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1 | INTRODUCTION

Abstract

We combined computational and experimental methods to interrogate the binding determinants
of angiopoietin-2 (Ang2) to its receptor tyrosine kinase (RTK) Tie2—a central signaling system in
angiogenesis, inflammation, and tumorigenesis. We used physics-based electrostatic and
surface-area calculations to identify the subset of interfacial Ang2 and Tie2 residues that can
affect binding directly. Using random and site-directed mutagenesis and yeast surface display
(YSD), we validated these predictions and identified additional Ang2 positions that affected
receptor binding. We then used burial-based calculations to classify the larger set of Ang2 resi-
dues that are buried in the Ang2 core, whose mutations can perturb the Ang2 structure and
thereby affect interactions with Tie2 indirectly. Our analysis showed that the Ang2-Tie2 inter-
face is dominated by nonpolar contributions, with only three Ang2 and two Tie2 residues that
contribute electrostatically to intermolecular interactions. Individual interfacial residues contrib-
uted only moderately to binding, suggesting that engineering of this interface will require multi-
ple mutations to reach major effects. Conversely, substitutions in substantially buried Ang2
residues were more prevalent in our experimental screen, reduced binding substantially, and are
therefore more likely to have a deleterious effect that might contribute to oncogenesis. Compu-
tational analysis of additional RTK-ligand complexes, c-Kit-SCF and M-CSF-c-FMS, and compari-

son to previous YSD results, further show the utility of our combined methodology.
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tumorigenesis,2"1° making this system an attractive drug target.!?

Indeed, anti-angiogenic therapies that center on the comparable RTK

Angiopoietin-2 (Ang2) binding to its receptor Tie2 is a notable model
system for protein-protein interactions in receptor tyrosine kinase (RTK)
signaling. This system has significant biological and pharmaceutical impor-
tance, as it regulates central physiological processes such as angiogenesis
and vascular permeability.=® Nevertheless, wide knowledge gaps exist
about Ang2-Tie2 interactions. For example, Ang2 can act either as
an agonist or an antagonist of Tie2, depending upon their concentra-

tions and the molecular context;*~”

yet, the structural basis for this
paradoxical function is unknown. Ang2 binding to Tie2 plays a cen-
tral role in pathologies such as inflammation, autoimmune diseases,

sepsis, ophthalmic diseases, developmental abnormalities, and

ligand VEGF are already in the clinic and more angiogenesis-targeted
drugs are in development.!>® Different strategies have been
explored to prevent Ang2 binding to Tie2 as potential therapies for
ophthalmic diseases and for cancer.”**> Nevertheless, the molecu-
lar determinants of Ang2 binding to Tie2 are not fully understood at
the individual amino acid level, impeding advances toward a thera-
peutic goal of re-engineering Ang2 into an effective antagonist.
Some molecular details of Ang2-Tie2 binding were revealed by
previous structural studies.'® Although both Ang2 and Tie2 are large
proteins (around 500 and 1100 residues, respectively), the domains

that are actually involved in binding are much smaller, encompassing
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about 200 residues on either side.®” Therefore, interactions between
Ang2 and Tie2 are set by the compact Ang2 fibrinogen-like domain
(Ang2-BD) that binds the Ig2 domain of Tie2, with negligible
conformational changes in both domains.r” Based on the crystal
structure of monomeric Ang2, Barton et al. designed two Ang2
mutants that abolished binding to Tie2: the F469A/Y475A/Y476A
triple mutant that simultaneously removed three large hydrophobic
side chains at the center of the interface, and the K468E/K473E
double mutant that introduced dual charge-reversals at the middle
of the interface.'® A subsequent crystal structure of the Ang2-BD-
Tie2 complex!” revealed that these residues are in the vicinity of
the Ang2-Tie2 interface and suggested that three other Ang2 posi-
tions are also at the interface (N467, S480) or adjacent to it (5417)
and might encode for receptor specificity across the paralogs
of Ang2—Angl, Ang3, and Ang4.'”2° However, single-residue
Ang2-BD mutants were not tested in previous studies, so the
contributions and importance of individual Ang2 residues are not
known. Moreover, the intrusive character of the K468E/K473E
charge-reversal mutants that were tested by Barton et al. makes it
difficult to gauge the particular role and importance of these
charged residues in binding Tie2. Therefore, a more in-depth exam-
ination of individual residue contributions across Ang2-BD (both
interfacial and buried) and their precise role in Tie2 binding can
provide a better understanding of these interactions and guide
the engineering of Ang2 variants as leads for drug development
efforts.

More generally, identification of RTK ligand residues that influ-
ence protein-protein interactions, such as Ang2 binding to Tie2, is
critical for understanding the biological role of these interactions and
for designing better therapeutics. Toward this goal, it is useful to
classify the effect of mutations in individual residues that affect
protein-protein interactions into two categories: (1) Mutations of
interfacial residues that participate in intermolecular interactions and
thereby can affect these interactions directly or (2) mutations of
noninterfacial residues that affect interactions indirectly, through
intramolecular changes in the protein's tertiary structure, and
thereby either destabilize the protein, affect its folding, or modulate
its intermolecular interactions through allosteric effects via residues
in the first category.?1 -3¢

Here, we used two different physics-based computational meth-
odologies to interrogate the high-resolution (residue level) determi-
nants of Ang2-BD binding to Tie2—both directly and indirectly,
as defined above. We combined our computational predictions with
random and site-directed mutagenesis and yeast surface display
(YSD), an orthogonal method that has been used for the in vitro evolu-
tion of various proteins,3*~32 which identified specific substitutions in
Ang2-BD that actually perturbed binding. This combination also pro-
vided insights into the use of high-throughput mutagenesis to interro-
gate the residue-level determinants of Ang2-Tie2 interactions. For a
wider perspective, we also applied our computational methodologies
to additional RTK-ligand complexes, showing our approach is general-
izable to comparable complexes. The residue-level maps of RTK ligand
binding determinants we provide can facilitate a more precise investi-
gation of their biological and pathological roles and guide the develop-

ment of protein-based therapeutics based on these protein ligands.

