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(Background: The ligand angiopoietin2 contributes to vascular diseases.
Results: A new directed evolution method was used to create a specific angiopoietin2-binding protein from a nonspecific

Conclusion: The receptor binding specificity can be switched with just three residue changes.
Significance: The new protein has therapeutic potential, and the directed evolution method has advantages for evolving

N
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Tie2 is a receptor tyrosine kinase that is essential for the
development and maintenance of blood vessels through binding
the soluble ligands angiopoietin 1 (Angl) and 2 (Ang2). Angl is
constitutively produced by perivascular cells and is protective of
the adult vasculature. Ang2 plays an important role in blood
vessel formation and is normally expressed during develop-
ment. However, its re-expression in disease states, including
cancer and sepsis, results in destabilization of blood vessels con-
tributing to the pathology of these conditions. Ang2 is thus an
attractive therapeutic target. Here we report the directed evolu-
tion of a ligand trap for Ang2 by harnessing the B cell somatic
hypermutation machinery and coupling this to selectable cell
surface display of a Tie2 ectodomain. Directed evolution pro-
duced an unexpected combination of mutations resulting in loss
of Angl binding but maintenance of Ang2 binding. A soluble
form of the evolved ectodomain binds Ang2 but not Angl. Fur-
thermore, the soluble evolved ectodomain blocks Ang2 effects
on endothelial cells without interfering with Angl activity. Our
study has created a novel Ang2 ligand trap and provided proof of
concept for combining surface display and exogenous gene
diversification in B cells for evolution of a non-immunoglobulin
target.

Angiopoietin-2 (Ang2)® is a 70-kDa secreted ligand whose
increased expression has been implicated in a range of diseases,
including cancer, sepsis, and acute respiratory distress syn-
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drome (1, 2). The primary receptor for Ang2 is the transmem-
brane tyrosine kinase Tie2 (3) that is expressed mainly on vas-
cular endothelial cells and myeloid cells (1, 4). Ang2 plays an
important role in vascular remodeling during development, but
in adult tissues, Ang2 concentrations are usually low. An
increase in Ang2 levels in disease allows the molecule to com-
pete for binding to a common interface on Tie2 with the related
agonist Angl (3). Angl is a protective protein, constitutively
produced by perivascular cells, which maintains blood vessel
function and quiescence by suppressing inflammation, vessel
leakage, and endothelial apoptosis (1, 5). Antagonism of Angl
by Ang2 blocks the proquiescent effects of Angl and contrib-
utes to Ang2-induced vessel remodeling, inflammation, leak-
age, and edema. In addition to its actions on endothelial Tie2,
Ang2 has a number of other effects relevant to disease. For
example, the ligand acts on tumor infiltrating Tie2-expressing
monocytes to promote tumorigenesis (6, 7).

Because of its involvement in multiple disease processes,
there have been considerable efforts to develop inhibitors of
Ang2, including antibodies and aptamers (8 —10). Results from
studies with these and related molecules have been encourag-
ing, with reports of Ang2 inhibitors promoting tumor regres-
sion and suppressing metastatic disease in cancer and decreas-
ing leukocyte infiltration and vascular remodeling in airway
inflammation (6, 9, 11, 12).

A complementary approach to the use of antibodies for
blocking pathological levels of ligands is the cytokine or ligand
trap (13). These molecules are formed from receptor ectodo-
main fragments, usually administered as soluble fusion pro-
teins, which sequester the target ligand. Examples of ligand
traps in clinical use include Etanercept, a soluble form of tumor
necrosis factor-a receptor, and Aflibercept, a chimeric fusion
protein of fragments of vascular endothelial growth factor
receptor-1 and -2 (14). There are significant advantages to
ligand traps. Usually, they are smaller and have better tissue
penetration than antibodies, they already recognize the biolog-
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ically active part of the target, and they generally do not require
protection from the immune system. A ligand trap specific for
Ang2 would be an attractive therapeutic; however, the natural
receptor for Ang2, Tie2, binds to the protective ligand Angl
equally well or even better than it does to Ang2 (3, 15, 16). We
were interested therefore to try and engineer a variant form of
Tie2 ectodomain that would preferentially bind Ang2 over
Angl. Such a molecule would be an important starting point for
development of a therapeutic Ang2 ligand trap that could be
used to block the damaging effects of this ligand without sup-
pressing the protective effects of Angl.

One of the most effective strategies for engineering new pro-
tein functionality is directed protein evolution (17, 18). This
process essentially recapitulates the selection and accumula-
tion of desirable mutations that occurs in natural evolution over
millions of years, but over a period of weeks in the laboratory.
Directed evolution involves repeated rounds of library con-
struction, usually in vitro, expression of the mutant forms of the
target protein, and selection. Unfortunately, this iterative
approach to in vitro generation and searching of sequence
space is frequently both difficult and labor-intensive. B cell lines
that constitutively diversify their immunoglobulin variable
(IgV) regions by somatic hypermutation (19) allow for facile
coupling of diversification and selection of novel antibody spec-
ificities because the genetic variation within the Ig genes, intro-
duced by the action of activation-induced deaminase, is cou-
pled to the selectable expression of surface Ig on individual cells
(20). Such cell lines have been used to evolve variants of green
fluorescent protein exogenously expressed within the cells (21,
22). However, in theory, this strategy has enormous potential
for directed evolution of a wide range of proteins if the desired
phenotype can be selected for in B cell lines. To date, this
approach has not been applied to non-immunoglobulin cell
surface proteins. Here we report successful combination of cell
surface display on B cells together with somatic hypermuta-
tion-driven gene diversification to evolve a form of Tie2 ect-
odomain with preferential binding to Ang2. This switch in
binding specificity of the ectodomain resulted from just three
amino acid changes. The evolved ectodomain acts as an Ang2
ligand trap and has potential for therapeutic blocking of Ang2
in a number of diseases.

