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ABSTRACT. Significant efforts have been made to improve the target-binding strength of numerous affinity
molecules that are widely used in biomedical research and clinical applications. While many antibody-
like fragments have been successfully optimized through affinity maturation, the process is time-consuming
and restricted by the stability, solubility, and expression level of the protein sequences. To generate a
fibronectin type Ill domain (FN3) based monobody that binds to the tumor-related biomarkers with
exceptional high strength and stability, we developed a multivalent strategy by fusiagsabinding

FN3 monobody with a short COMP pentamerization domain through a linker that facilitates appropriate
display of multivalent FN3 domains. The fusion protein was highly expressed in the soluble fraction of
Escherichia coliand efficiently self-assembled into a pentameric molecule that could be readily purified.
Compared to the monomeric form, the pentameric monobody bouagftointegrin much more tightly

with significantly slower off-rate, while still maintaining its excellent specificity toweatfs when tested

by using purified integrins and integrin-expressing cell lines. The multivalent strategy we describe here
could be applied to engineer other FN3 monobodies to acquire significantly improved targeting-binding
strengths.

Target-binding affinity molecules are of great importance target various biomarkers. FN3-based monobodies thus
in numerous biomedical applications. One of the major generated are ideal for large-scale expression in bacteria,
challenges in engineering an affinity molecule is to improve presumably due to its small size (less than 100 residues),
its target-binding strength and specificity. While most exceptional thermostability T, ~ 90 °C), and lack of
naturally occurring antibodies are large proteins that are disulfide bonds. In addition, FN3 monobodies are presumably
difficult to express and engineer, the use of antibody less immunogenic due to the extreme abundance of FN3 on
fragments represents an interesting compromise. Varioushuman cell surface recepto<10). Koide and co-workers
target-binding antibody fragments have been developed,reported the first use of FN3 as a scaffold for the single
including Ry fragments, single-chain antibodies, isolatgd domain antibody mimicsil(1—13). Since then, FN3 mono-
andVy domains, and helix-stabilized antibody fragments. A bodies that target ubiquitin, Src SH3 domain, streptavidin,
different approach is to select small antibody mimics from TNF-a, o,f3, and VEGF receptor have been reported by
combinatorial peptide libraries based on protein scaffolds different groups 11, 14—20).
related or not related to natural antibodies. Among numerous Compared to full-size antibodies, unengineered monobod-
scaffolds that have been used to evolve affinity molecules, ies bind to their targets less tightly, presumably due to their
the tenth type Ill domain of human fibronectin (FN3) has greatly reduced surface areas that are available for pretein
several unique advantages. The structure of FN3 is bestprotein interactions. Indeed, both the naturally occurring
described as A-sandwich similar to that of th&, domain, afB3-binding FN3 domain and the ubiquitin-binding FN3
with the CDR-like ligand binding sites formed by the three monobody isolated from a phage-displayed library bind to
surface loopsi—5). Therefore, a scaffold-based monobody their targets with micromolar affinities. Although the binding
library can be generated by randomizing residues on surfaceaffinities can be further improved through extensive affinity
loops and used in the selection of affinity molecules that maturation, the process is time-consuming and limited by
the stability, solubility, and expression level of the optimized
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that such multivalent interaction significantly increases the was added at a final concentration of 0.5 mM to initiate
local concentration of the affinity unit, thus effectively protein expression, together with a@/mL of free biotin if
providing a decreased overall off-rate. The net effect is that biotinylation of the overexpressed proteins was desired, when
the stability of the target/affinity molecule complex is greatly ODgoo reached 0.7, followed by shaking for anatl#eh at
increased. So far, the multivalent strategy has been success30 °C. The cells were harvested by centrifugation at 4000
fully used to increase the target-binding strength of a numberrpm for 15 min, and the pellets were stored-&80 °C until

of homing short peptides and antibody fragme2ts23). further use.

