CrossMark

&dlick for updates

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 16, pp. 88368847, April 15,2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Allosteric Inhibition of Bcr-Abl Kinase by High Affinity
Monobody Inhibitors Directed to the Src Homology 2 (SH2)-

Kinase Interface”

Received for publication, December 1, 2015, and in revised form, January 26,2016 Published, JBC Papers in Press, February 24,2015, DOI 10.1074/jbc.M115.707901

John Wojcik*, Allan Joaquim Lamontanara®, Grzegorz Grabe™, Akiko Koide*, Louesa Akin*, Barbara Gerig®,

Oliver Hantschel®', and Shohei Koide™

From the *Department of Biochemistry and Molecular Biolqu, The University of Chicago, Chicago, lllinois 60637, SSwiss Institute
for Experimental Cancer Research, School of Life Sciences, Ecole polytechnique fédérale de Lausanne, 1015 Lausanne, Switzerland,
and Intercollegiate Faculty of Biotechnology, University of Gdansk and Medical University of Gdansk, Gdansk, Poland

Bcer-Abl is a constitutively active kinase that causes chronic
myelogenous leukemia. We have shown that a tandem fusion of
two designed binding proteins, termed monobodies, directed to
the interaction interface between the Src homology 2 (SH2) and
kinase domains and to the phosphotyrosine-binding site of the
SH2 domain, respectively, inhibits the Bcr-Abl kinase activity.
Because the latter monobody inhibits processive phosphoryla-
tion by Ber-Abl and the SH2-kinase interface is occluded in the
active kinase, it remained undetermined whether targeting the
SH2-kinase interface alone was sufficient for Bcr-Abl inhibi-
tion. To address this question, we generated new, higher affinity
monobodies with single nanomolar K, values targeting the
kinase-binding surface of SH2. Structural and mutagenesis
studies revealed the molecular underpinnings of the monobody-
SH2 interactions. Importantly, the new monobodies inhibited
Bcr-Abl kinase activity in vitro and in cells, and they potently
induced cell death in chronic myelogenous leukemia cell lines.
This work provides strong evidence for the SH2-kinase interface
as a pharmacologically tractable site for allosteric inhibition of
Bcer-Abl.

Mutations conferring drug resistance are frequently
observed in cancer and infectious diseases following treatment
of patients with targeted drugs (1, 2). To overcome resistance, it
is necessary to develop a therapeutic strategy that is based on a
mechanism of action distinct from that of the first generation
drug. Bcr-Abl is a fusion protein of the breakpoint cluster
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region (BCR)? and Abelson tyrosine kinase 1 (ABL1) generated
by the Philadelphia chromosomal translocation (3). Bcr-Ablis a
constitutively active kinase that is sufficient for the initiation
and maintenance of CML. Although small molecule ATP-com-
petitive Bcr-Abl inhibitors such as imatinib (Gleevec) and its
successors have dramatically improved overall survival of CML
patients, the emergence of resistance mutations renders kinase
inhibitors ineffective in subsets of CML patients (4, 5). Impor-
tantly, a recently developed allosteric Ber-Abl inhibitor target-
ing the myristoyl-binding pocket can strongly limit the emer-
gence of drug resistance to ATP-competitive inhibitors and has
entered clinical trials (6), highlighting the interest and strong
demand for new therapeutic strategies even in the case of a well
established target like Bcr-Abl (5).

Bcr-Abl has multiple protein domains including the SH2 and
tyrosine kinase domains originating from Abll (Fig. 14) (7).
Extensive mechanistic and structural studies have revealed the
intramolecular interaction between the SH2 and kinase
domains to be critical for full kinase activity (Fig. 1B). Conse-
quently, a mutation that disrupts this interface, I164E, inhibits
enzyme activity and Bcr-Abl-mediated oncogenesis (8, 9).
These results suggest that the SH2-kinase interface is a poten-
tially “druggable” site for allosteric inhibition of the kinase
activity.

In our previous work, to determine the feasibility of disrupt-
ing the SH2-kinase interface in trans, we utilized synthetic
binding proteins, termed “monobodies,” to target this interface
(9). Monobodies are binding proteins developed from combi-
natorial libraries constructed on the molecular scaffold of a
fibronectin type III domain (10-12). Because monobodies are
stable and, unlike antibody fragments, do not contain a disul-
fide bond, they are well suited as genetically encoded inhibitors
of an intracellular target. We successfully generated a mono-
body termed “7c12” directed to the kinase-binding surface of
the Abl SH2 domain (9). Because the 7c12 monobody had only
moderate affinity and hence moderate biological effects in vitro
and in cells, we needed to fuse it with another monobody,
termed HA4, binding to a different surface of the SH2 domain,
namely the binding site for phospho-Tyr-containing ligands

3 The abbreviations used are: BCR, breakpoint cluster region; ABL, Abelson
tyrosine kinase; CML, chronic myelogenous leukemia; HSQC, heteronu-
clear single quantum correlation; KD, kinase domain; SH2, Src homology 2;
TLS, translation/libration/screw.
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FIGURE 1. Domain architecture (A) and SH2-dependent regulatory mecha-
nism of Bcr-Abl are shown. B and C, schematic drawings of the interface
between the SH2 and kinase domains and disruptions of the interface with
the 1164E mutation or with the tandem monobodies. D, scheme showing a
strategy for recovering monobodies binding to a predefined epitope using a
decoy containing a mutation in the desired epitope. By adding the decoy in
large excess over the immobilized target, monobodies binding outside the
desired surface are preferentially bound to the decoys, leading to enrichment
of desired monobodies (shown in yellow). PH, pleckstrin homology domain;
DH, Dbl homology domain; TK, tyrosine kinase domain; AB, actin-binding
domain.