EXPERIMENTAL PROCEDURES

Materials—cDNA encoding human Tie2 ectodomain
(1-442) and platelet-derived growth factor receptor B (resi-
dues 514 -562, which includes the transmembrane sequence),
with an amino-terminal five alanine linker followed by the
FLAG epitope, were generated by polymerase chain reaction.
These amplification products were ligated into pcDNA3.1 and
then transferred to the vector pHypermut2 (22). All constructs
were verified by sequencing. Human Angl, Ang?2, biotinylated
Ang2, and mouse Anti-Angl were obtained from R&D Sys-
tems. Anti-FLAG conjugated to FITC and streptavidin conju-
gated to phycoerythrin or phycoerythrin/Cy5 were from Sigma,
and anti-His, conjugated to allophycocyanin was from Abcam.
Goat anti-mouse conjugated to Percp/Cy5.5 was from Bioleg-
end. Antibodies recognizing Akt and phospho-Ser-473-Akt
were from Cell Signaling Technologies Inc.
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Directed Evolution—The DT40 chicken B cell line AID*CL4
(22) was grown in RPMI 1640 with 7% fetal bovine serum and
3% chicken serum at 37 °C and 5% CO,. Transfections were
performed by electroporation in 0.4-cm cuvettes using a Gene
Pulser (Bio-Rad) at 250 V and 950 microfarads and stable trans-
fectants selected with puromycin. Transfected clones in which
the Tie2 construct had integrated into the rearranged Ig locus
were identified by PCR as described previously (22). Expression
was confirmed by immunoblotting for the epitope tag, and Tie2
ectodomain and surface expression were confirmed by immu-
nostaining of nonpermeabilized cells.

For ligand binding and fluorescence-activated cell sorting,
between 50 and 100 million DT40 cells were washed at room
temperature in phosphate-buffered saline containing 10% fetal
bovine serum (PBS/FCS) and incubated with the appropriate
ligands at 1 nMm final concentration for 30 min at room temper-
ature. Cells were recovered by centrifugation (250 X g for 3
min) at 4 °C, washed with ice-cold PBS/FCS, and then stained
with anti-Angl in PBS/FCS at 4 °C for 20 min. Cells were then
collected by centrifugation, washed in PBS/FCS, and stained
with anti-FLAG-FITC, fluorescent anti-His, or fluorescently
labeled streptavidin (for biotinylated Ang2 detection), and fluo-
rescently labeled secondary antibodies, as appropriate, in PBS/
FCS at 4 °C for 20 min. After collecting by centrifugation and
washing in ice-cold PBS/FCS, the stained cells were resus-
pended in PBS/FCS and kept on ice for FACS. The windows for
selection were as indicated under “Results.” Sorted cells were
recovered directly into culture medium at room temperature
for further growth. Depending on the number of cells recov-
ered, the times required between sorts to grow to 50 —100 mil-
lion cells were between 7 and 14 days. Cells were grown and
sorted repeatedly as described under “Results.”

To sequence the Tie2 surface expression construct exoge-
nously expressed in the DT40 cells, genomic DNA was pre-
pared from DT40 cells using a Puregene DNA isolation kit
(Qiagen). The Tie2 ectodomain insert was amplified by PCR,
cloned into a bacterial sequencing plasmid using the TA clon-
ing protocol (Invitrogen), and transformed into Escherichia
coli. Colonies were picked at random, and plasmids were
sequenced.

Expression of Soluble Ectodomains—For expression in Hek293
cells, cDNA encoding wild-type Tie2 ectodomain (1-442) was
subcloned into pcDNA 3.1 upstream of a human Fc tag and
C-terminal His, sequence (kindly supplied by Dr Richard Kam-
merer). Site-directed mutagenesis was used to modify this wild-
type sequence to correspond to the evolved mutants. Site-di-
rected mutagenesis was performed essentially using the
QuikChange protocol (Agilent Technologies) and confirmed
by sequencing.

Soluble ectodomain-Fc fusion proteins were obtained by
transfection of HEK293 cells in suspension using polyethyleni-
mine (23), and cells were grown for 3— 4 days to allow the fusion
proteins to accumulate in the medium. Debris was removed
from medium by centrifugation, and fusion protein was puri-
fied by nickel-nitrilotriacetic acid chromatography (Qiagen)
followed by buffer exchange into Tris-buffered saline contain-
ing 10% glycerol. Protein concentrations were determined by
Bradford assay. Proteins were stored at 4 °C.
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Binding Assays—ELISA assays were performed in 96-well
plates in which 5 ug/ml Angl or Ang2 was immobilized. Fol-
lowing blocking with TBS containing 1 mg/ml BSA and 0.1%
Triton-X 100, different concentrations of fusion protein were
allowed to bind for 1 h and, after washing, bound fusion pro-
teins were detected with anti-Tie2 ectodomain antibodies fol-
lowed by peroxidase-conjugated secondary antibody and color-
imetric quantification. For quantitative comparison, data were
fitted to saturation binding curves by nonlinear regression
using the Prism 6 software (GraphPad Software Inc). Con-
centrations of ectodomains required for half-maximal bind-
ing were derived from the binding curves. In each ELISA
experiment, wild-type binding was also performed, allowing
derivation of maximum binding relative to that of wild-type
ectodomain.