IntegrinowBs is a multifunctional glycoprotein formed by Purification of Querexpressed Monobodies and Separation
noncovalent association of a 125 009 subunit and a  Of the Pentameric FormThe pellets were suspended in
105 00085 subunit. It plays a major role in several distinct 50 mL of immobilized metal ion affinity chromatography
processes, including angiogenesis, osteoclast-mediated bon€MAC) binding buffer (20 mM Tris-HCI, pH 8.0, 0.5 M
resorption, pathological neovascularization, and tumor me- NaCl, and 10 mM imidazole), and cells were homogenized
tastasis 24, 25). Integrin o83 has been shown to be by ultrasonic treatment. The supernatant was collected by
overexpressed specifically on the surface of proliferating centrifugation at 12 000 rpm for 10 min and loaded into a
vascular endothelial cells and mediate their interactions with Bio-Rad column with 7 mL of chelating Sepharose fast flow
extracellular matrix, and thus play a key role in the resin(GE, Piscataway, NJ) at room temperature. The column
angiogenic cascad@4, 25). To develop affinity molecules ~ was washed with 10 column volumes of binding buffer,
that bind to the tumor-related biomarkers with exceptional followed by 10 column volumes of wash buffer containing
high strength and stability, we report here the generation of 60 mM imidazole. The Hig6-tagged proteins were eluted
ana,Ss-binding FN3 monobody that can be highly expressed With an appropriate volume of elution buffer containing
and efficiently self-assembled into a pentameric form. The 250 mM imidazole. The fractions containing the proteins of
resulting pentameric monobody is very stable and specifically interest were pooled and dialyzed with Tris buffered saline
binds too.,33 with much higher strength than the monomeric  (TBS) and stored at-20 °C until required.
form. This multivalent strategy might be used to systemati- Pentameric FN37-COMP was further purified by gradi-
cally engineer other FN3 monobodies to acquire significantly ent elution on an IMAC column. Briefly, 0.6 mg of proteins

improved target-binding strength. purified after the first IMAC column were reloaded into a
column with 1 mL of chelating Sepharose fast flow resin in
EXPERIMENTAL PROCEDURES a binding buffer containing 50 mM imidazole. The bound

proteins were then sequentially eluted using 10 column

Generation of the Expression Vectors.synthetic gene  volumes of 150 mM imidazole, 5 column volumes of 180
that codes for FN8/-COMP was synthesized and con- mM imidazole, 5 column volumes of 200 mM imidazole,
firmed by sequencing. The amino acid sequence of"R3  and 4 column volumes of 250 mM imidazole in the binding
is the same as that previously reported by Dewhurst and co-puffer, respectively. Protein concentrations were determined
workers (7). The pentamerization domain used here is a py the Bradford assay and confirmed by SDS-PAGE analysis
modified version of the N-terminal fragment of mouse and Coomassie brilliant blue staining. If free biotin was not
cartilage oligomeric matrix protein (COMP). This COMP  added for enzymatic biotinylation during overexpression, the
domain has 55 amino acids and tends to form a five-strandedpurified recombinant proteins were chemically biotinylated
a-helical coiled-coil QZ, 26). The amino acid sequence of for comparison purposes using NHS-PERiotin (Pierce,
the COMP domain used in this work was GGDCCPQML- Rockford, IL) according to the manufacturer’s instructions.
RELQETNAALQDVRELLRQQVKEITFLKNTVM- ELISA Analysis oft,5-Binding PropertiesTo investigate
ECDACGMQ PARTPG, as reported by Mach and co- the binding of the biotinylated monomeric FN@ and the
workers @2). It is worth mentioning that both Leu29 and  pentameric FN®#3-COMP with different human integrins
Ala30 were substituted with Cys to facilitate the formation py ELISA, purifiedoyy, ag81, o83, or owSs Were incubated
of interchain disulfide bonds near the N-terminus of the helix overnight in a high-binding EIA/RIA plate (Corning, Acton,
(22). The sequence of the linker between FN3 monobody MA) at a concentration of &g/mL in a TBS buffer at £C.
and COMP domain is GGLNDIFEAQKIEWHEGKKGKG-  The plate was washed 3 times with TBS buffer and blocked
PQPQPKPQPQPQPQPKPQP KPEPE, which includes a 13-for 2 h atroom temperature with a blocking buffer (0.5 mg/
residue helical region followed by a flexible hinge region. mL BSAin 0.1 M NaCO; pH 8.6). Biotinylated monobodies
The coding sequence for FN8-COMP was synthesized  jth different concentrations were then added in a binding
as a synthetic gene at Genscript (Piscataway, NJ). Afterpyffer containing 1x TBS, 0.1% Tween-20, and 2 mM
confirmation by sequencing, the coding sequences were PCRcaCl. After the plates were washed 10 times, @gfmL of
amplified and cloned into a pET-28b expression vector neuytravidin-HRP was added with the binding buffer. The
(Novagen, Madison, WI) betweeide landBamH Isites.  plates were incubated fol h at room temperature and
The resulting expression vectors pJDPK3and pJDFN3#3- washed 10 times. Bound HRP was detected by adding 0.5
COMP were confirmed by sequencing and used for over- mg/mL of OPD substrate (Pierce) in a stable peroxide

expression of monomeric FRI8? and pentameric FN3’- substrate buffer (Pierce). Color was developed for 10 min

COMP, respectively. before reading the Of, with a Bio-Rad 3350 microplate
Overexpression ofa,Ss-Binding FN3 Monobodies in  reader.