2 | MATERIALS AND METHODS

2.1 | Protein structures and sequences

We used the following three-dimensional (3D) structures in our analy-
sis (with PDB codes): Ang2-Tie2 (2GY7),Y” SCF-c-Kit (2E9W),3*
murine CSF-FMS (3EJJ),%> human CSF (5LXF).3¢ In our calculations,
we used the individual domains of the ligand and the receptor that
form the actual ligand-receptor complex, based on visual inspection of
the structures: Ang2 313-495 (Ang2-BD), Tie2 23-210, SCF 2-140,
and CSF 4-148. 3D structural visualization and superimpositions were
carried out with the molecular graphics program Pymol (http://
pymol.org).

For comparison of Ang2 orthologs, we used sequences from the
following organisms (NCBI RefSeq identifiers): Homo sapiens
(NP_001138.1), Macaca mulatta (XP_001097949.1), Equus caballus
(XP_005606481.1), Canis lupus familiaris (NP_001041591.1), Bos tau-
rus (NP_001092325.1), Alligator mississippiensis (XP_006274905.1),
Gallus gallus (XP_015140299.1), Xenopus tropicalis (OCA35262.1), and
Danio rerio (NP_001265754.1); the following sequences from the OMA
database (http://omabrowser.org/): Pteropus vampyrus (PTEVAQ7732),
Pseudotsuga sinensis (PELSI14297), Mus musculus (AAB63189.1), Lepi-
sosteus oculatus (LEPOC05406), Gasterosteus aculeatus (GASAC09912),
Oryzias latipes (ORYLAO5115), Takifugu rubripes (TAKRU18609), and
Tetraodon nigroviridis (TETNG06190). For comparison of Tie2 orthologs,
we used sequences from the following organisms (OMA identifiers):
H. sapiens (HUMAN28579), M. mulatta (MACMUO08729), C. familiaris
(CANLF02222), E. caballus (HORSE11117), B. Taurus (BOVIN18390),
Choloepus hoffmanni (CHOHO10231), M. musculus (MOUSE15977),
P. vampyrus (PTEVA09829), G. gallus (CHICK14394), P. sinensis
(PELSI09146), Anolis carolinensis (ANOCA02431), X. tropicalis
(XENTR04291), Latimeria chalumnae (LATCHO07960), and D. rerio
(DANRE21150). Sequences were aligned using MAFFT (http://mafft.
cbrc.jp/alignment/software/) and visualized using Boxshade (http://
www.ch.embnet.org/software/BOX_form.html).

2.2 | Energy calculations to identify residues that
contribute directly to protein-protein interactions

We followed the methodology described previously®224~4° to analyze
the per-residue contributions of Ang2 and Tie2 residues to intermole-
cular interactions in the complex (Supporting Information Figure S1).
The finite difference Poisson-Boltzmann (FDPB) method*' was used
to calculate the net electrostatic and polar contributions (AAGgjec) of
each residue that is within 15 A of the dimer interface. Residues that
contributed substantially to the interaction were defined as those
contributing AAGgjec 2 1 kcal/mol to the interactions (twice the maxi-
mal numerical error of the electrostatic calculations).>”*?> Nonpolar
energy contributions (AAG,,,) were calculated as a surface-area pro-
portional term, by multiplying the per-residue surface area buried
upon complex formation, calculated using surfv,*® by a surface tension
constant of 0.05 kcal/mol/A2.#2 Residues that contributed substan-
tially to binding were defined as those contributing AAG,;, 2 0.5 kcal/
mol to the interactions (namely, bury more than 10 A? of each protein

surface upon complex formation). FoldX calculations were performed
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using the AlaScan function as follows: with the Ang2-BD-Tie2 com-
plex, to identify Ang2 residues that contribute directly to interactions
with Tie2, and with the Ang2-BD monomer, to identify residues that
upon mutation can destabilize the monomer and thereby affect inter-
actions with Tie2 indirectly.** Following Tokuriki et al., residues with
AAG value >0 were predicted to impair interactions.*’

2.3 | Burial-based classification of residues

To classify residues that can affect the tertiary structure of a protein,
we measured the accessible surface area (ASA) of each residue using
surfv.*> We then calculated the relative accessible surface area (rASA)
for each residue by dividing its ASA value by the maximal empirical
ASA for each residue. The latter was taken from the empirical values
calculated for each amino acid from a large dataset of structures
culled from the PDB by Tien et al.*® who followed the approaches
laid out by Rose et al.*” and Miller et al.*® Buried surface area (BSA)
was calculated by subtracting the ASA of each residue from the maxi-
mal empirical ASA value for that residue (see above). We classified a
residue as “core” if it had a rASA <5% or BSA = 200 A2 The latter
term was found to be applicable only to the following large residues:
arginines, lysines, phenylalanines, tyrosines, and tryptophans. We
classified a residue as “buried” if it had 5% > rASA <15%.