Cellular Assays—The endothelial cell line EA.hy926 was cul-
tured in DMEM containing 10% fetal bovine serum at 37 °C and
5% CO,. Cells were quiesced by incubation in serum-free
medium before activation with Angl, in the absence or pres-
ence of Ang2, with or without 25 pg/ml wild-type or evolved
ectodomain-Fc for 30 min. After washing, cells were lysed, and
equal amounts of cellular proteins were resolved by SDS-PAGE
before detection of phospho-Ser-473-Akt and total Akt by
immunoblotting. Migration assays were performed in Tran-
swell tissue culture wells containing 8-um pore size inserts
(BD Biosciences, Oxford, UK). Serum-free medium contain-
ing 250 pug/ml BSA together with Angl or Ang2, in the
absence or presence of soluble ectodomain-Fc fusion pro-
tein, was placed in the lower chamber of the wells. 10° endo-
thelial cells, in serum-free medium containing 250 ug/ml
BSA, were placed in the upper chambers, and cells were
allowed to migrate for 4 h at 37 °C. Cells on the upper surface
were gently removed with a cotton bud, and the membrane
was fixed in 4% formaldehyde. Membranes were washed in
PBS, and nuclei were stained with 4',6-diamidino-2-phe-
nylindole (0.1 wg/ml). Membranes were mounted in glyc-
erol, and the numbers of cells migrating through the mem-
brane were counted in five random fields on the underside of
each insert membrane.

RESULTS

Combining cell surface display with the ability of certain B
cell lines to diversify genes targeted to immunoglobulin loci
could provide a powerful strategy for directed evolution of pro-
tein binding and other functions (Fig. 14). Therefore we used
this approach to seek to evolve a Tie2 ectodomain that prefer-
entially binds Ang2 over the protective ligand Angl, with which
it shares more than 70% amino acid sequence identity in its
receptor-binding domain. To do this, a cDNA sequence encod-
ing residues 1-442 of the Tie2 ectodomain together with a
linker sequence, epitope tag, and PDGF receptor transmem-
brane domain was constructed for surface expression of the
ectodomain in B-cells (Fig. 1B). Previous work has shown that
angiopoietin binding only requires residues 23-210 of Tie2
(24). However, it is known that in other proteins, mutations at
sites remote from the interaction domain can often affect bind-
ing ability (25) and, for this reason, we included additional por-
tions of Tie2 ectodomain beyond residue 210 in our directed

NOVEMBER 15, 2013+VOLUME 288+NUMBER 46 ASEVB\

Evolution of Ang2 Ligand Trap

A
Transfect _ Proliferation
Wt cDNA & Mutation

FACS Selection

Desired Phenotype

Sequence

FIGURE 1. Directed evolution of a ligand-specific Tie2 receptor ectodo-
main. A, strategy for directed evolution in hypermutating B cells. B, schematic
representation of the surface expression construct incorporating residues
1-442 of Tie2 (modeled on Protein Data Bank (PDB) accession number 2GY7
(26)) and used for directed evolution.

evolution strategy. The cDNA construct was cloned into a vec-
tor, pHypermut2, we previously developed (22) for targeted
integration into the Ig locus of the chicken cell line DT40.
Chicken B cells normally diversify their Igloci by a combination
of gene conversion, using an array of upstream IgV pseudogene
segments, and by untemplated somatic hypermutation. We
used a variant of DT40 in which the IgV pseudogene donors
have been deleted and which diversifies its rearranged Ig light
chain by hypermutation (22). Insertion of Tie2 transgene in the
Ig locus of this cell line in the absence of nearby Tie2 homolo-
gous sequences was expected to lead to hypermutation of the
Tie2 transgene. Stably transfected clones were selected for
expression of the construct from the rearranged IgV locus by
PCR (Fig. 2). Surface expression was verified by anti-FLAG
immunofluorescence (Fig. 34). We also confirmed that the ect-
odomain was competent to bind Angl and Ang?2 by flow cytom-
etry (Fig. 3B).

To evolve Tie2 to preferentially bind Ang2, we used a two-
stage strategy, first aiming to decrease the ability of the ectodo-
main to bind Angl and then to test, and if necessary, increase
Ang? binding while maintaining low Ang1 binding. For the first
stage, cells were incubated with 1 nm Angl, and bound ligand
was detected by anti-Angl and phycoerythrin/Cy5-conjugated
secondary antibody as detailed under “Experimental Proce-
dures.” Expression of Tie2 ectodomain construct was moni-
tored simultaneously by staining with FITC-conjugated anti-
FLAG (Fig. 4A). Cells positive for expression of the Tie2
ectodomain and with the lowest Angl binding were selected by
FACS and expanded (Fig. 44). The sort windows used for each
selection are shown in Fig. 4A. Typically between 50 and 100
million cells were screened at each sorting. Following FACS,
recovered cells were re-expanded to allow for another round of
sorting, typically for 7-14 days, depending on the number of
cells obtained at FACS. After four iterations of selection and
expansion, a population of cells with decreased Ang1 binding as
compared with parental cells was obtained. We then changed
the selection strategy to ensure robust Ang2 binding. We incu-
bated the round 4 cells with 1 nm Angl and 1 nMm biotinylated
Ang?2 and monitored binding of the two ligands with anti-Angl
and fluorescent secondary antibody and fluorescently labeled
streptavidin (Fig. 44, lower plots). Cells with highest Ang2 bind-
ing that retained low Angl binding were selected by FACS
using the sort windows indicated in Fig. 4A. After four rounds
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FIGURE 3. Expression and binding of ectodomain on DT40 cell surface. A,
anti-FLAG immunofluorescent staining of DT40 cells transfected with surface
expression construct. B, flow cytometry of DT40 cells expressing Tie2 ectodo-
main. Untransfected (gray open plot) and transfected (blue-shaded plot) cells
were allowed to bind Hisg-tagged 1 nm Ang1 or Ang2 for 30 min before stain-
ing with anti-His and fluorescent secondary antibody.