Escherichia coliMonomeric FN33 and pentameric FNG*- Dot Blotting Analysis ofa,3s-Binding Properties.The

COMP were overexpressed iBscherichia coli(E. coli) monomer or the pentamer was spotted at various concentra-

BL21(DE3). About 500 mL of LB mediumni a 2 L baffle tions (10 nM to 2«M) onto nitrocellulose membranes using
flask was inoculated with 5 mL of an overnight culture. IPTG a Bio-Dot apparatus (Biorad, Hercules, CA). The protein
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spots were air-dried for 30 min. The membranes were washedUniversity. The cells were maintained in Iscove’s modified
twice with TBST—CaC}, buffer (25 mM Tris, pH 8.0, 150  Dulbecco’s medium (IMDM) (Invitrogen, La Jolla, CA) or
mM NaCl, 0.1% Tween-20, and 1 mM Cafchnd blocked RPMI 1640 supplemented with 10% FBS, 1% penicillin-
with 3% BSA (w/v) in TBST-CaCl for 1 h. After thorough streptomycin, 2 mM.-glutamine, and 50@g/mL of G418
washes, membranes were incubated fch atroom tem- at 37°C and 5% CQ
perature with jug/mL of ayf3 in TBST—CaCl containing Detection of Cell-Binding of Monomeric FN8® and
3% BSA. Membranes were washed and probedlfd at Pentameric FN®/-COMP Using Confocal Microscopy.
room temperature with an antiy3; antibody (Chemicon,  Approximately 200uL of the biotinylated monomer or
Temecula, CA) at a final concentration of@/mL. For pentamer at various concentrations (10 to 100 nM for
detection of signal, blots were washed and probed with anti- pentamer; 10 nM to 2M for monomer) were mixed with 5
mouse Ig-HRP (Amersham, Piscataway, NJ) followed by ug/mL of streptavidin-Alexa Fluor 555 fo 1 h atroom
development using an ECL plus system (Roche, Indianapolis,temperature in HBSSCaCb. The mixture was added to
IN). approximately 1x 10f K562-a,3 or K562,0s cells and
BlAcore AnalysisPurified humano,f3s, a1, asf1, and incubated fo 1 h atroom temperature. After binding, cells
o.f3s integrins (Chemicon, Temecula, CA) were immobilized were washed twice with HBSSCaCl and mounted with
on research grade CM5 sensor chips using an amine coupling=luoromount-G onto fluorescent slides (Gold Seal, Ports-
kit supplied by the manufacturer (BlAcore, Piscataway, NJ). mouth, NH) and examined using a Zeiss LSM5 Pascal
Conjugation was performed in 10 mM sodium acetate (pH confocal microscope.
4.5) at a concentration of&g/mL of integrin with a surface
density around 1000 resonance units (RU). The PRr RESULTS
the FN3¥-COMP with various concentrations (4 nM to Design of FN3“"3 PentamerTo develop an FN3 based
32 nM) were injected into the flow cell in an HBS? buffer monobody that binds to tumor-related biomarkers with
(10 mM HEPES pH 7.4, 150 mM NacCl, 0.005% surfactant exceptional high strength and stability, we fusedoafis-
P20) supplemented with 2 mM Caflt a flow rate of 20 or binding monobody with the COMP assembly domain that
40 uL/min. To measure the binding affinity using im- can self-assemble into a five-strandethelical bundle with
mobilized monobodies, neutravidin (Pierce) was first con- high stability £6—28). To make the system suitable for
jugated to a CM5 chip followed by immobilizing an displaying five FN3 monobodies each with approximately
appropriate amount of biotinylated monomer or pentamer 100 amino acids, we extended the linkage between FN3 and
at a surface density around 500 RU. Purified human integrins COMP domains. Such linkage consists of a 20 amino-acid
were then injected at different concentrations in the same relatively rigid helix (GGLNDIFEAQKIEWHEGKKGK)
buffer. The binding constants were calculated by fitting the followed by a 25 amino-acid flexible nonstructural hinge
BlAcore data to a 1:1 interaction model. Data were calculated region (GPQPQPKPQPQPQPQPKPQPKPEPE). We postu-
using the BlAevaluation 3.0 software from BlAcore. lated that such extension would provide enough space to
Protease Resistanc€he protease digestion was performed accommodate five monobodies on the core while still
by mixing 2 ug of the purified monomeric or pentameric maintaining the right geometry of the pentameric structure.
monobody with 20 ng of thermolysin (Sigma, St. Louis, MO) It appeared that the length rather than the specific sequence
in 30 uL of HBS buffer supplemented with or without 1  of the 20 amino-acid helix region is important. When only
mM DTT. The reaction mixture was incubated for 15 min the 25 amino-acid flexible hinge region was used, the fusion
at 4, 25, 37, and 42C, respectively, followed by adding protein tended to aggregate and lose target-binding property
15 uL of 4x SDS-PAGE buffer with or without reducing  (data not shown), similar to that reported in the literature.
agent to terminate the digestion. A reaction mixture without Figure 1A shows the schematic representation of the gene
the protease was used as a control. AuP(aliquot of each that codes the FN®3-COMP fusion protein. The helical
sample was then loaded to an SDS-PAGE gel for separationlinker region contains a sequence that can be recognized by
under nonreducing or reducing conditions. The proteins werethe biotin protein ligase BirA, an endogenous enzyme that
stained using Coomassie brilliant blue. is present in the BL21 strain dE. coli used for protein
Thermal StabilityCD spectra were recorded with an Aviv  overexpression. By including biotin in the culture medium,
Model 202-01 spectropolarimeter at the UNC Macromo- the recombinant protein will be enzymatically biotinylated
lecular Interactions Facility. The analyses were performed in a site-specific manner during overexpression. Therefore,
in a 10 mM phosphate buffer at pH 7.5 using circular cuvettes the resulting affinity molecules can be easily conjugated to
with path lengths of 0.1 cm. Spectra were recorded from other biomolecules or nanomaterials that are linked or coated
190 to 260 nm at 0.2 nm intervals, a scan speed of 20 nm/with streptavidin or neutravidin. To facilitate purification of
min, a bandwidth of 2 nm, and an integration time of 1 s. overexpressed affinity molecules from bacterial cell lysate,
Protein spectra were subtracted from the background. Toa Hisx6 tag was engineered at the N-terminus followed by
determineT, values, sample temperatures were increaseda thrombin recognition site.
gradually from 25 to 95C. Spectra were recorded at various ~ Expression, Self-Assembly, and Purification of FN3
temperatures following a 10 min equilibration time. An PentamerFN3*/3 is a FN3 based monobody that binds to
average of multiple measurements of the ellipticities at a3 integrin with high affinity and specificity. This mono-
215 nm with 7Qug/mL of the monomeric FN'3* or that at body was engineered by optimizing residues surrounding the
209 nm with 40ug/mL of the pentameric FN&*-COMP integrin-binding RGD sequence in the flexible FG loop with
was used to plot the graph of ellipticity versus temperature. a novel RGDWXE consensus sequent&)( We overex-
Cell Culture.K562, K562¢.,33, and K562e.,3s cells were pressed inE. coli the monomeric FN3% that does not
a generous gift from Dr. S. Blystone at Upstate Medical contain the COMP pentamerization domain and the fusion
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FiGure 1: (A) Schematic representation of the PM3-COMP
fusion protein. The linkage between the K& tag and the FN3
monobody domain represents a cleavage site that can be remove
by thrombin. (B) SDS-PAGE analysis of the expression and
purification of the overexpressed monomeric PX3 (left panel)

