2 column (Tosoh) at room temperature in PBS pH 7.4
at flow rate 10 ml/min using an AKTA-AVANT chromatog-
raphy system.

Supplementary data

Supplementary data are available at PEDS online.
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