2.4 | YSD and Ang2-Tie2 binding measurements

YSD library construction and affinity measurements were performed
similarly to previous works (Supporting Information Figure $2).52:33:3¢
The Ang2 wild-type binding domain gene (Ang2-BDy) was intro-
duced into Saccharomyces cerevisiae EBY100 yeast strain (generously
provided by Amir Aharoni, Ben-Gurion University of the Negev, Israel)
using the YSD pCTCON20 vector (generously provided by the Wittrup
laboratory, MIT). The Ang2-BDw protein (positions 281-496) was thus
displayed on the yeast cell surface conjugated to a c-Myc tag by a linker
(LPDKPLAFQDPS) at the C-terminus and to an HA tag at the N-terminus
(Supporting Information Figure S2). To verify expression and correct
folding of the YSD Ang2-BDw construct, we incubated yeast cells
expressing Ang2-BDyt with the soluble Tie2 receptor (positions
23-745) conjugated to an Fc domain (50 nM), monitoring protein
expression and protein binding with FACS using fluorescent labeling
with an anti-c-Myc antibody and an anti-Fc antibody, respectively.
For random mutagenesis, Ang2-BD,,; was cloned into the
pCTCON20 backbone plasmid (linearized by the Nhel and BamHI restric-
tion enzymes) by homologous recombination via electroporation into the
EBY100 yeast strain using the Gene Pulser Transfection Apparatus
(Bio-Rad, CA\). Prior to homologous recombination, Ang2-BD,,: was elon-
gated using primers with a pCTCON20 plasmid homology sequence,
Nhel, and BamHI restriction sites, and a linker (TTGCCAGATAA
ACCATTGGCTTTCCAAGATCCATCT) located between the 3’ end of
Ang2-BD,,; gene and the 5’ end of an c-Myc tag (Supporting Information
Figure S2). The Ang2 random mutagenesis variant library was constructed
by PCR with the GeneMorph Il random mutagenesis kit (Stratagene, CA),
according to the product protocol for a low mutation rate, using 750 ng
of Ang2-BDwt DNA as template, and amplified using Phusion HF DNA
polymerase (New England Biolabs, MA) to reach 5 pg of DNA. The
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resulting library was cloned into the pCT plasmid as described above and
grown on SD-CAA plates (0.54% disodium phosphate w/v, 0.856%
monosodium phosphate monohydrate w/v, 18.2% sorbitol, 1.5% agar, 2%
dextrose, 0.67% yeast nitrogen base w/v, 0.5% bacto-casamino acids
w/v), with serial dilution plating for library size determination, resulting in
6.1 x 10° individual clones. Library diversity was verified by sequencing
15 random colonies. The transformed Ang2-BD,,: and the Ang2-BD
library were incubated in SD-CAA medium at 30°C, with shaking at
300 rpm overnight until ODgoo of 10 (10° cells/ml) was reached and
stored at 4°C.

Designed Ang2-BD mutants were generated as above, except
that all the mutant gene sequences were generated by Hy Labora-
tories (Hylabs, Israel) based on the pCT-Ang2-BDwt plasmid
construct. YSD constructs were induced in galactose-containing
SG-CAA medium (2% galactose w/v, 0.67% yeast nitrogen base
w/v, 0.5% bacto casamino acids w/v, 1.47% sodium citrate w/v,
and 0.429% citric acid monohydrate w/v) at 30°C, with shaking at
300 rpm until ODggo of 5 was reached. The expressed YSD library
was fluorescently labeled as follows: about 1 x 10° cells from the
SG-CAA medium were washed with Tie2 binding buffer [10 mM
Hepes pH 7.0, 150 mM NaCl and 1% bovine serum albumin (BSA)
in phosphate buffered saline] and then incubated with recombinant
human Tie2-Fc chimera (R&D Systems MN) and an anti-c-Myc anti-
body (9E10, Abcam, MA) in Tie2 binding buffer for 1 hour at room
temperature. The cells were then washed with ice-cold Tie2 bind-
ing buffer and incubated with anti-mouse IgG-PE antibody (Sigma,
MO) and anti-human IgG (Fc specific) FITC antibody (Sigma) in Tie2
binding buffer at 4°C for 20 minutes in the dark. Cells were washed
again with ice-cold Tie2 binding buffer and resuspended in 400 pL
of Tie2 binding buffer for flow-cytometry analysis. To remove
Ang2-BD clones that contain a stop codon or deletions/insertions,
we performed a first sort in which we isolated Ang2-BD clones with
a high expression level, and these were used in the following
screening against soluble Tie2.