of this selection and expansion regime, a population of cells
with apparent preferential binding to Ang2 was evolved, which
we designated R3.
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Direct comparison of parental and R3 cells for their ability to
bind Angl and Ang2 was performed for each of the ligands (Fig.
4B). Cells in the R3 population appeared only able to bind Ang2
and had negligible Ang1 binding, whereas parental cells expressing
wild-type Tie2 were able to bind both ligands.

We next obtained sequences encoding the ectodomain that
was expressed on the cells with preferential Ang2 binding (Fig.
5A). 10 sequences were determined, and all had a common set
of changes; specifically, Phe-161 was replaced by Ile, and there
was a tandem deletion of Arg-167 and His-168 (Fig. 5B). The
F1611 substitution was the result of a single nucleotide change
in the Phe-161 codon from TTC to ATC. The Arg-167/His-168
double deletion resulted from loss of the final Cys of codon
Pro-166 together with the CGG encoding Arg-167 and the first
two nucleotides, CA, of codon His-168. This created a new
codon for Pro-166, CCT, and removal of Arg-167/His-168 (Fig.
5). In addition to these changes, a number of other mutations
were found in the R3 population; however, none of these were
present in all sequences. Interestingly, examination of the pub-
lished structure of Tie2 ectodomain revealed that both the
F1611I substitution and the double Arg-167/His-168 deletion
occur at the binding interface of the receptor, as illustrated in
Fig. 6 for the Tie2-Ang2 complex (26).

To analyze the binding characteristics of the evolved ectodo-
main in more detail, we constructed the wild-type ectodomain
(residues 1-442) with a carboxyl-terminal Fc tag and intro-
duced the F1611 and AArg-167/His-168 into this sequence by
site-directed mutagenesis. Wild-type and R3 ectodomains were
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FIGURE 4. Evolution of ligand-specific Tie2 ectodomain. A, upper panels,
FACS plots of DT40 cells following incubation with 1 nm Ang1 and staining
with anti-Ang1 and fluorescent secondary antibody together with fluores-
centanti-FLAG (Tie2 Ectodomain Expression). Polygons indicate the gates used
to select the cells at each round. Cells from sort round 4 were then incubated
with 1 nm Ang1 and 1 nm biotinylated Ang2, and binding was detected with
anti-Ang1/fluorescent secondary antibody and fluorescently labeled strepta-
vidin (lower panels). Cells were selected for highest Ang2 binding. After a total
of 8 rounds of sorting (lower panel, right), cells were selected for sequencing as
indicated by the polygon. B, comparison of DT40 cells expressing wild-type
receptor (blue-shaded plots) with the evolved R3 (red-shaded plots) popula-
tion of cells for binding of 1 nm Ang1 and Ang2. Gray open plots show fluores-
cence following staining in the absence of ligand for each population of cells.

expressed in HEK293 cells as secreted soluble proteins of ~80
kDa and purified (data not shown). Binding of the wild-type
ectodomain and the evolved ectodomain to Angl and Ang2 was
examined using ELISA assays (Fig. 7A). As expected, the wild-
type ectodomain bound both ligands (Fig. 7A, Table 1). In con-
trast, the evolved ectodomain was able to bind Ang2 but
showed negligible Angl binding (Fig. 7A, Table 1), consistent
with our observation on this variant ectodomain when expressed
on the cell surface (Fig. 4B). The Ang2 binding ability of the
evolved ectodomain was not as high as that of wild-type ectodo-
main, with lower maximal binding and a higher concentration
required for half-maximal binding (Table 1). Nevertheless, the
evolved protein clearly demonstrates preferential Ang2 bind-
ing. It was surprising to us that changes at only three residues
caused such a dramatic switch in the binding specificity of the
receptor ectodomain.

We were interested in examining the individual effects of the
F161I substitution and double AArg-167/His-168 deletion on
binding. We therefore constructed wild-type Fc soluble ectodo-
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GAC AAG GGA GAT AAC GTG AAC ATA TCT TTC AAA AAG GTA
TTG ATT AAA GAA GAA GAT GCA GTG ATT TAC AAA AAT GGT