and pentameric FN3%3-COMP (right panel) under reducing
conditions: lanes 1 and 6, total protein after noninduced expression;
lanes 2 and 7, total protein after induced expression; lanes 3 and 8
soluble fraction of induced expression; lanes 4 and 9, insoluble
fraction of induced expression; lanes 5 and 10, soluble fraction after
first IMAC purification. (C) SDS-PAGE analysis of the expression
and purification of the overexpressed pentameric FRaCOMP
under nonreducing conditions: lane 1, total protein after noninduced
expression; lane 2, total protein after induced expression; lane 3,
soluble fraction of induced expression; lane 4, insoluble fraction
of induced expression; lane 5, soluble fraction after first IMAC
purification; lane 6, soluble fraction after second IMAC purification
using gradient elution; lane 7, soluble fraction of induced expression
when more proteins were loaded to reveal multimers; lane 8,
molecular weight markers.

protein FN3¥/3-COMP that can self-assemble into a pen-
tameric form. Figure 1B shows the SDS-PAGE analysis of
expression and purification of monomeric and pentameric
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After purification using an IMAC loaded with Rif, the
monomeric, dimeric, and trimeric forms were almost unde-
tectable and a vast majority of the purified protein was in
its tetrameric and pentameric forms (Figure 1C, lane 5). One
possibility is that the immobilization on IMAC increases the
local concentration of FN3 monobody and therefore facili-
tates its self-assembly into tetramer and pentamer. Using an
HABA-avidin assay, we found that approximately-350%
of the fusion protein was biotinylated when the expression
was carried out in BL2IE. coli strain in the presence of
externally added biotin. The level of biotinylation should be
higher when ark. coli strain with overexpressed BirA is
used. We also performed overexpression without the addition
of free biotin to the bacterial culture. The proteins thus
generated and purified were then chemically biotinylated
using NHS-PEQ,—biotin to obtain monobodies with an
average of one biotin per monomer or pentamer for different
assays.