To measure Ang2 variant binding to Tie2 using FACS, the YSD
Ang2 library was labeled with a soluble fluorescently labeled Tie2.
To identify Ang2 variants with impaired affinity to Tie2, Tie2 con-
centrations were increased from 100 nM in the first screening cycle
to 500 nM in the second cycle. Ang2 YSD expression levels were
determined according to detection of c-Myc (Supporting Information
Figure S2). Low-affinity Ang2 variant sorting was performed using
geometrical sorting gates as shown in Supporting Information
Figure S3 to overcome avidity effects, using the FACS Aria Il
(BD Biosciences, CA) or SY3200 (Sony Biotechnology Inc, CA). Each
sorting step was analyzed by labeling Ang2 variants as in the screen-
ing step, using an Accuri Cé flow cytometer (BD Biosciences, CA)
and FlowJo software (Treestar, Inc., CA). To identify single-point
mutations that led to substantial Ang2 affinity reduction to Tie2, we
collected variants at substantially reduced affinity (Supporting Infor-
mation Figure S3). Binding measurements to Tie2 were performed as
follows: yeast cells were induced and labeled as described earlier
using 50 nM soluble Tie2 and an anti c-Myc antibody and fluorescently
labeled secondary antibodies and analyzed in three independent repeti-
tions as described earlier. The geometric mean of the affinity to Tie2 of

each variant was normalized to its own geometric mean of expression,
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and the results were normalized to Ang2-BDw/Tie2 binding results.
SD error was calculated based on three independent replications for

each sample.

3 | RESULTS

3.1 | Energy-based identification of Ang2 and Tie2
residues that contribute directly to Ang2-Tie2
interactions

To identify which individual residues are involved directly in Ang2-
Tie2 binding (ie, are substantial contributors to Ang2-Tie2 binding),
we analyzed the structure of Ang2-BD in complex with the Tie2
ligand-binding region using an energy-based approach. As the binding
of Ang2 to Tie2 is set exclusively by Ang2-BD, we used these terms
interchangeably here but performed analysis on Ang2-BD exclusively.
There are many residues in the vicinity of the Ang2-Tie2 interface that
can potentially contribute directly to Ang2-Tie2 interactions. For
example, 53 of the 183 residues in the Ang2-BD and 42 of the
188 residues in the Tie2 ligand-binding domain are within 10 A of the
Ang2-Tie2 interface. To pinpoint the subset of Ang2 residues that
actually contribute to interactions with Tie2 directly, we followed the
approach we developed in previous studies.>22¢%” We applied the
FDPB method*! to calculate the net electrostatic and polar contribu-
tions (AAGeec) Of each Ang2 and Tie2 residue that is within 15 A of
the binding partner. Note that our approach calculates the difference
between the interactions of a residue with its protein partner in rela-
tion to its interaction with the solvent (see section 2.2) and thereby
pinpoints only residues that are calculated to substantially contribute
to binding. Nonpolar/hydrophobic energy contributions (AAG,) were
calculated as a surface-area proportional term by multiplying the
per-residue surface area buried upon complex formation by a surface
tension constant of 0.05 kcal/mol/A2.3742 Following previous work,3%3¢
we defined residues that contribute significantly to interactions as those
contributing AAGgec = 1 kcal/mol to the interactions (twice the numeri-
cal error of the electrostatic calculations) or AAG,,, = 0.5 kcal/mol to the
interactions (namely, residues with more than 10 A? of protein surface
buried upon complex formation).

This analysis identified 15 Ang2 residues (6.5% of Ang2-BD) that
contribute significantly to Tie2 binding (Table 1, Figure 1A and Sup-
porting Information Figure S1). These residues are located in groups
of two or three amino-acids, interspaced along a 50 residue stretch
of Ang2. Only three of these residues were calculated to significantly
contribute electrostatically to Tie2 binding via their side-chains,
whereas the other 12 amino acids contribute only via nonpolar con-
tributions. On the other side of the interface, we identified 12 Tie2
residues (8% of the Tie2 binding domain) that contribute significantly
to Ang2-Tie2 interactions (Table 2). Nine of these contributing
amino-acids originate from two adjacent groups of Tie2 residues,
whereas the other three residues are interspaced further along the
Tie2 molecule (Figure 1B). Two of these amino acids contribute elec-
trostatically via their side-chains, whereas the other 10 residues
make nonpolar contributions only. The residues that contribute elec-

trostatically are located in two separate locations on each side of the

TABLE1 Per-residue Ang2 energy contributions to direct
interactions with Tie2

Ang2 residue Energy contribution to interaction with Tie2

C433 np

1434 np

C435 np
M440 np

D448 np + elec
A449 np

C450 np

P452 np

N467 np

F469 np

K473 Elec
Y475 np

Y476 np

S480 np + elec
G481 np

Abbreviations: np: nonpolar; elec: side-chain electrostatic contribution.

interface (Figure 1C). Further inspection showed that Ang2-D448 and
Tie2-R167 form a salt bridge, whereas Ang2-K473 and Ang2-5480
form a hydrogen bond network with Tie2-S164 (Figure 1D).

3.2 | Experimental validation of Ang2 residues that
affect Tie2 binding directly by directed alanine
mutagenesis

We validated our predictions for residues that were calculated to
contribute directly to interactions with Tie2 using site-directed alanine
mutagenesis. We expressed Ang2 mutants using YSD and quantified
the interactions of these variants with the soluble Tie2 extracellular
domain using FACS (see Supporting Information Figure S2 and
Methods for details). Ang2 expression was monitored by the conju-
gated c-Myc tag, and binding of Ang2 mutants to Tie2 was measured
using soluble fluorescently labeled Tie2.