(13). This tandem fusion approach enhanced the effective affin-
ity so that the HA4—7c12 fusion could successfully compete
with the intramolecular interaction between the SH2 and
kinase domains (Fig. 1C). Expression of this tandem monobody
construct suppressed Bcr-Abl-dependent oncogenic transfor-
mation of mouse bone marrow cells by inhibiting Bcr-Abl
kinase activity and induced apoptosis in human cells isolated
from CML patients (9). These results supported the notion that
the SH2-kinase interface is a potentially druggable site.
Although the tandem monobody construct was an effective
allosteric Ber-Abl inhibitor, it remained unclear whether tar-
geting the SH2-kinase interface alone was sufficient for Ber-Abl
inhibition because the HA4 monobody in isolation also affected
downstream signaling (13). HA4 inhibits the interaction of Abl
SH2 with its phospho-Tyr-containing ligands and conse-
quently processive phosphorylation of Bcr-Abl substrates (13).
Furthermore, the long linker and second monobody in the tan-
dem monobody construct substantially increased the complex-
ity of the molecule, diminishing the benefit of monobodies as
compact protein reagents. In this work, we aimed to develop
high affinity monobodies directed to the SH2-kinase interface
to unambiguously determine whether Bcr-Abl could be inhib-
ited by targeting solely this interface. We generated new mono-
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bodies and characterized their structure and recognition mech-
anism. These monobodies, used as single domain reagents,
inhibited the in vitro and cellular activity of Bcr-Abl and
strongly decreased survival of CML cells. The results presented
here establish the sufficiency of pharmacologically targeting the
SH2-kinase interface for the allosteric inhibition of Bcr-Abl

Experimental Procedures

Protein Expression and Purification—The Abl SH2 domain
and monobodies were produced with an N-terminal tag con-
taining His,,, FLAG, and tobacco etch virus protease recogni-
tion motifs using the pHFT?2 vector (14). The 1164E mutation
was introduced using the mutagenesis method of Kunkel et al.
(15). Proteins were expressed in Escherichia coli BL21(DE3)
and purified to apparent homogeneity using nickel affinity
chromatography and size exclusion chromatography (Super-
dex 75, GE Healthcare).

c¢DNAs encoding human ABL1 (Abl kinase domain (KD),
residues 248 —534; Abl SH2-KD, residues 138 —534; splice form
1b numbering) were cloned into the Nhel and XholI restriction
sites of pET-21d (Merck Millipore). Proteins were co-expressed
with the YopH phosphatase in E. coli BL21(DE3). Protein puri-
fication was carried using the C-terminal hexahistidine tag by
nickel affinity chromatography with further purification by
anion exchange chromatography in 150 mm NaCl, 20 mm Tris-
HCI, pH 7.5, 5% glycerol, and 1 mm DTT as described (16).

Monobody Generation and Characterization—General
methods for phage and yeast display library sorting and gene
shuffling have been described (11-13). The monobody libraries
used have been reported (11). In phage display library sorting,
target proteins were immobilized using a high affinity ligand for
the His,, tag (17). The GG3 and GG10 monobodies were iso-
lated after four rounds of phage display selection using target
concentrations of 250, 100, 100, and 100 nu™ for the first through
fourth rounds in the presence of a 10-fold excess of the I1164E
mutant SH2 domain so that monobodies binding to the wild
type but not the mutant are predominantly retained. Isolation
of AS25 and AS27 involved additional steps utilizing yeast sur-
face display and has been reported (11). Combinatorial libraries
for affinity maturation of AS25 were constructed in the yeast
surface display format. Binding measurements in the yeast dis-
play format were performed using a Millipore Guava flow
cytometer as described previously (11, 12). The dissociation
constants determined from the yeast display format agreed
closely with those determined using purified monobody sam-
ples with surface plasmon resonance (11).

Crystallization, Data Collection, and Structure Determina-
tion—The AS25-Abl SH2 and GG3-Abl SH2 complexes were
purified with a Superdex 75 column (GE Healthcare). The com-
plexes were concentrated to ~7.5 (AS25-Abl SH2) and 10
mg/ml (GG3-Abl SH2); mixed 1:1 with a well solution contain-
ing 0.1 M imidazole, pH 7.8, and 3.5 M NaCl (Crystal A), 0.1 m
imidazole, pH 8.5, and 3.4 M NaCl (Crystal B), or 0.1 M sodium
tartrate, pH 8, and 25% (w/v) polyethylene glycol 3350 (GG3-
Abl SH2); and crystallized using the hanging drop vapor diffu-
sion method. Glycerol (20%) was used as a cryoprotectant in all
cases. X-ray diffraction data were collected at the Advanced
Photon Source, beamlines 24 ID-C (AS25-Abl SH2 complexes)
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Clone Kp (nM) Amino acid sequence
10 20 pc 40 CD fD 50 60 70 FG 90

library VSSVPTKLEVVAATPTSLLISWDAPAVTVOUYOITYGETGGNSPVQZFZVPGSKSTATISGLSPGVDYTITVYA (X, ) —====== SPISINYRT
GG3 2,540+130 VSSVPTKLEVVAATPTSLLISWDAPAVTVVHYVITYGETGGNSPVQEFTVPGSKSTATISGLSPGVDYTITVYALLSSSHWVYE--SPISINYRT
GG10 900+30 VSSVPTKLEVVAATPTSLLISWDAPAVTVDLYVITYGETGGNSPVQEFTVPGSKSTATISGLSPGVDYTITVYAGWGNWELGYSWSSPISINYRT
library VSSVPTKLEVVAATPTSLLISWDAPAVTVOUYOITYGETG (X. ) QZFZVPGSKSTATISGLSPGVDYTITVYA (X, ) -—=-——- SPISINYRT
AS25 20 #3 VSSVPTKLEVVAATPTSLLISWDAPAVTVDYYVITYGETGGWSGYQEFEVPGSKSTATISGLSPGVDYTITVYAYGYPYVKYNK--SPISINYRT
AS27 3.740.3 VSSVPTKLEVVAATPTSLLISWDAPAVTVDYYYITYGETGAAFGYQEFTVPGSKSTATISGLSPGVDYTITVYAYGYPYVKYNK--SPISINYRT