478 TCC TTC ATC CAT TCA GTG CCC CGG CAT GAA GTA CCT GAT

517 ATT CTA GAA GTA CAC CTG CCT CAT GCT CAG CCC CAG GAT

556 GCT GGA GTG TAC TCG GCC AGG TAT ATA GGA GGA AAC CTC

595 TTC ACC TCG GCC TTC ACC AGG CTG ATA GTC CGG AGA TGT

634 GAA GCC CAG AAG TGG GGA CCT GAA TGC AAC CAT CTC TGT

673 ACT GCT TGT ATG AAC AAT GGT GTC TGC CAT GAA GAT ACT

712 GGA GAA TGC ATT TGC CCT CCT GGG TTT ATG GGA AGG ACG

101 FCEGRVRGEAIRIRTMKMRQOASFLPATLTMTVDKGDNVNISFKKVLIKE

151 EDAVIYKNGSEFIHSVPRHEVPDILEVHLPHAQPQDAGVYSARYIGGNLET

201 SAFTRLIVRRCEAQKWGPECNHLCTACMNNGVCHEDTGECICPPGFMGRT

251

FIGURE 5. Three amino acid changes switch binding specificity of Tie2.
Genomic DNA was prepared from the R3 population and used for amplifica-
tion of DNA encoding Tie2 ectodomain. 10 randomly selected colonies were
sequenced following transformation into E. coli. A, the nucleotide changes
common to the R3 sequences are colored red, and in the substituted nucleo-
tide shown above, a dash indicates a deletion. B, amino acid changes resulting
from mutations are shown in red.

CEKACELHTFGRTCKERCSGQEGCKSYVFCLPDPYGCSCATGWKGLQCNE

FIGURE 6. Amino acid changes occur at the ligand-binding interface. The
positions of the amino acid changes in the evolved ectodomain are indicated
on the structure of Tie2 in complex with Ang2 (PDB accession number 2GY7
(26)). The F1611 substitution is positioned on a B sheet, and the Arg-167/His-
168 deletion occurs on a turn at the receptor-ligand interface.

main with F161I substitution or AArg-167/His-168 changes
and tested Angl and Ang2 binding in ELISA assays. There was

no significant difference between wild-type and F161I ectodo-

JOURNAL OF BIOLOGICAL CHEMISTRY 33209



Evolution of Ang2 Ligand Trap

A,
Ang1 Ang2
)
53+ .
&
g
527 i
8,
o | -= Wt |
S - R3
£
m ) J
0- '—'—M -
rrrﬂnrrmmlq—rnmq ,—rrrmq—rrrmq—rrnnq—rrnnq
0.001 0.1 1 10 100 0.001 0.1 1 10 100
Tie2 Ectodomain (ug ml)
B
47 Ang1 Ang2
)
'C 34 .
]
P
g
E 2 -
Keo]
E -- Wt
8 1 -e-F/I
E —— ARH
m
0~ 006000 . So—o—0—00

| BREALLL BREALLL BRERLLL mumatl | [—mnmmm
0.001 0.1 1 10 100 0.001 0.1 1 10 100

Tie2 Ectodomain (ug ml)

FIGURE 7. Evolved ectodomain binds specifically to Ang2. A, secreted wild-
type (Wt; squares) and evolved (R3; inverted triangle) ectodomains were puri-
fied following expression in HEK293 cells and analyzed for binding to immo-
bilized Ang1 or Ang2 by ELISA, as indicated. B, secreted wild-type ectodomain
(Wt) and ectodomains with either F1611 substitution (F/; circles) or the double
Arg-167/His-168 deletion (ARH; diamonds) were expressed, purified, and ana-
lyzed for binding to immobilized Ang1 or Ang2 by ELISA, as indicated. Data
are shown as means and standard deviations from a single experiment with
triplicate determinations. All binding assays were repeated at least three
times, a representative experiment is shown in each panel, and the data are
summarized in Table 1.

TABLE 1
Relative binding of ectodomain mutants

Wild-type (WT) and evolved (R3) ectodomains, as well as ectodomains with F1611
(F/I) substitution or Arg-167 and His-168 (ARH) deletion were expressed, purified,
and analyzed for binding to immobilized Angl or Ang2 by ELISA (Fig. 7). Maximum
binding relative to WT ectodomain and concentrations (conc.) of ectodomains
required for half-maximal binding were derived from saturation binding curves
fitted by nonlinear regression (— indicates that lack of measurable binding pre-
cludes determination of half maximal binding concentration). Data are means and
S.E. for at least three independent experiments (* indicates p < 0.01 compared with
wild-type, Student’s ¢ test).

Angl Ang2
Max binding Half max Max binding Half max
(% of WT) binding conc. (% of WT) binding conc.
ug/mi ug/mi
WT  100.00 0.04 = 0.01 100.00 0.25 = 0.09
R3 3.00 £ 3.29* — 59.40 = 5.28* 6.98 * 2.12*
F/l 97.84 263  0.06 * 0.02 9048 * 4.62  0.29 = 0.17
ARH 029 = 0.16* — 0.58 = 0.58* —

mains in binding to Angl (Fig. 7B, Table 1). Similarly, wild-type
and F161I ectodomains both bound equally well to Ang2 (Fig.
7B, Table 1). In contrast, deletion of Arg-167/His-168 com-
pletely abolished ectodomain binding to Angl and Ang2 (Fig.
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FIGURE 8. Evolved ectodomain blocks the effects of Ang2 on endothelial
cells. A, the antagonistic effects of Ang2 on Ang1 activation of Akt phosphor-
ylation were tested in the endothelial cell line EA.hy926. Cells were activated
with 0.7 nm Ang1 in the absence and presence of 3 nm Ang2 and 25 pg/ml
wild-type (Wt) or R3 ectodomain (Ecto) for 30 min before cell lysis, gel electro-
phoresis, and immunoblotting with antibodies recognizing Akt phosphory-
lated on Ser-473 (pAkt) or total Akt (tAkt) as indicated. B, Akt phosphorylation
was quantified by densitometric scanning of blots from four independent
experiments, normalized to total Akt, and expressed as the percentage of
Ang1 effect. Data are means and S.E. (*, p < 0.05, **, p < 0.01 versus Ang1,
one-way analysis of variance followed by Tukey’s analysis). C, effects of
evolved ectodomain were tested on migration induced by angiopoietins.
Migration of endothelial cells in response to high concentrations of Ang2 (15
nm) was inhibited by R3 ectodomain, whereas this mutant ectodomain did
not affect migration in response to Ang1 (0.7 nm). Data are shown as the
percentage of that in the absence of angiopoietin and presented as means
and S.E. for four independent experiments (**, p < 0.01 versus angiopoietin,
one way analysis of variance followed by Tukey’s analysis).