These experimental measurements show that, except for
N467, single mutations in Ang2 residues that were computationally
predicted to make direct electrostatic or nonpolar contributions to
Tie2 all reduced binding (Figure 2). Combining these mutations in
directly contributing residues into double and triple mutants reduced
the affinity further, to < 25% of the wild-type protein. In particular,
the F469A/Y475A/Y476A triple mutant, which was shown using
qualitative gel filtration analysis to impair Tie2 binding,*® reduced Tie2
binding by ~90%. Conversely, mutations in Ang2 residues in the vicin-
ity of the Ang2-Tie2 interface that were not predicted to contribute
to interactions with Tie2 directly did not show a dramatic change in
binding. Although we did observe a reduction in the affinity of the
K468A mutant, a double mutant with the K432A mutation showed no
reduction in affinity. However, it is possible that the K432A mutation
complements the K468A mutant, yet, the two residues are peripheral
and on opposite sides of the interface, suggesting the reduction in
affinity of the K468A mutant is not due to a specific direct effect on

interactions with Tie2. These results differ from the affinity reduction
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FIGURE1 Ang2 and Tie2 residues that contribute significantly to direct interactions across the Ang2-Tie2 interface. A, Residues in Ang2
(blue ribbon) that contribute significantly to interactions with Tie2 (wheat molecular surface), shown as sticks and colored green (nonpolar
contributions), red (side-chain electrostatic contribution), and magenta (nonpolar and side-chain electrostatic contributions). B, Residues in
Tie2 (wheat ribbon) that contribute significantly to interactions with Ang2 (blue molecular surface), shown as sticks and colored as in A,
rotated 180° about the x-axis relative to A. C, Ang2 and Tie2 residues that contribute significantly to Ang2-Tie2 interactions, shown as
spheres and colored as in A and B. Ang2 and Tie2 are shown in an “open book” view, with Ang2 rotated 135° about the y-axis relative to A
and Tie2 rotated 180° about the Y axis relative to Ang2. D, Ang2 and Tie2 residues that contribute to intermolecular interactions via

electrostatic contributions (marked with dashed lines)

observed using qualitative gel filtration analysis for the more intrusive
charge-reversal K468E/K473E double mutant.’® Taken together, the
site-specific alanine mutagenesis results show that the seven repre-
sentative residues tested here, which we predicted contribute
substantially to Tie2 binding, indeed play a role in this interaction.
However, the additive nature of the YSD results suggests that none

of these residues is absolutely necessary for measurable binding.

3.3 | Identification of Ang2 residues that affect Tie2
binding using random mutagenesis and YSD

To search in an unbiased way for individual substitutions that substan-
tially reduce Ang2 binding, we used YSD and randomly inserted point
mutations into Ang2 with error-prone PCR, aiming to incorporating on
average one mutation per variant, generating a random library with
6.1 x 10° individual clones. We monitored the expression of these
variants with the soluble Tie2 using FACS and quantified their interac-
tions with soluble Tie2 as above. To remove Ang2-BD clones that
contain a stop codon, deletions, or insertions we performed an initial
sort for Ang2 clones with a high expression level. These variants were
then screened against Tie2 to further select Ang2 variants with
reduced affinity to Tie2 (Supporting Information Figure S3). The

sorted library fraction (Supporting Information Figure S3C) was then
incubated with a higher Tie2 concentration (500 nM) to identify point
mutations in Ang2 that led to a substantial reduction in affinity in
comparison to Ang2-BD wild type. We randomly selected 100 single

TABLE 2 Per-residue Tie2 energy contributions to direct interactions
with Ang2

Tie2 residue Energy contribution to interaction with Ang2
K149 np

E150 np

E151 np

D152 np

F161 np

1162 np

H163 np

S164 np + elec
P166 np

R167 np + elec
1194 np

G195 np

Abbreviations: np: nonpolar; elec: side-chain electrostatic contribution.
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FIGURE 2 Mutations in Ang2 residues predicted to contribute substantially to interactions with Tie2 impair binding to Tie2 in an additive
manner. Binding signals of individual Ang2 mutants, expressed on the yeast surface, to 50 nM soluble Tie2, normalized to their expression level
and to the binding signal of Ang2-BD,,: (WT). Mutants were grouped according to the predicted structural role of the residues in their
interactions with Tie2: residues that contribute electrostatically (striped), residues that make nonpolar contributions (dots), adjacent non-
contributing residues (checkered). Each column value is a mean of triplicates + s.e.m.,n = 3

clones from this sorted library and sequenced them. This identified
12 different clones with a single amino acid mutation in Ang2-BD,
whereas the rest of the sequences had multiple mutations. This
frequency of single mutations converts into 73 200 single-nucleotide
substitutions in our whole library, accounting for more than 10-fold
the maximum theoretical diversity for single-nucleotide mutations in
the Ang2-BD gene (the theoretical maximum is 1953 possible substitut-
ing mutations for a gene that has 651 bp)3%4°C thus spanning the
entire sequence and residue substitution spaces for the Ang2-BD gene.
All of the single amino acid mutations originated from a single nucleo-
tide point mutation.

The 12 single-residue variants that substantially reduced Ang2-BD
affinity to Tie2 had mutations in 11 different positions: W339R,
N357S, S414L, S415N, N430S, D431N, T442l, A449V, N454D,
N454S, K478N, and T487I. To quantify the reduction in affinity caused
by each identified Ang2 mutation, we expressed each clone in the YSD
setup and measured its affinity in the same concentration of Tie2 used
above (50 nM) using FACS (Supporting Information Figure S3). As
expected from our selection protocol (Supporting Information
Figure S2), all of the point mutations we identified reduced affinity
to Tie2 substantially, by ~70%-90% (Figure 3). Interestingly, out of
the 11 positions substituted in these variants, only one Ang2 residue
(A449) was identified in our energy-based calculations as making a
direct (nonpolar) contribution to Tie2 interactions.