FIGURE 2. Monobodies binding to the Abl SH2 domain. A, the amino acid sequences of the monobody libraries and monobody clones. In the library designs,
“X" denotes a mixture of 30% Tyr, 15% Ser, 10% Gly, 5% Phe, 5% Trp, and 2.5% each of all the other amino acids except for Cys; “B” denotes a mixture of Gly, Ser,
and Tyr; “J” denotes a mixture of Ser and Tyr; “O” denotes a mixture of Asn, Asp, His, lle, Leu, Phe, Tyr, and Val; “U” denotes a mixture of His, Leu, Phe, and Tyr;
and “Z" denotes a mixture of Ala, Glu, Lys, and Thr. A hyphen indicates a deletion. B, a schematic drawing of the monobody scaffold and the locations of
diversified positions in the libraries. A and B are modified from Figs. 2 and 1, respectively, of Koide et al. (11).

and 24 ID-E (GG3-Abl SH2) at a wavelength of 0.97872 A and
temperature of 100 K. Data collection and structure determi-
nation statistics are given in Table 1. Diffraction data were pro-
cessed and scaled with the HKL2000 package (18). The struc-
tures were solved by molecular replacement using Phaser in the
CCP4 program suite (19, 20). A multicopy search was per-
formed with the Abl SH2 domain and the fibronectin type III
domain scaffold without the loop regions as the search models
(Protein Data Bank codes 2ABL and 1FNA, respectively). Sim-
ulated annealing, energy minimization, B-factor refinement,
and map building were carried out using CNS (21, 22). Rigid
body refinement was carried out using REFMACS5 in the CCP4
program suite. Translation/libration/screw (TLS) groups were
defined using the TLSMD server (23), and TLS refinement,
B-factor refinement, bulk solvent parameters, final positional
refinement, and the search for and refinement of water
molecules were carried out using REFMACS5. Model building
and evaluation were carried out using the Coot program (24),
and molecular graphics were generated using PyMOL
(Schrodinger, LLC). Surface area calculations were performed
using the ProtorP protein-protein interaction server (25).
Shape complementarity was determined using the Sc statistic
(26).

NMR Spectroscopy—Chemical shift assignments for the Abl
SH2 domain were from a previous work (11). **N heteronuclear
single quantum correlation (HSQC) spectra were taken
with'®N-enriched Abl SH2 domain (~90 um) alone and in the
presence of unlabeled monobodies (AS25, AS27, GG3, and
GG10). All assigned peaks from the Abl SH2 domain were clas-
sified based on the degree of peak shift according to a procedure
described previously (14).

In Vitro Kinase Assays—Five nanograms of recombinant Abl
KD or SH2-KD protein were preincubated with the recombi-
nant AS25 and AS27 monobodies at various concentrations or
buffer controls for 10 min at room temperature in a volume of
10 pl. Kinase activity was determined by the addition of 20 um
ATP, 7 uCi of [y-**P]ATP, and a 75 uM concentration of an
optimal Abl substrate sequence carrying an N-terminal biotin
(biotin-GGEAIYAAPFKK-amide) in kinase assay buffer
(20 mm Tris-HCI, pH 7.5, 5 mm MgCl,, 1 mm DTT, and 30 um
BSA) for 20 min at room temperature in a final assay volume of
20 ul. The terminated reaction (10 ul of 7.5 M guanidine hydro-
chloride) was spotted onto a SAM2 Biotin Capture membrane
(Promega) and further treated according to the instructions of
the manufacturer.
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HEK293 Cell Transfection—HEK293 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum and 1% penicillin/streptomycin. Cells were co-
transfected with Abl P242E/P249E (Abl PP) (27) or Ber-Abl and
6xMyc-tagged monobody expression vectors using Polyfect
transfection reagent (Qiagen) following the supplier protocol.
48 h after transfection, cells were harvested and lysed in immu-
noprecipitation buffer (50 mm Tris-HCL, pH 7.5, 150 mm NaCl,
1% Nonidet P-40, 5 mm EDTA, 5 mm EGTA, 25 mm NaF, 1 mm
orthovanadate, 1 mm PMSF, 10 mg/ml L-1-tosylamido-2-phe-
nylethyl chloromethyl ketone, and protease mixture inhibitor
from Roche Applied Science) and cleared by centrifugation. For
immunoblotting analysis, 100 ug of cellular lysate was used.

Western Blotting and Quantification—Antibodies used for
Western blotting include anti-Abl (mouse; Sigma); anti-phos-
pho-Tyr-412 (rabbit; Cell Signaling Technology); anti-Myc
(rabbit; Rockland), and anti-Tyr(P) 4G10 (mouse; in-house).
Autophosphorylation levels in the activation loop (Tyr-412)
were quantified using a LI-COR Odyssey system.

Retroviral Transduction and FACS Analysis of K562 Cells
Stably Expressing Monobodies—K562 cells stably expressing
N-terminal tandem affinity purification tag-fused monobodies
(AS25, AS27, HA4, and the non-target-binding monobody
HA4(Y87A)) were generated by retroviral gene transfer as
described previously (13). For six consecutive days starting 24 h
after the second retroviral infection of the target K562 cells and
every 24 h, aliquots of 10° cells were removed from the culture
and analyzed by flow cytometry (Accuri C6, BD Biosciences).
Cells were analyzed for GFP expression (that is co-expressed
with the tandem affinity purification-tagged monobodies) and
in parallel stained with Annexin V Cy5 (BD Pharmingen, prod-
uct number 559933) and 7-aminoactinomycin D (BD Pharmin-
gen, product number 559925).