7B, Table 1). This was an unexpected result and showed that the
changes introduced by the directed evolution act in a uniquely
combinatorial rather than an additive way to switch the binding
specificity of the ectodomain.

To test the effects of R3 ectodomain on the cellular actions of
Ang2, we performed a signaling assay to examine its ability to
interfere with Ang2 antagonism of Angl in the endothelial cell
line EA.hy926. Endothelial cells challenged with Angl showed
an activation of the signaling intermediate Akt and, consistent
with the reported antagonist effects of Ang2, this was sup-
pressed by Ang2 (Fig. 8, A and B). Inclusion of wild-type ect-
odomain with Angl plus Ang?2 further suppressed Akt activa-
tion, as expected from the ability of this fusion protein to bind
Ang]l as well as Ang2. However, when the evolved ectodomain
was added with Angl and Ang2, the inhibitory effect of Ang2
was reversed and Akt activation restored (Fig. 8, A and B). To
further examine the action of evolved ectodomain in a cellular
context, we tested its effects on a functional activity in endothe-
lial cells, specifically, endothelial migration in response to Angl
and high concentrations of Ang2. Previously, high concentra-
tions of Ang2 have been reported to have agonist activity in
endothelial cells (1, 2). As shown in Fig. 8C, the addition of the
evolved ectodomain did not affect Angl-induced migration but
blocked migration in response to Ang2. These data demon-
strate that the evolved ectodomain can block the effects of Ang2

VOLUME 288+NUMBER 46-NOVEMBER 15,2013



at both signaling and functional levels in endothelial cells with-
out interfering with Angl, as would be expected by its prefer-
ence for binding Ang2 over Angl.

DISCUSSION

In this study, we have evolved a new form of Tie2 ectodomain
with dramatically shifted binding specificity. This change in
binding specificity results from a combination of just three
amino acid changes at the binding interface with angiopoietins
that would be unlikely to be identified by rational design. Solu-
ble forms of this ectodomain bind Ang2 but not Angl. Further-
more, the evolved ectodomain acts as a ligand trap in cellular
assays, blocking Ang2 effects on endothelial cell signaling, and
function without interfering with Angl. In contrast to Ang2,
Angl has important roles in vascular protection, so a molecule
that can block Ang2 without interfering with Angl would have
significant benefits for therapeutic use, particularly in condi-
tions associated with inflammation. Our evolved ectodomain
therefore is an attractive molecule for further development as a
potential therapeutic.

The receptor-binding interfaces of Angl and Ang2 are very
similar, and it was unexpected that only three amino acid
changes in the Tie2 ectodomain are sufficient to change bind-
ing specificity. Crystal structures of Ang2 in complex with Tie2
(PDB 2GY5), and Angl in complex with Tie2 (PDB 4K0V), have
been reported, and the structures of both ligand-Tie2 com-
plexes are very alike (26, 27). Examination of the crystal struc-
ture of Tie2 ectodomain bound to Ang2 shows that Phe-161 of
Tie2 stacks with Phe-469 in Ang2 (26). The equivalent position
in Angl is occupied by Leu-471. Substitution of Ile for Phe-161
in Tie2 therefore retains the hydrophobic character of this posi-
tion but would negatively affect aromatic stacking between
Phe-161 in Tie2 and Phe-469 in Ang2. Our finding that the
F1611I substitution did not affect relative binding to Angl and
Ang?2 suggests that aromatic stacking at this position does not
make a significant contribution to differential binding.

Arg-167 in Tie2 forms a salt bridge with Asp-448 in Ang2
(26) and the corresponding Asp-450 in Angl (27). In the ect-
odomain, His-168 forms a hydrogen bond with Tyr-476 in
Ang2 and also interacts with Pro-452, and both of these posi-
tions are conserved (Tyr-478 and Pro-454) in Angl (26). Thus it
would be anticipated that loss of Arg-167/His-168 would affect
both Angl and Ang2 binding in a similar manner, and indeed
this double deletion did lead to loss of binding of both ligands
(Fig. 7A). The lack of binding of Arg-167/His-168 Tie2 to Angl
and Ang2 suggests that the hydrogen bonds and salt bridges
contributed by these residues are important for stabilizing the
ligand-receptor complexes. It is intriguing that the F1611 sub-
stitution is able to rescue the Arg-167/His-168 deletion effect
on Ang2 binding. This suggests that in the absence of Arg-167/
His-168, the Ile at 161 can form favorable interactions with one
or more residues in Ang2 that are not present, or prevented
from interacting, in Angl. This may occur if loss of Arg-167/
His-168 and associated noncovalent bonds allows repositioning
of ligands at the ectodomain interface, thereby permitting Ile-
161 to make such an interaction with residue(s) in Ang2 and/or
preventing such an interaction in Angl. However, such a mech-
anism is speculative, and in future work, it will be important to
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determine the structure of the evolved ectodomain bound to
Ang?2 to define the basis for the ligand specificity of this ligand
trap.