3.4 | Burial-based classification of Ang2 residues
that can potentially affect its tertiary structure and
thereby perturb interactions with Tie2 indirectly

We hypothesized that the Ang2 positions we identified above using
random mutagenesis that were not predicted to contribute directly to
Tie2 binding, affected binding indirectly. In particular, substitutions in

residues that make up the core of a protein and thereby determine its

tertiary structure can affect protein-protein interactions indirectly by
perturbing the protein's folding and 3D conformation.?12324%1 To
identify such potential residues in Ang2, we sought to pinpoint which
residues are either part of the protein's hydrophobic core or are bur-
ied enough so that a change in their physico-chemical properties will
likely affect Ang2 interactions with Tie2 indirectly. To determine the
burial of each Ang2 residue, we measured its ASA using surfv,*® and
then calculated the rASA for each residue by dividing the ASA value
by the maximal empirical ASA for each residue (Supporting Informa-
tion Figure S4A). Maximal empirical ASA values were taken from the
empirical values calculated from the PDB by Tien et al.,* following
the approaches of Rose et al.*” and Miller et al.*® We also calculated
the buried surface area (BSA) values for each residue, as the differ-
ence between the maximal empirical ASA value and the calculated
ASA for each residue (Supporting Information Figure S4B).

Instead of the more commonly used two-state classification of
residues as “buried” or “exposed,” following Rost and Sander.>? we
separated residues in the first category, which are substantially buried
in the protein core, into the more informative classifications of “core”
and “buried” residues. Accordingly, we classified all Ang2 residues into
a three-state classification for residue burial: “core,” “buried,” and
“exposed.” Using the stringent threshold chosen by Refs. 47 and 48,
residues with rASA <5% were classified as “core.” Residues with
5% < rASA <15% were classified as “buried,” and residues with rASA
>15% were classified as “exposed” (Supporting Information Figure S5).
However, we noticed that 12 of the largest Ang2 residues that were
substantially buried, and based on visual inspection were part of the
central protein core, had misleadingly high rASA values. All 12 of
these residues (arginines, a lysine, a phenylalanine, tyrosines, and tryp-
tophan) were large, yet had small ASA values and their BSA values
were all above 200A? (Supporting Information Figure S6). We there-
fore used the latter BSA value as an additional threshold to classify

these residues also as “core,” assuming such substantial burial can also
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FIGURE 3 Ang2 variants selected for substantially lower Tie2 affinity using YSD. Binding signals of individual Ang2 variants (identified as in
Supporting Information Figure S3) to 50 nM soluble Tie2 were normalized to their expression level and to the binding signal of Ang2-BD,,.

Binding values are mean + s.e.m.,n =3

lead to considerable effects on protein structure upon mutation.
Overall, 52 Ang2 residues were classified as “core” because they had
rASA <5%, whereas 12 Ang2 residues were classified as “core”
because they had BSA > 200 A2 We note that some previous studies
used much higher thresholds (eg, rASA <25%) to separate core and
exposed residues,>>5354 put this would have led to over half of Ang2
being classified as core, reducing the utility of this classification. More
importantly, such a lenient threshold would have classified almost a
third of the directly contributing Ang2 residues as “core.” Therefore,
the more stringent thresholds we chose better separate residues that
can potentially contribute to interactions directly versus indirectly.

According to this burial-based analysis, out of the 183 amino
acids in Ang2, 64 residues were classified as “core” (Figure 4A), and
16 residues were classified as “buried” (Figure 4B). When combined
together, the “core” and “buried” residues of Ang2 form a visibly com-
pact part of the protein, which does not extend to the surface of
Ang2 (Figure 4C). The 103 remaining residues were classified as
“exposed” (Figure 4D). Our calculations therefore point to 80 core and
buried Ang2 residues as positions that can potentially affect binding
to Tie2 indirectly.

Indeed, most of the Ang2 residues we identified using random
mutagenesis as impairing binding to Tie2 (Figure 3) were classified by
our buried-based calculations as “core” or “buried” (Figure 5A). Five
Ang2 residues were classified by us as “core” residues (W339, N357,
5415, N454, and N487) and three Ang2 residues were classified as
“buried” (5414, D431, T442). Two Ang2 residues (N430, K478) were
not identified by either of computational approaches. However, a fur-
ther structural analysis explained why mutations in these residues
affected Tie2 binding. N430 is located in the middle of a calcium bind-
ing loop, which was shown to be important for the tertiary structure
of Ang2 and thereby to Tie2 binding.® Therefore, the N430S muta-
tion likely affected Tie2 binding indirectly by perturbing its tertiary
structure and supports the previous suggestion that this loop is impor-
tant for Tie2 binding. K478, on the other hand, is partially buried

(~160 A?) and adjacent to K473 and 5480, which are part of the elec-
trostatic and hydrogen bond network to Tie2 S164 (Figure 5B). There-
fore, the K478 N mutation likely impaired Tie2 binding indirectly by
perturbed this hydrogen bond network. Both of these mutations
exemplify a more intricate set of intramolecular interactions that nev-
ertheless affect Tie2 binding indirectly. Overall, YSD pinpointed which
variants actually impaired Ang2 affinity to Tie2, while our combined

calculations provided a mechanistic explanation for these effects.