Separation of the pentamer from the tetramer is challeng-
ing. The molecular weights of these two forms differ by only
20 000, which could not be resolved by a gel filtration
column such as Superdex G-200. We found that these two
forms could be separated using an IMAC column through
gradient elution. The pentameric form contains five ks
tags and is therefore captured more tightly by IMAC than
the tetrameric form. This is presumably due to the avidity
@ffect of the binding between the fusion protein and the Ni
NTA moiety on the solid surface, and probably also due to
a lower stability of the tetramer. This allows the removal of
the tetramer by sequential increase of the concentration of
imidazole during elution. Through this procedure, the pen-
tameric form was effectively separated from the tetramer
(Figure 1C, lane 6). However, a faint tetramer band was still
visible in the purified pentamer fraction. It appears that the
majority of the protein is tetramer or pentamer, and both
should have high avidity.

FN3“#3 Pentamer Bound too,s with Significantly
Improved StrengthWith the availability of purified mono-
bodies, we first examined the integrin-binding properties of
both monomer and pentamer by ELISA analysis. Figure 2A
demonstrates that the monomer and pentamer boungbto
in a concentration dependent manner. It appears that the
pentamer bound more tightly to,5; when compared to the
monomer at all concentrations tested (0.1 nM to 100 nM).

forms under reducing conditions, whereas Figure 1C showsFigure 2B shows that the pentameric form bouncdx{fs

the analysis of FN3#3-COMP fusion protein under nonre-
ducing conditions. Both FNS and FN3¥3-COMP were

with a signal much higher than that of the monomer, when
both proteins were used at a much lower concentration (25

expressed very well, with a soluble expression level at 40 nM). At such low concentration, the binding of the monomer
and 12 mg/L, respectively. F%? does not contain COMP  to o35 was difficult to detect by ELISA, although it could
domain, and therefore is always present as a monomer undebe confirmed by more sensitive BlAcore analysis. When
both reducing and nonreducing conditions. However, the other integrins including.,1, asf1, anda,s were used to
FN3w3-COMP fusion protein can self-assemble into mul- coat the plate, the signals were close to background. We
timeric forms with high efficiency. While most of the protein  further compared the target-binding strength of the monomer
in the supernatant of the lysed cells was present as theand the pentamer using a membrane blotting approach. To
pentameric form, the monomer, dimer, trimer, and tetramer this end, different concentrations of the monomer and the
could be detected when more proteins were loaded on apentamer were blotted on a nitrocellulose membrane. The
nonreducing SDS-PAGE gel (Figure 1C, lane 7). Although blots were then incubated witt, 33, and the binding was
we just expressed the FNB-COMP fusion protein in the  detected using an anti;3; antibody coupled with anti-lg-
cytosol of E. coli, we postulate that self-assembly could be HRP. As shown in Figure 2C, the binding of the pentamer
more efficient if the fusion protein is expressed in the toa,33was much stronger than that of the monomer, despite
periplasm ofE. coli where disulfide bonds would directly  that the used concentration of the pentamer was 200 times
form at residues 29 and 30. lower than that of the monomer.
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Ficure 2: Assessment of integrin binding of monomeric and pentameric monobodies by ELISA. (A) Comparison of the binding of monomer
and pentamer to,f3s. Purified a,33 and BSA (as control) were coated in different wells of an EIA/RIA plate. Biotinylated monomer and
pentamer were added at different concentrations from 0 to 100 nM. The signal was generated by neutravidin-HRP using OPD as a substrate.
(B) Comparison of the binding of monomer and pentamer to different integrins. Pusifiadosf$s, afs, afs, and BSA were coated on

the plate. Biotinylated monomer and pentamer were added at 25 nM. The background (binding of biotinylated monobody with coated BSA)
was subtracted from all the readings, and the mean of triplicate determinations was used to prepare the diagram. (C) Comparison of the
binding of monomer and pentamer ¢gf; using dot blotting. Monomer or pentamer was spotted at various concentrations (10 nM to

2 uM) onto nitrocellulose membranes. The blots were incubated with/B1L of o33 and probed with an anti;3; antibody followed by

detection using anti-mouse Ig-HRP as the secondary antibody.
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Ficure 3: BlAcore analysis of target-binding properties of monomeric F&3and pentameric FN®3-COMP to integrins. (A) Binding
of monomeric FN3¥43 (4, 8, 16, and 32 nM) to immobilized,s. (B) Binding of pentameric FN3/3-COMP (4, 8, 16, and 32 nM) to
immobilized ay3s. (C) Binding of a3 (5 and 45 nM) to immobilized pentameric FN&-COMP. Analyses were performed at room

temperature in HBSP buffer supplemented with 2 mM CaGlit a flow rate of 2QuL/min. Measurements at higher flow rates were also
performed but not shown here.