Our evolution of Tie2 ectodomain to discriminate between
Angl and Ang?2 has created an Ang2 ligand trap with potential
for blocking the deleterious effects of the elevated Ang2 in con-
ditions such as vascular inflammation, sepsis, and cancer. In
addition, our study provides proof of principle for the use of cell
surface display in combination with somatic hypermutation-
driven gene diversification as a facile method for directed evo-
lution of binding proteins. Because this method uses vertebrate
B-cells as the expression system, it is readily applicable to pro-
teins that may require the processing and post-translational
modifications found in higher eukaryotes. This approach there-
fore may find general use for evolving receptor or ligand frag-
ments with specific binding characteristics useful for therapeu-
tic and other applications.

Acknowledgments—We are very grateful to M.S. Neuberger at the
Medical Research Council (MRC) Laboratory of Molecular Biology
for discussions and support with the project. We thank F. Zhang and
M. Daly for assistance with FACS and H. Singh for help with ELISA
assays.

REFERENCES

1. Augustin, H. G., Koh, G. Y., Thurston, G., and Alitalo, K. (2009) Control of
vascular morphogenesis and homeostasis through the angiopoietin-tie
system. Nat. Rev. Mol. Cell Biol. 10, 165-177

2. Huang, H., Bhat, A., Woodnutt, G., and Lappe, R. (2010) Targeting the
Angpt-Tie2 pathway in malignancy. Nat. Rev. Cancer 10, 575-585

3. Maisonpierre, P. C., Suri, C,, Jones, P. F., Bartunkova, S., Wiegand, S. J.,
Radziejewski, C., Compton, D., McClain, J., Aldrich, T. H., Papadopoulos,
N., Daly, T.]., Davis, S., Sato, T. N., and Yancopoulos, G. D. (1997) Angio-
poietin-2, a natural antagonist for Tie2 that disrupts in vivo angiogenesis.
Science 277, 55— 60

4. De Palma, M., Venneri, M. A, Galli, R,, Sergi Sergi, L., Politi, L. S., Sam-
paolesi, M., and Naldini, L. (2005) Tie2 identifies a hematopoietic lineage
of proangiogenic monocytes required for tumor vessel formation and a
mesenchymal population of pericyte progenitors. Cancer Cell 8,211-226

5. Brindle, N. P. J., Saharinen, P., and Alitalo, K. (2006) Signaling and func-
tions of angiopoietin-1 in vascular protection. Circ. Res. 98, 10141023

6. Mazzieri, R, Pucci, F., Moi, D., Zonari, E., Ranghetti, A., Berti, A., Politi,
L. S., Gentner, B., Brown, J. L., Naldini, L., and De Palma, M. (2011) Tar-
geting the Ang2/Tie2 axis inhibits tumor growth and metastasis by im-
pairing angiogenesis and disabling rebounds of proangiogenic myeloid
cells. Cancer Cell 19, 512-526

7. Welford, A. F., Biziato, D., Coffelt, S. B., Nucera, S., Fisher, M., Pucci, F., Di
Serio, C., Naldini, L., De Palma, M., Tozer, G. M., and Lewis, C. E. (2011)
Tie2-expressing macrophages limit the therapeutic efficacy of the vascu-
lar-disrupting agent combretastatin A4 phosphate in mice. /. Clin. Invest.
121, 1969-1973

8. White, R. R,, Shan, S., Rusconi, C. P., Shetty, G., Dewhirst, M. W., Kontos,
C.D,, and Sullenger, B. A. (2003) Inhibition of rat corneal angiogenesis by
a nuclease-resistant RNA aptamer specific for angiopoietin-2. Proc. Natl.
Acad. Sci. U.S.A. 100, 5028 -5033

9. Oliner,].,Min, H.,, Leal, ]., Yu, D.,Rao, S., You, E., Tang, X, Kim, H., Meyer,
S.,Han, S.]., Hawkins, N., Rosenfeld, R., Davy, E., Graham, K., Jacobsen, F.,
Stevenson, S., Ho, J., Chen, Q., Hartmann, T., Michaels, M., Kelley, M., Li,
L., Sitney, K., Martin, F.,, Sun, ]. R, Zhang, N., Lu, J., Estrada, J., Kumar, R.,
Coxon, A., Kaufman, S., Pretorius, J., Scully, S., Cattley, R., Payton, M.,
Coats, S., Nguyen, L., Desilva, B., Ndifor, A., Hayward, L., Radinsky, R.,
Boone, T., and Kendall, R. (2004) Suppression of angiogenesis and tumor
growth by selective inhibition of angiopoietin-2. Cancer Cell 6, 507-516

JOURNAL OF BIOLOGICAL CHEMISTRY 33211



Evolution of Ang2 Ligand Trap

10.

11.

12.

13.

14.

15.

16.

17.

18.