Results

Monobodies to the Abl SH2-Kinase Interaction Interface—
We identify monobodies from combinatorial libraries in which
positions in the fibronectin type III domain scaffold are diver-
sified. The goal is to achieve both shape and chemical comple-
mentarity with the intended surface of the target molecule (28).
We have recently developed monobody libraries using a new
design that presents diversified amino acid positions in a con-
cave topography (Fig. 2, A and B) (11). This new library design
complements our original design in which diversified residues
are presented on a convex surface made with three loops (BC,
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DE, and FG) located on one end of the scaffold (10, 13). We
reasoned that monobodies from the new design are better
suited for targeting the kinase-binding surface of the SH2
domain that is mostly flat and slightly convex.

To enrich monobodies targeting the intended surface of the
SH2 domain, we first used a strategy that utilizes a “decoy”
competitor, the I164E mutant in this case, for eliminating those
clones binding to surfaces outside the desired epitope (Fig. 1D).
The I164E mutation is located in the kinase interaction surface
of the SH2 domain and disrupts the SH2-kinase interface,
thereby inhibiting kinase activity (Fig. 1B). The library used in
this selection was an earlier version of the “loop-and-side”
library reported previously (11) in which amino acid diversity
was introduced into the FG loop and the B-strands of the scaf-
fold (Fig. 2, A and B).

Two monobodies, GG3 and GGI10, identified using this
method (Fig. 2A) bound to wild-type SH2 but not to the [164E
mutant as expected. To better define the targeted epitope, we
conducted epitope mapping by "N HSQC chemical shift per-
turbation using uniformly **N-labeled Abl SH2 domain. This
method detects changes in the "N HSQC resonances of the
'>N-labeled component, i.e. Abl SH2 in this case, that are
affected by the binding of another component, i.e. a monobody
(29). The effects of GG3 and GG10 on Abl SH2 backbone amide
resonances were nearly identical (Fig. 3B). The residues most
greatly affected were located adjacent to Ile-164 and within the
kinase-interacting surface, confirming that these monobodies
interact with the targeted epitope. Although we were successful
in identifying monobodies interacting with the kinase-activat-
ing interface, the affinity of these monobodies as assessed by
isothermal titration calorimetry was modest (K, = 2.54 and
0.90 um for GG3 and GG10, respectively; data not shown) and
weaker than that of the 7c12 monobody (K, = ~50 nm) that
failed to show strong biological effects on its own (9). This com-
parison suggested that the new monobodies would not be suf-
ficiently potent although they bound to the intended surface of
the SH2 domain.

Rather than engaging in extensive affinity maturation of GG3
and GG10, we next proceeded with the selection of monobod-
ies from a next generation library that incorporated diversity in
the CD loop in addition to the FG loop and B-sheet region (11)
(Fig. 2, A and B). We reasoned that the additional diversified
residues in the CD loop would provide increased surface area
for interaction with the targeted site. We also incorporated
gene shuffling and additional library sorting using yeast surface
display as reported previously (11) in an effort to increase the
coverage of the sequence space and improve the identification
of high affinity clones. We have produced high affinity mono-
bodies with K, values in the low nanomolar range to several
targets using this strategy including two to the Abl SH2 domain,
AS25 and AS27 (11, 30). Therefore, we characterized these
monobodies that had been used only for the purpose of assess-
ing the performance of the library in generating high affinity
monobodies but had otherwise remained uncharacterized (Fig.
2A). AS25 and AS27 bound the Abl SH2 domain with K, values
of 35 and 7.7 nM, respectively, as assessed by binding titration
performed in the yeast surface display format (Fig. 34). Note
that K, values determined with the yeast surface display titra-
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tion generally agree with those from biophysical measurements
of purified proteins, such as surface plasmon resonance, which
is the case for AS25 and AS27 (11).

>N HSQC NMR epitope mapping revealed that AS25 and
AS27 also bound to an epitope predicted to overlap substan-
tially with the kinase-interacting interface. The "N HSQC
spectra of [U-'>N]SH2 domain in complex with either mono-
body were largely superimposable (Fig. 3B), consistent with a
highly similar epitope. This similarity was expected given their
closely related sequences including identical FG loops (Fig. 24).
The HSQC peak of Ile-164: of the Abl SH2 was greatly affected
by the binding of either monobody. In binding assays, AS25 and
AS27 interacted with the 1164E mutant >100-fold more weakly
than the wild-type SH2 domain (Fig. 3E and data not shown),
providing independent verification of the locations of these
epitopes. Together, these data demonstrate that we were able to
identify high affinity monobodies that bound to the kinase
interaction surface of the Abl SH2 domain.

Crystal Structures of Monobodies in Complex with Abl SH2—
To better understand the mode of interaction of monobodies
targeting the kinase interaction interface of Abl SH2, we deter-
mined crystal structures for the GG3-SH2 and AS25-SH2 com-
plexes and compared them with the structures of the Abl SH2-
kinase domains and the 7c12-SH2 complex (Fig. 4 and Table 1).
The AS25-SH2 complex was crystallized in two distinct space
groups (henceforth referred to as crystals “A” and “B”). The Abl
SH2 domain maintained its structure in the GG3 and AS25
monobody complexes (root mean square deviation <0.4A for
the backbone atoms) and was also close to that in a previously
determined monobody complex (Protein Data Bank code
3K2M) and multidomain Abl segments containing the SH2
domain (Protein Data Bank codes 10PL, 10PK, and 2FO0).
The two AS25-SH2 complex structures are nearly identical
(root mean square deviation of 0.567 A for all Ca atoms) with
the only substantial difference in the position of the CD loop,
which is folded inward in the A structure and reflected outward
in the B structure. Both GG3 and AS25 monobodies form a
cradled binding surface utilizing positions in both 3-sheet and
loop regions (Fig. 4, C and D) as intended by the design of the
library (Fig. 2B). The epitopes of the monobodies are approxi-
mately centered on Ile-164 of the Abl SH2 domain, the residue
within the SH2-kinase interface that we targeted in our decoy
selection strategy (Fig. 4, C and D). Ile-164 interacts with the
B-sheet regions of both monobodies. These epitopes overlap
substantially with the epitope of the kinase domain (Fig. 44) as
well as that of 7c12 (Fig. 4E), suggesting that these monobodies
would be competitive inhibitors of the interaction between the
SH2 and kinase domains. These results also rationalize the
strongly decreased interaction of the I164E mutation with these
monobodies.