Table 1: Binding Constants of Monomeric and Pentameric Monobodies to ImmobilizgdJsing BlIAcore Analysis

monobody Kon (L/(mol-s)) Koir (579 Kp (mol/L)
pentameric FN3#3-COMP 7.54x 10P <10°° <1.3x 101t
monomeric FN33 1.48x 10° 1.01x 1073 6.82x 107°

The o,fs-binding constants of monomer and pentamer BlAcore data were fitted to a 1:1 interaction model. The
were measured by surface plasmon resonance (SPR) usingpproximation off-rate of the pentamer is less than°®0*.
BIAcore CM5 sensor chips with,3 integrin immobilized. Therefore, the avidity of the pentamerdgs; should be less
To examine the multivalent effect, relatively low concentra- than 13 pM, which is much stronger than the affinity of the
tions of monobodies were used in the flow phase. As shown monomeric form. To address the possible rebinding issue,
in Figure 3A, the monomeric FN3® rapidly dissociated  we compared the binding of the pentamer to immobilized
from the surface immobilized,3s. The binding affinity of o,fs at flow rates from 20 to 6@L/min. No difference was
monomer thus measured is approximately 6.82 nM (Table detected when the flow rate was tripled, suggesting that
1), close to that estimated in the literatut&), Significantly, rebinding was not obvious under the conditions we used (data
the pentameric FN3-COMP dissociated from the surface not shown). However, it should be noted that the measured
immobilized a3 much more slowly compared to the binding strength strongly depends on the experimental
monomer (Figure 3B). The dissociation process of the conditions, particularly the receptor density on the surface
pentamer was multiphasic and difficult to model, which is a as reported in the literatur@9). The estimated half-life of
characteristic of multivalent interaction21). To compare dissociation of the pentameric form from the SPR experiment
the monomer and the pentamer on the same surface, thavas very long. Since SPR traces can only be recorded within
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hours rather than days, it is difficult to accurately determine
such a slow off-rate. Therefore, the SPR measured off-rate
is a rough estimation rather than an accurate determination.

Biochemistry, Vol. 46,
A

Digestion w/Thermolysin
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However, it still provides valuable information for compari- Ctrl
son of the binding of the monomer and the pentamer to 1
surface immobilized integrins. We also prepared CM5 chips
with neutravidin immobilized. These chips were loaded with
biotinylated monobodies followed by a passageugis with

w—16.5

different concentrations. Similar binding constants were
obtained when the pentamer was compared with the mono-

mer (Figure 3A, C). This result suggests that pentamerization

did not significantly change the accessibility of the interaction
sites.
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whether its target-binding specificity is still maintained. Most
RGD-containing peptides bind to both,S; and a,fs.
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specifically bind toa,3s, but not toa,Ss (17). This allows

us to investigate whether the integrin-binding specificity of
the monomer was altered after pentamerization. To this end,
we prepared CM5 chips withs/3;1 or o35 immobilized, and
passed through the chip either the monomer or the pentame
to test their specificity. The binding of the pentament@;

or a,fs integrins was not detectable (data not shown),
indicating that the pentamer possesses the same integrin
binding specificity as that of the monomer.

FN3%#3 Pentamer Resistant to Protease Digestion and
Heat-Induced Denaturatio good affinity molecule should
have exceptional stability against both protease digestion anc
thermal-induced denaturation. One of the most important
features of FN3 monobody is its exceptional stability. To
examine whether such stability was retained in the pentam-
eric form, we first compared its protease resistance with that F , L . .

. . IGURE 4: (A) Sensitivity of monomeric and pentameric mono-
of the monomer using thermolysin, a thermostable extracel-pqgies to thermolysin. The digestion was performed by mixing
lular metalloendopeptidase that is widely used to perform 2 g of purified monomeric or pentameric monobody with 20 ng
limited proteolysis for peptide mapping and studies of protein of thermolysin for 15 min at 4, 25, 37, and 4€, respectively,
stuetre and conformatonal chang®0) The purifed | e Do g B e e, O oot
monomer and pentamer were IncubatedoWIth thermolysin at of monomeric FN3%2 under reducing 3onditions; (é) digesgtion of
various temperatures between 4 and #2 under both ~ pentameric FN®/3-COMP under nonreducing conditions; (4)
nonreducing and reducing conditions. When digested with digestion of pentameric FN%3-COMP under nonreducing condi-
protease under nonreducing conditions, the monomer wastions, but the SDS-PAGE gel was run under reducing conditions;
partially truncated to a fragment that could not be further (5) digestion of FN8’*-COMP under reducing conditions. (B)