Koh, Y. J., Kim, H.-Z., Hwang, S.-L, Lee, J. E., Oh, N, Jung, K., Kim, M.,
Kim, K. E., Kim, H., Lim, N.-K,, Jeon, C.-]., Lee, G. M,, Jeon, B. H., Nam,
D.-H., Sung, H. K,, Nagy, A., Yoo, O. ], and Koh, G. Y. (2010) Double
antiangiogenic protein, DAAP, targeting VEGF-A and angiopoietins in
tumor angiogenesis, metastasis, and vascular leakage. Cancer Cell 18,
171-184

Holopainen, T., Saharinen, P., D’Amico, G., Lampinen, A., Eklund, L.,
Sormunen, R., Anisimov, A., Zarkada, G., Lohela, M., Heloter4, H., Tam-
mela, T., Benjamin, L. E., Yld-Herttuala, S., Leow, C. C., Koh, G. Y., and
Alitalo, K. (2012) Effects of angiopoietin-2-blocking antibody on endothe-
lial cell-cell junctions and lung metastasis. /. Natl. Cancer Inst. 104,
461-475

Tabruyn, S. P., Colton, K., Morisada, T., Fuxe, J., Wiegand, S.J., Thurston,
G., Coyle, A. ], Connor, J., and McDonald, D. M. (2010) Angiopoietin-2-
driven vascular remodeling in airway inflammation. Am. J. Pathol. 177,
3233-3243

Economides, A. N, Carpenter, L. R., Rudge, J. S., Wong, V., Koehler-Stec,
E. M., Hartnett, C., Pyles, E. A., Xu, X, Daly, T.]., Young, M. R, Fandl, J. P.,
Lee, F., Carver, S., McNay, J., Bailey, K., Ramakanth, S., Hutabarat, R,
Huang, T. T., Radziejewski, C., Yancopoulos, G. D., and Stahl, N. (2003)
Cytokine traps: Multi-component, high-affinity blockers of cytokine ac-
tion. Nat. Med. 9, 47-52

Huang, C. (2009) Receptor-fc fusion therapeutics, traps, and Mimeti-
body™™ technology. Curr. Opin. Biotechnol. 20, 692—699

Davis, S., Aldrich, T. H., Jones, P. F., Acheson, A., Compton, D. L., Jain, V.,
Ryan, T. E., Bruno, J., Radziejewski, C., Maisonpierre, P. C., and Yanco-
poulos, G. D. (1996) Isolation of angiopoietin-1, a ligand for the Tie2
receptor, by secretion-trap expression cloning. Cell 87, 1161-1169
Yuan, H. T., Khankin, E. V., Karumanchi, S. A., and Parikh, S. M. (2009)
Angiopoietin 2 is a partial agonist/antagonist of Tie2 signaling in the en-
dothelium. Mol. Cell Biol. 29, 2011-2022

Jackel, C., Kast, P., and Hilvert, D. (2008) Protein design by directed evo-
lution. Annu. Rev. Biophys. 37, 153-173

Tracewell, C. A., and Arnold, F. H. (2009) Directed enzyme evolution:

33212 JOURNAL OF BIOLOGICAL CHEMISTRY

19.

20.

21.
22.
23.

24.

25.

26.

27.

Climbing fitness peaks one amino acid at a time. Curr. Opin. Chem. Biol.
13, 3-9

Sale, J. E., Calandrini, D. M., Takata, M., Takeda, S., and Neuberger, M. S.
(2001) Ablation of XRCC2/3 transforms immunoglobulin v gene conver-
sion into somatic hypermutation. Nature 412, 921-926

Cumbers, S. J., Williams, G. T., Davies, S. L., Grenfell, R. L., Takeda, S.,
Batista, F. D., Sale, J. E., and Neuberger, M. S. (2002) Generation and
iterative affinity maturation of antibodies in vitro using hypermutating
B-cell lines. Nat. Biotechnol. 20, 1129 -1134

Wang, L., Jackson, W. C., Steinbach, P. A., and Tsien, R. Y. (2004) Evolu-
tion of new nonantibody proteins via iterative somatic hypermutation.
Proc. Natl. Acad. Sci. U.S.A. 101, 1674516749

Arakawa, H., Kudo, H., Batrak, V., Caldwell, R. B., Rieger, M. A., Ellwart,
J. W., and Buerstedde, J. M. (2008) Protein evolution by hypermutation
and selection in the B cell line DT40. Nucleic Acids Res. 36, el

Watson, P. J., Fairall, L., Santos, G. M., and Schwabe, J. W. R. (2012)
Structure of HDAC3 bound to co-repressor and inositol tetraphosphate.
Nature 481, 335-340

Macdonald, P. R, Progias, P., Ciani, B., Patel, S., Mayer, U., Steinmetz,
M. O., and Kammerer, R. A. (2006) Structure of the extracellular domain
of Tie receptor tyrosine kinases and localization of the angiopoietin-bind-
ing epitope. J. Biol. Chem. 281, 28408 28414

Daugherty, P. S., Chen, G., Iverson, B. L., and Georgiou, G. (2000) Quan-
titative analysis of the effect of the mutation frequency on the affinity
maturation of single chain Fv antibodies. Proc. Natl. Acad. Sci. U.S.A. 97,
2029 -2034

Barton, W. A., Tzvetkova-Robev, D., Miranda, E. P., Kolev, M. V., Ra-
jashankar, K. R, Himanen, J. P., and Nikolov, D. B. (2006) Crystal struc-
tures of the Tie2 receptor ectodomain and the angiopoietin-2-Tie2 com-
plex. Nat. Struct. Mol. Biol. 13, 524 -532

Yu, X., Seegar, T. C. M, Dalton, A. C., Tzvetkova-Robev, D., Goldgur, Y.,
Rajashankar, K. R., Nikolov, D. B., and Barton, W. A. (2013) Structural
basis for angiopoietin-1-mediated signaling initiation. Proc. Natl. Acad.
Sci. U.S.A. 110, 7205-7210

VOLUME 288+NUMBER 46-NOVEMBER 15,2013