Whereas GG3 and AS25 use similar surfaces to interact with
similar surfaces of the Abl SH2 domain, there are notable dif-
ferences between the two complexes. The positions of the
B-sheet core of the monobody scaffold in these structures are
related by an ~30° rotation with Ile-88, located at the N-termi-
nal end of the G strand, as the pivot point (Fig. 54). AS25 buries
substantially larger surface areas in the interface than GG3
(Table 2). This difference comes mainly from the positioning of
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FIGURE 3. Biochemical analysis of monobody binding to Abl kinase fragments. A, binding of monobodies to Abl SH2 domain as tested in the yeast surface
display format. Binding signal in terms of mean fluorescence intensity (MFI) in arbitrary (arbit.) units is plotted versus SH2 concentration. The curves are the best
fit of the 1:1 binding model. The K, values are shown. The errors are the S.D. from nonlinear least square fitting. B, binding of monobodies to the SH2-kinase
fragment as tested in the yeast surface display format shown in the same manner as in A. C-F, size exclusion chromatography analysis of complex formation of
the AS25 monobody with wild type (C), T231R (D), and 1164E (E) of the SH2-KD segment (C-E) and the wild-type KD (F) of Abl. mAu, milli-absorbance units.

the CD loop and the -sheet region of the monobody scaffold. It
appears that the interactions afforded by the additionally
mutated residues of AS25 brought the CD loop and the 3-sheet
region closer to the SH2 domain in the AS25 complex than in
the GG3 complex (Fig. 5A4). The shape complementarity
assessed with the Sc value (26) was similarly good for both
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structures (Table 2), indicating that the interfaces are well
packed. The GG3 complex had the highest Sc value, suggesting
a better packed, concentrated binding interface. These inter-
face characteristics are consistent with the different designs of
monobody libraries from which the two monobodies are
derived.
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FIGURE 4. Structures and interactions of the Abl SH2 domain with monobodies. A, the crystal structure of the SH2-kinase fragment of Abl in the active
conformation (Protein Data Bank code 10PL; chain B). The bottom picture shows the surface of the SH2 domain with the footprint of the kinase domain in red
as defined as surfaces of the atoms located within 5 A of the kinase domain. A predicted location of a phospho-Tyr peptide based on homology to other SH2
domains is shown as the yellow object. lle-164 is shown as a stick model. B, NMR-based epitope mapping of four monobodies. The red, yellow, and gray spheres
show residues of Abl SH2 whose amide resonances in the "H,"N HSQC spectrum were strongly affected (shift of =1.5 peak width), weakly affected (shift of
0.5-1.5 peak width), and minimally affected (shift of b0.5 peak width) by monobody binding, respectively. C-E, the crystal structures of the SH2 domain in
complex with GG3 (C), AS25 (D), and 7c12 (E; Protein Data Bank code 3T04). The SH2 domain in the schematic models on the left is in the same orientation as
that in A. The right schematic models are from an orthogonal viewing angle. The spheres show diversified residues, and yellow, gray, and pink-red denote those
in the BC, CD, DE, and FG loops, respectively. The footprints of the monobodies are shown in the same manner as in A.

In both structures, the FG loop contributed substantially to
the buried surface areas in the interface with 311 and 303 A2 of
buried surface areas for GG3 and AS25, respectively (Table 2).
However, except for a Val residue inserting its side chain into a
small cavity of the SH2 domain (Fig. 5, B and C), the locations
and modes of interaction of the FG loops were different
between the two structures (Fig. 54). In the AS25 complexes,
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the FG loop forms a broad, flat surface in which all but one
residue (Tyr-84) make contact with the SH2 domain (Fig. 5B).
By contrast, in the GG3 structure, only five residues located in
the C-terminal half of the FG loop make contact with the SH2
domain, but each buries a large surface area (>50 A% Fig. 4C).
Together, the crystal structures confirm that the monobodies
target the intended surface of the SH2 domain and demonstrate
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TABLE 1

Data collection and refinement statistics (molecular replacement) of Monobody-Abl1 SH2 domain complexes
N/A, not applicable; r.m.s., root mean square. Data in parentheses refer to values for the highest resolution shell.