: - - Heat-induced denaturation curves for monomeric ®&3and
degraded_ (Figure 4A'].')' Such truncaﬂo_n was eﬁ'c'e”t when pentameric FN®#3-COMP. The analyses were performed in
the reaction was carried out at 2&. Since a Hix6 tag 10 mM phosphate buffer at pH 7.5. Sample temperatures were

was fused to the N-terminus via a thrombin cleavage site, it increased gradually from 25 to 9&. Spectra were recorded at

is likely that the observed truncation was due to the removal \éegtr);set%?ﬂr%ﬁtulfee; Loai';)l)/\r/ienrgeiéoomiﬁeegmilit?cr%té%nattin;isﬁ?n
of this er).(lbIe afflnlty tf"‘g' Compared to the monomer, the with 790 ug/mL o? monomeric FN®#3 or that z-Fx)t 209 nm with
pentameric form exhibited a much better resistance without 40 ug/mL of pentameric FN3#3-COMP was used to plot the graph
any obvious degradation to thermolysin digestion throughout of efiipticity versus temperature.

the examined temperature range (Figure 4A-3). Interestingly,

the suspected removal of the affinity tag was observed only resistant throughout the temperature range. These results
on the monomer but not on the pentamer, when proteolytic strongly imply that the pentameric structure is not as
reactions were performed under nonreducing conditions accessible to the protease as the monomer, presumably
(Figure 4A-1, A-3). To reveal the digestion details of the because the pentameric form is well-folded with higher
pentamer that could not be resolved on a nonreducing SDS-stability than the already very stable monomer. We also
PAGE gel due to its high molecular weight, the same compared the protease resistance when the proteolysis was
digestion samples were loaded onto a gel that was run undemperformed under reducing conditions in which the pentamer
reducing conditions. Figure 4A-4 shows that only a slight was also present as a monomeric form. Parts A-2 and A-5
digestion was observed when the proteolysis was performedof Figure 4 show that both the monomer and the pentamer
at 42 °C, indicating the pentamer was indeed protease- were truncated efficiently at 3. It seems that the pentamer
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Background 2 uM Monomer 10 nM Pentamer

Ficure 5: Comparison of the binding of monomer and pentamer to K&@-cells using confocal microscopy. Biotinylated monomer (2
uM) or pentamer (10 nM) were mixed with streptavigiAlexa Fluor 555 and incubated with K562,53 cells. Monobody was not included
in the control. After binding and washing, cells were mounted onto slides and examined using a confocal microscope.

was digested to a larger extent, presumably due to theis more than 200-fold. Interestingly, about 20% of the stained
presence of a flexible linker region between the FN3 and areas by the pentamer had no cells, possibly due to the
the COMP domains. Since the pentameric monobody thusdislodgement of extracellular matrix during cell washes prior
generated is used to target extracellular rather than intrac-to confocal microscopy detection. Five independent mis-
ellular biomarkers, such instability under reducing conditions croscopy experiments revealed similar results.
should not be a concern.

To determine the thermal stability of these monobodies, DISCUSSION
circular dichroism (CD) spectra of both the monomer and  Unlike display of short peptides with just a few amino
the pentamer were measured at various temperatures (Figuracids, display of five protein domains each with a size bigger
4B). Consistent with previous reports, the monomer was very than the COMP pentameric core itself without losing the right
stable during the entire temperature range—25 °C) we geometry is challenging. The COMP domain based pentam-
tested, although there was a slight decrease of ellipticity wheneric core is very compact and rigid, with a diameter of just
the temperature exceeded 8D. It seems that the pentamer about 20 A. It is believed that such rod-shaped pentameric
is also stable. No obvious change in the CD spectra of the structure is not suitable for displaying large peptides or
pentamer was observed, even when the temperature was ovgsrotein domains that require greater interunit spacig). (
90°C. TheTy, values could not be determined in both cases. Indeed, protein domains displayed on COMP scaffold were
These results suggest that the pentameric monobody is atisually produced as insoluble inclusion bodiegircoli and
least as stable as the monomeric form. However, it is also should undergo refolding to acquire desired functionality
possible that the spectra of the protein might not change in(31). As reported in the literature, only about a 10-fold

response to increasing temperatures if it is unfolded. increase in binding strength was observed for COMP
FN3x#3 Pentamer Bound toxyf3 with Significantly displayed pentameric protein domains, compared to more
Improved Strength in Integrin-Expressing Cell Lind3e- than a 18-fold increase in pentameric short peptid@®, (

cause the avidity effect is highly dependent on the target 32).