3.5 | Ang2 residues that affect interactions with
Tie2 directly and indirectly are conserved across
diverse organisms

To gain further insight into the functional importance of Ang2 resi-
dues that play either a direct or an indirect role in interactions with
Tie2, we examined their conservation across representative organ-
isms. We aligned 17 orthologous Ang2 sequences representative of
all major vertebrate clades with MAFFT (see Methods) and saw that
the majority of the directly contributing residues were conserved
across all organisms (Supporting Information Figure S7). In particular,
all residues that contributed electrostatically to interactions with Tie2
were identical across the alignment. Only three directly contributing
positions (1434, M440, G481) showed some variability in fish. How-
ever, these residues contribute only nonpolar interactions, and the
substitutions were mostly to residues with very similar physicochemi-
cal properties (eg, 1434V and M440L). Importantly, all three of these
positions were at the periphery of the Ang2-Tie2 interface and there-
fore presumably more tolerant to substitutions that will not affect the
interface. Furthermore, almost all of the Ang2 residues we classified
as “core” and most of the residues we classified as “buried” were also
conserved across all Ang2 homologs. The few “core” or “buried” posi-
tions that showed some variability had very similar physicochemical

properties as well.
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FIGURE4 Ang2 positions that are classified as “core”, “buried”, and “exposed”. A, The 64 Ang2 “core” residues (rASA < 5% or BSA = 200 A?)
shown as red spheres. Ang2 is shown in blue tube representation, with transparent light gray molecular surface. B, The 16 “buried” Ang2 residues
(5% < rASA < 15%) shown as orange spheres, as in A. C, The 80 “core” and “buried” Ang2 residues shown together as in A and B. D, The

103 “exposed” Ang2 residues (rASA > 15%), shown as light cyan spheres, with the Ang2 core and buried residues shown as in C [Color figure can

be viewed at wileyonlinelibrary.com]

A comparison of representative Tie2 orthologs showed a simi-
larly high conservation (Supporting Information Figure S8). The two
Tie2 residues that make both nonpolar and side-chain electrostatic
contributions were conserved across all organisms. Almost all of the
residues that make nonpolar contributions were conserved across all
mammals and showed only limited variability in other organisms.
Taken together, these results show that the residues we identified as
important for Ang2-Tie2 interactions are all highly conserved across
diverse vertebrates. This, in turn, suggests that the Ang2-Tie2 inter-

face is highly conserved across diverse species.

3.6 | Comparison to predictions with alternative
computational approaches

We compared our approach to other computational methods that can
be used to predict residues that affect protein-protein interactions.
We selected FoldX as a representative knowledge-based method to
predict which Ang2-BD residue might affect Tie2 binding. We used
the AlaScan function in FoldX (see Methods) to predict both residues

that can affect intermolecular binding to Tie2 (direct contributions)

and residues that can destabilize the Ang2-BD monomer (ie, affect
interactions with Tie2 indirectly). Using a threshold of AAG > 0,%° the
first analysis predicted that out of 181 Ang2-BD residues, 132 resi-
dues (72%) have AAG values above this threshold and therefore might
perturb Tie2 binding by destabilizing intermolecular interactions in the
Ang2-Tie2 complex (Supporting Information Figure S9A). Five of
these residues were indeed shown by our directed mutagenesis
(Figure 2) to impair binding to Tie2 (5480, D448, F469, Y475, Y476)—
these residues were therefore predicted as direct contributors by both
our energy-based calculations and by FoldX. N467 was predicted by
both our calculations and FoldX to contribute to interactions, but ala-
nine mutagenesis of this residue did not affect binding to Tie2. We
note that the AAG values that were predicted by FoldX for these
experimentally-validated residues were small (usually <1 kcal/mol), so
raising the threshold for significance (eg, to 1 kcal/mol, as in the Sup-
porting Information Figure S1) would have led to most of these
Tie2-interacting residues not to be predicted as such by FoldX, but
dozens of other Ang2-BD residues with higher AAG values would
have remained as false-positives (Supporting Information Figures S9

cf. 51). Using an even more stringent threshold, such as the AAG > 3
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Predicted structural basis for Tie2 binding impairment by random Ang2 mutagenesis. A, The predicted structural classification of the

Ang2 residues identified by random mutagenesis (Figure 3), shown as spheres. A directly contributing residue (green), five core residues (red),
three buried residues (orange), and two “exposed” residues (light-cyan). Ang2 is shown in blue tube representation with transparent gray
molecular surface. B, K478 is partially buried and is adjacent to the hydrogen bond network of Ang2-K473 and Ang2-S480 with Tie2-S164
(shown in sticks, as in Figure 1D) [Color figure can be viewed at wileyonlinelibrary.com]

threshold used in Ref. 51 for highly destablizing mutations, would
have resulted in all Ang2 interface residues and the residues validated
experimentally becoming false-negatives. Of particular interest is
residue K473, which was predicted by our calculations to contrib-
ute electrostatically to interactions with Tie2 (Table 1); the directed
mutagenesis of this Ang2-BD residue indeed reduced affinity to
Tie2 (Figure 2). Contrastingly, FoldX predicted the K473A mutation
will stabilize the Ang2-Tie2 complex. Interestingly, K473 was the
only Ang2 residue predicted by our energy-based calculations to
contribute favorably to interactions with Tie2 only via long-range
electrostatic interactions, with no direct contributions via nonpolar
interactions.