AS25-Abll SH2 AS25-Abll SH2

GG3-Abl1 SH2 (crystal A) (crystal B)
Protein Data Bank code 5DCO 5DC4 5DC9
Data collection
Space group C121 P2,2,2 P4,2,2
Cell dimensions
a,b,c (A) 131.437, 37.348, 39.705 61.281, 74.928, 39.229 66.391, 66.391, 66.391
o B,y () . 90.0, 98.4, 90.0 90, 90, 90 90, 90, 90
Resolution (A) 2.23 1.48 (1.52-1.48) 1.56 (1.62—1.56)
o 114 (37.3) 5.6 (23.5) 5.5 (46.3)
1ol 174 (5.3) 29.7 (4.3) 34.4 (4.3)
Completeness (%) 98.7 (87.8) 98.2 (95.1) 98.2 (94.2)
Redundancy 4.4 (3.2) 4.9 (4.3) 8.5(8.3)
Refinement
Resolution (A) 2.23 1.48 1.56
Total no. reflections 41,307 148,388 308,565
Unique reflections 9,392 30,102 36,108
Ry Riree 0.19/0.24 0.15/0.19 0.15/0.17
No. atoms 1,518 1,752 1,829
Protein 1,463 1,540 1,557
Ligand/ion 0 6 40
Water 55 206 232
B-factors
Protein 25.65 19.29 20.80
Ligand/ion N/A 39.50 31.24
Water 27.77 34.52 42.46
r.m.s. deviations
Bond lengths (A) 0.010 0.010 0.011
Bond angles (°) 1.386 1.205 1.376
Ramachandran analysis
Favored regions (%) 95.68 98.94 98.34
Allowed regions (%) 4.32 1.06 1.10
Outliers (%) 0 0 0.55

that there are multiple, distinct solutions to the problem of
recognizing the same surface of a target protein even using a
single scaffold.

Interface Energetics and Affinity Maturation of AS25—To
assess the energetic contributions of individual monobody res-
idues within the AS25-Abl SH2 interface, we performed ala-
nine-scanning mutagenesis. We constructed individual point
mutants of a total of nine residues in AS25 that each buries
more than 20 A of surface area in both crystal structures.
The mutated residues are together responsible for >55% of
total monobody surface area burial. We measured their affinity
to the Abl SH2 domain by surface plasmon resonance. The
experiment identified four hot spot residues, Tyr-45, Tyr-79,
Val-80, and Asn-83, where mutation to alanine markedly
reduced binding, corresponding toa AAG =3.0 kcal mol ! (Fig.
5D). In addition, two residues (G76A and P87A) contributed
modestly to binding (AAG = ~0.9 and 1.0 kcal mol %, respec-
tively). These results provide further validation of the contacts
observed in the crystal structure and highlight energetic contri-
butions from both the CD and FG loops, consistent with the
cradle-like design of the library (Fig. 2B).

We next enhanced the affinity of AS25 using structure-
guided design. We found that Arg-239 of the Abl SH2 domain
located in the interaction interface had no negative charges in
its vicinity (Fig. 5E). The T39D mutation in the C-strand of
AS25 enhanced the affinity ~8-fold to a K, value of 2.5 = 2 nm
(Fig. 5E), probably by forming electrostatic interactions with
Arg-239. Similarly, from a small combinatorial library, we iden-
tified a double mutant, S89Q/N91D, that had even higher affin-
ity with a K, value of 1.3 * 0.2 nm (~15-fold enhancement).
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Interestingly, the S89Q/N91D mutations only marginally
enhanced (~4-fold) the affinity of AS27, and T39D had no sig-
nificant effect (data not shown). The inability to transfer the
positive effects of these mutations on AS25 affinity to AS27
suggests that the local structure near Arg-239 is substantially
different between the two monobody-Abl SH2 complexes, and
thus the mutations did not form productive interactions in
AS27. Although our structure-guided designs were successful
in enhancing the affinity of AS25, the highest affinity achieved
did not substantially exceed that of AS27. Thus, we used AS25
and AS27 in the functional assays described below.

AS25 and AS27 Bind and Inhibit Kinase Activity of Bcr-Abl—
To examine the effects of the monobodies on Bcr-Abl kinase
activity, we first performed binding experiments to determine
whether AS25 and AS27 are able to compete with the SH2-
kinase domain interaction “in trans.” We expressed and puri-
fied fragments of Bcr-Abl, one containing the SH2-KD and the
other containing only the KD as described recently (16). In
addition, SH2-KD proteins carrying a mutation that either dis-
rupts or increases the SH2-KD interaction, I164E in the SH2
domain or T231R in the kinase domain, respectively, were puri-
fied (31, 32). Size exclusion chromatography experiments
showed efficient formation of AS25 complexes with the wild-
type and T231R-containing SH2-KD proteins, whereas no
binding of AS25 to KD or SH2-KD(I164E) was observed (Fig. 3,
C-F). AS25 and AS27 bound the SH2-KD protein with K}, val-
ues of ~10 nM as tested using monobodies displayed on yeast
surface (Fig. 3B).

To determine whether AS25 or AS27 binding to the SH2-
kinase interface also results in inhibition of kinase activity, we
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FIGURE 5. The binding interfaces of the GG3 and AS25 complexes. A, a comparison of the binding modes of the two monobodies. The “back side” (the
A, B, and E strands and loops adjacent to them) of the monobodies are omitted for clarity. The surface model shows the SH2 domain. The Cand F strands
and FG loop are labeled for comparison. The sphere shows lle-88 that is the pivot point for the rotation relative to the B-sheet core of the two
monobodies. B, the interaction of the FG loop of AS25 with SH2. The N-terminal half (YGYPY) of the loop is shown with carbon atoms in green. C, the
interaction of the FG loop of GG3 with SH2 with the N-terminal half (LLSSS) shown with carbon atoms in green. D, Ala-scanning mutagenesis of AS25. The
AAG values are shown in the graph. The asterisks indicate that the AAG values are the lower limit because the K, values for the mutants were too high
to be determined in the assay. The “hot spot” residues with AAG >3 kcal/mol are shown as red sticks. E, a portion of the AS25-SH2 interface depicting the
unsatisfied charge of Arg-239 and three positions in the monobody where mutations increased the affinity. The graph shows binding titration curves

measured in the yeast surface display format. arbit., arbitrary.

TABLE 2
Interface statistics of the monobody-SH2 complexes

The buried surface areas contributed by different segments of the monobodies in A
and their fractions (in parentheses) with respect to the total surface area are shown.