density on the surface, it is of great interest to examine We found that the target-binding strength of the pentameric
whether the pentamer is indeed more effective in interacting FN3*#3-COMP was significantly increased compared to that
with the target receptor on the cell surface. To this end, threeof the monomeric form. The success of displaying the
different cell lines were used, including wild-type K562 pentameric FN3 monobody on a COMP domain does not
(asB1-positive), K562e,35, and K562e,5s. The latter two necessarily mean that other non-FN3 domains can be
cell lines had been stably transfected with3; and a,fs displayed with the same efficiency. The fusion of several
integrins, respectively. These cells were incubated with an small proteins with a COMP domain had been investigated
appropriate amount of biotinylated monomeric or pentameric (31, 33, 34). However, these fusion proteins were usually
monobodies, prior to the confocal detection of cell surface- produced as insoluble inclusion bodies when overexpressed
bound proteins using streptavidithlexa Fluor 555. It was in bacteria, presumably due to the presence of cysteine
found that both the monomer and the pentamer bound toresidues that could disrupt the formation of a stable pen-
K562-0,/3 cells, but not to wild-type K562 or K568s3s tameric core. Indeed, the target-binding strength of the
cells (data not shown). The results from the confocal pentameric Fas domain displayed on a COMP scaffold was
experiments demonstrate that the pentamer is much morancreased just 9-fold compared with that of the Fas-Fc,
effective than the monomer. As shown in Figure 5, 10 nM whereas there was no increase for the pentameric TRAIL-
of the pentamer was better than 2000 nM of the monomer R2 (33). Recently, the pentameric EGF displayed on COMP
in specifically staining K562x,3; cells. Therefore, the  was found to have a stronger antiproliferative effect on cancer
FN3*3 pentamer bound ta,3; expressed on the cell surface cell lines overexpressing EGF the receptor. In general, the
with at least 200-fold increase in target-binding strength. modest increase in the target-binding strengths of these
Since the confocal method is less sensitive than the SPRpentameric protein domains was drastically different from
approach, it is likely that the real increase in targeting binding that of pentameric peptides, which often have &-fbld
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increase compared with their monomeric forms. On the basis
of our results, we hypothesized that the FN3 domain has
several unique features that make it an ideal scaffold for
pentamerization by using a COMP domain. First, FN3 based
proteins can be engineered to be highly expressé&d aoli

as soluble proteins without the necessity of refolding, as we
demonstrated here for both the monomeric and the pentam-
eric a,fAs-binding monobodies. Even if the FN3 monobody
of interest is present in the inclusion body, its refolding
should be more efficient since FN3 domains usually do not
contain cysteine residues. The significant increase of the
target-binding strength of the pentameric form without
changing its target specificity indicates that the pentameric
geometry of the fusion protein could be well maintained.
We attributed this to the use of an extended linker that
provides greater interunit spacing so that five FN3 mono-
bodies can be properly folded without disrupting the pen-
tameric structure. Since multiple affinity units are present
to the target of interest at a very close distance, the free
energy of target binding with the pentamer should be much
greater than that with the monomer.

The unique features of FN3 based pentameric monobody
make it a valuable complement to the conventional antibody
fragments, particularly as high-avidity biochemical reagents
for in vitro applications such as blotting and cell staining.
Such monobody might also have the potential to be used
under in vivo conditions. FN3 is very abundant in humans.
Although the COMP domain used in this work has a mouse
origin, a human COMP domain is highly homologous and
therefore should work as well. Therefore, the resulting fusion
protein might be less immunogenic. However, immunoge-
nicity could still be raised from other sequences such as the
linker and the affinity tags. Therefore, further work should
be performed to improve the fusion protein. It is believed
that FN3 monobodies will be rapidly cleared by the kidneys
due to their low molecular weights. The molecular weight
of a pentameric FN3 is close to 100 000, compared to just
12 000 of the monomer. Therefore, the clearance of the
pentameric FN3 monobodies by the kidneys could be slowed
down.

Although the pentameric monobody we demonstrated here
is for binding witha,33, the approach should be applied to
other FN3 monobodies for rapid generation of affinity
molecules with significantly improved target-binding strengths.
Indeed, we found that the VEGF receptor-binding FN3
monobody could be similarly pentamerized to acquire desired
avidity (data not shown). Finally, it is worth mentioning that
pentamerization of FN3 monobodies should not be limited
by using a COMP domain. A novel pentamerization domain
such as the nontoxic verotoxin B-subunit developed by
MacKenzie and co-workers might also be exploite8)(
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