AS25 AS25
Region GG3 (crystal A) (crystal B)

C strand 35 (6%) 72 (8%) 83 (12%)
CD loop 52 (9%) 173 (21%) 82 (12%)
D strand 36 (6%) 10 (1%) 28 (4%)
DE loop and E strand 0 (0%) 0 (0%) 0 (0%)
F strand 59 (10%) 120 (15%) 102 (15%)
EG loop 311 (54%) 318 (39%) 303 (45%)
G strand 88 (15%) 125 (15%) 80 (12%)
Total, strands 219 (38%) 327 (40%) 293 (43%)
Total, loops 362 (62%) 491 (60%) 385 (57%)
Total 581 818 678
Sc* 0.769 0.738 0.697
Hydrogen bonds” 3 6 6

“ The surface complementary values.
? The number of predicted hydrogen bonds in the interface.
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performed in vitro kinase assays with recombinant SH2-KD
and KD. We observed substantial decreases in the in vitro
kinase activity of SH2-KD with these monobodies in a dose-de-
pendent manner, whereas KD alone was not inhibited (Fig. 6A).
At the highest monobody concentrations tested, the level of
SH2-KD activity was the same as that observed for KD. This
degree of decrease in kinase activity is similar to that by the
1164E mutation on full-length Ber-Abl, a mutation that disrupts
the SH2-kinase interface (9). In line with our previous data with
the HA4 -7¢12 fusion monobody and other allosteric Bcr-Abl
inhibitors (9, 33), higher concentrations of these inhibitors are
needed to impact in vitro kinase activity than would be
expected from binding affinity measurement to the allosteric
pocket/domain. These data strongly suggest that the AS25 and
AS27 monobodies inhibit Abl kinase by binding to the targeted
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surface of the SH2 domain and thereby disrupting the SH2-
kinase interface as designed.

AS25 and AS27 Inhibit Ber-Abl Activity in Cells and Inhibit
CML Cell Survival—To determine whether AS27 is sufficiently
specific to be a useful tool in the cellular context, we first exam-
ined its ability to capture endogenous Bcr-Abl from cell lysates.
In this assay, a biotinylated recombinant AS27 protein was
incubated with lysate from the Bcr-Abl-expressing cell line
K562, and following the addition of streptavidin-coated beads
and serial washing bound Abl and Bcr-Abl were detected using
a fluorescently labeled monobody, HA4, that is specific to the
phosphopeptide-binding interface of the Abl SH2 domain (13)
or with an anti-Bcr antibody (Fig. 7A). AS27 captured Bcr-Abl
kinase, whereas a control, non-binding mutant, AS27(Y45K/
V80K), did not. Moreover, the capture of Bcr-Abl by AS27
was eliminated by preincubating AS27 with purified Abl
SH2 domain. Likewise, co-immunoprecipitation experiments
showed strong binding of AS25 and AS27 to constitutively acti-
vated full-length Abl protein (“Abl PP”) (27) in mammalian cell
lysates, whereas the I164E mutation strongly decreased binding
to background levels observed with a non-binding control
monobody (Fig. 7B). Together, these results demonstrate that
AS25 and AS27 are sufficiently specific to recognize the SH2
domain of full-length Abl and Bcr-Abl in cell lysates.

We next assessed the effects of the AS25 and AS27 on Bcr-
Abl activity in cells by examining the activation state of Bcr-Abl
by co-expressing Bcr-Abl with different monobodies in
HEK293 cells. AS25 and AS27 strongly decreased the phosphor-
ylation of Abl Tyr-412 located in the activation loop of the
kinase, a marker for the activated Bcr-Abl kinase (Fig. 6B). The
degree of inhibition was greater than that achieved with
the previous monobody 7c12 and approached that by the inter-
face-disrupting mutation I164E. These results strongly suggest
that these new monobodies potently inhibit Bcr-Abl in cells.
Similar results were obtained with constitutively active full-
length Abl (Fig. 7C).

Finally, we tested whether the inhibition of Bcr-Abl kinase
activity that we observed in vitro and in cells impacted survival
of the CML cell line K562. Growth and survival of K562 cells are
exquisitely dependent on Bcr-Abl kinase activity and signaling
(34). We attempted to constitutively express AS25 or AS27 in
K562 cells by retroviral gene transfer. Despite our repeated tri-
als and in contrast to 7c12 and several other monobodies (9, 13,
30), we were unable to detect AS25 or AS27 monobody expres-
sion by immunoblotting or by flow cytometry analysis for a

represent S.D. Significance levels in comparison with control are indicated
(*, p < 0.05; **, p < 0.01; unpaired t test). The lower panel compares relative
kinase activity in the presence of the indicated monobodies. Error bars repre-
sent S.D. B, inhibition of the Bcr-Abl kinase expressed in HEK293 cells by co-
expressed monobodies. Besides AS25 and AS27, the first generation mono-
body directed to the SH2-kinase interface, 7c12 (9), and HA4(Y87A) are
included. Phosphorylation of Abl Tyr-412 in the kinase activation loop was
normalized to the total Bcr-Abl amount by quantitative immunoblotting. The
graph shows quantification of the blots. Error bars represent S.D. C, effect of
monobody expression on proliferation of the K562 cell line. The relative pop-
ulation of monobody (Mb)-expressing cells to non-expressing cells quantified
using flow cytometry is plotted versus time after viral transduction. D, the
fractions among the GFP-positive cells from C that were positive for early
(Annexin V; left panel) and late (7-aminoactinomycin D; right panel) apoptosis
markers are plotted versus time after viral transduction.
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FIGURE 7. Interactions and effects of monobodies in cellular contexts. A, a scheme showing the principle of the pulldown experiment (left) and the results
(graphs) from two independent experiments. The left graph shows results obtained with an anti-Bcr antibody, and the right graph shows results obtained with
amonobody binding to the Tyr(P)-binding pocket of the Abl SH2 domain. B, besides AS25 and AS27, the first generation monobody directed to the SH2-kinase
interface, 7¢12 (9), and HA4 harboring the Y87A mutation (13) as a non-binding negative control were co-expressed as Myc-tagged proteins with a constitu-
tively active mutant of Abl (Abl PP) and the same mutant in which the SH2-kinase interface was disrupted in addition (Abl PP(1164E)) in HEK293 cells.
Immunoprecipitation (IP) with an anti-Abl antibody revealed equal levels of Abl PP protein in the immunoprecipitates (upper panel), whereas AS25 and AS27
andto a lesser extent 7c12 were co-precipitated (lower panel). C, HA4(Y87A), AS25, and AS27 were co-expressed with Abl PP in HEK293 cells in duplicates. Equal
amounts of total cell lysate were immunoblotted with the indicated antibodies. D, total Abl tyrosine phosphorylation levels (left graph) and phosphorylation
of Abl Tyr-412 in the kinase activation loop (right graph) of the samples in C were normalized to the total Abl amount by quantitative immunoblotting. The
graphs show quantification of the blots. Error bars represent S.D. The levels were scaled so that the level for HA4(Y87A) corresponded to 1.0. Significance levels
in comparison with HA4(Y87A) are indicated (¥, p < 0.05; **, p < 0.01; unpaired t test).

co-expressed GFP 6 days after retroviral infection (data not
shown). In contrast, the Bcr-Abl-negative cell lines UT-7 and
HEK293 could be transduced to express AS25 or AS27 consti-
tutively, stably over time, and at comparably high expression
levels as several other monobodies (data not shown). This dif-
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ficulty prompted us to hypothesize that AS25 and AS27 expres-
sion might not be compatible with K562 cell proliferation or
survival. To test this possibility, we monitored the relative pop-
ulation of GFP-positive, i.e. monobody-expressing, cells to non-
expressing cells starting 24 h after retroviral infection of K562
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cells. The cells expressing AS25 or AS27, but not HA4 or a
non-binding mutant, were rapidly depleted from the culture
(Fig. 6C), and the AS25- or AS27-expressing cell population
contained much more early and late apoptotic cells as detected
using Annexin V and 7-aminoactinomycin D staining, respec-
tively (Fig. 6D). These results indicated that AS25 and AS27
indeed strongly inhibit proliferation of K562 and induce apo-
ptosis. Taken together, these results from cellular studies
strongly suggest that AS25 and AS27 potently inhibit the kinase
activity of Ber-Abl (and Abl) that is critical for downstream
signaling pathways that mediate cell survival of the Bcr-Abl
oncogene-addicted K562 cell line.

Discussion

This work establishes the feasibility of targeting only the
SH2-kinase interface for pharmacologically inhibiting Bcr-Abl
Although one might have considered that the original tandem
monobody was successful only because the binding of the HA4
monobody to a readily accessible epitope effectively anchored
the 7c12 monobody to the vicinity of the SH2-kinase interface
(Fig. 1B), results in this work show that such anchoring is not a
prerequisite for disrupting the interface. They also show that
the blockage of the SH2-Tyr(P) ligand interactions by the HA4
monobody was not required for Bcr-Abl inhibition when the
SH2-kinase interface is potently inhibited. Interestingly, these
monobodies bound to the SH2-kinase fragment as tightly as
they did to the SH2-only fragment (Fig. 3). The negligible effect
of the kinase domain is surprising as we anticipated that the
kinase domain should sequester the monobody-binding site.
The fact that AS25 and AS27 with low nm K, values achieved
effective inhibition suggests that the SH2-kinase interface is
dynamic and exhibits substantial levels of transient opening
during which these monobodies can bind to the epitope. This is
also in line with the very low affinity between the separated SH2
and kinase domains, ie. in trans binding.* These results are
encouraging in terms of developing therapeutic agents targeted
to the SH2-kinase interface.

Structural analyses of the two monobody-SH2 complexes
revealed a small cleft of the SH2 domain that both monobodies
exploited (Fig. 5, B and C). Three hot spot residues of AS25
(Tyr-79, Val-80, and Asn-83) bound to a contiguous surface
including this cavity. It is tempting to speculate that one might
be able to use this structural information for generating small
molecule inhibitors, either by directly designing small molecule
mimics of the hot spot residue or by performing site-directed
screening of small molecules utilizing, for example, the tether-
ing approach (35).

It is notable that AS25 and AS27 have been generated in an
unbiased manner, i.e. without the use of a competitor, but they
bound to the kinase interaction surface of the Abl SH2 domain.
In contrast, our first attempt using the “loop-only” library pro-
duced monobodies predominantly targeted to the phospho-
peptide-binding cleft of the Abl SH2 domain, such as the HA4
monobody (13). These two epitopes are involved in natural pro-
tein-protein interactions, but their shapes are distinct. The
kinase-binding surface is flat and slightly convex, whereas the

4 A. J. Lamontanara and O. Hantschel, unpublished observation.
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peptide-binding site forms a cleft. These observations suggest
that the new library includes monobody clones that are partic-
ularly suited for binding to a flatter surface. These observations
further support the importance of controlling interface topog-
raphy in designing binding proteins (28). The results also illus-
trate the importance of utilizing complementary libraries in
generating monobodies to a new target or a new site.

Although the focus of this study was to determine the suffi-
ciency of targeting a particular surface of a target protein for
inhibition, our results clearly illustrate a general approach that
can identify a potentially druggable site and define cellular
effects of perturbing the site. Technological advances have
made it possible to rapidly generate synthetic binding proteins,
such as monobodies, with high affinity and high specificity suit-
able for assessing cellular effects. These attractive features
should make synthetic binding proteins broadly useful in drug
target discovery and validation.
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