Analysis of FoldX predictions for the Ang2-BD monomer
showed that a similar majority of Ang2-BD residues (133 of 181 res-
idues, 74%) were predicted to destabilize the monomer (Supporting
Information Figure S9B). Surprisingly, 6 of the 11 positions identi-
fied by our random mutagenesis to impair Tie2 binding were
predicted by FoldX to stabilize the monomer, despite the fact that
three of these were classified by our burial-based approach as core
and two more were classified as buried. Overall, only 4 of the
11 Ang2 positions identified by our random mutagenesis as impair-
ing Tie2 binding were predicted by FoldX to destabilize Ang2 or its
complex with Tie2.

We also compared our approach to ISIS, a sequence-based
method that predicts protein-protein interaction sites from local
sequence information.>>>® This method predicted that 26 of the
181 Ang2-BD residues contribute to protein-protein interactions
(Supporting Information Table S1). Most of these residues are not
in the vicinity of the Ang2-Tie2 interface. Only four of the positions
predicted by ISIS were also classified by our energy-based analysis to
contribute directly to interactions with Tie2 (M440, N467, F469, and
Y476). Of these, alanine mutations in N467 did not impair affinity,
whereas alanine mutations in F469 and Y476 did impair affinity
(Figure 2). As expected, most of the residues predicted by ISIS were

exposed, and only 4 of these 26 predicted residues were classified as

“core.” However, none of these predicted residues were identified by
our random mutagenesis screen.

3.7 | Application of structure-based predictions to
the RTK ligands SCF and M-CSF

For a wider biological and methodological perspective, we applied our
approach to two more RTK ligands that belong to a different subfam-
ily and were mutated in previous studies.>>%% We used the two
computational approaches detailed above on the structures of SCF
with the c-Kit receptor, and of M-CSF with the c-FMS receptor and
compared these computational predictions to previous random muta-
genesis and YSD experimental results (Figure 6).

In SCF, there are 74 residues (out of 139) that are within 10 A of
the c-Kit receptor. Our calculations show that 29 SCF residues con-
tribute directly to the interactions with c-Kit (Figure 6A). In total,
49 positions out of 139 SCF residues were classified as potentially
affecting SCF interactions indirectly—35 were classified as “core”
(25%), while 14 SCF residues (10%) were classified as “buried”
(Figure 6C). Indeed, random mutagenesis and YSD identified 26 SCF
variants with impaired binding to c-Kit, with almost all of these posi-
tions explained by our calculations: seven were in residues calculated
to contribute to interactions with c-Kit directly (T9M, N10Y, N11K,
K13T, S53L, D85N, E88K), nine were in residues classified as “core”
(W44R, M48K, L56S, S71R, 176S, 182F, V83D, F115L, F119S), while
three were in residues classified as “buried” (S551, N72D, 1123N).
Seven variants that impaired binding to c-Kit were not in these pre-
dicted categories: A20T, N21K, D25E, Y26H, K62I, T111l, and E114K.
However, the first five residues contribute directly to interaction
across the SCF-SCF dimer interface via nonpolar contributions (A20,
N21) and via electrostatic contributions (D25, Y26, K62). As perturba-
tions of the ligand dimer interface were shown to reduce binding to
c-Kit, this explains how these mutations affect ligand-receptor bind-
ing.3? Therefore, YSD identified variants that affect binding through
either interface, while the computational predictions enable to classify

the source for the binding impairment in a transparent fashion. Only
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FIGURE 6 SCF and M-CSF residues that can affect interactions with their cognate receptors. A, SCF residues that contribute significantly to
interactions with c-kit, shown as spheres and colored green (nonpolar contributions), red (side-chain electrostatic contribution) and magenta
(nonpolar and side-chain electrostatic contributions). B, M-CSF residues that contribute significantly to interactions with c-FMS, shown as
spheres and colored green (nonpolar contributions), blue (nonpolar and main-chain electrostatic contribution) and magenta (nonpolar and side-
chain electrostatic contributions). C, The 35 SCF “core” residues, shown as red spheres, and 16 “buried” residues, shown as orange spheres. SCF
is shown as a cyan ribbon with transparent molecular surface. D, The 40 M-CSF “core” residues and 11 “buried” residues, shown as in C [Color

figure can be viewed at wileyonlinelibrary.com]

two positions identified by the random mutagenesis and YSD screen-
ing were not explicitly explained by our computational approach:
T111 and E114. These two residues form an intramolecular hydrogen
bond, and are packed against D25 and Y26, and presumably breaking
this hydrogen bond affects SCF-SCF dimer formation and thereby
indirectly impair binding to c-Kit. Including our predictions for residues
that contribute directly to ligand dimerization, our computational
approach provided a clear mechanistic explanation for binding impair-
ment in 24 of the 26 SCF positions identified by the experimental
screening.

In M-CSF, 64 of 144 M-CSF residues are within 10 A of the cog-
nate partner. We identified 19 M-CSF residues as direct contributors
to c-FMS binding (Figure 6B), 40 M-CSF residues (28%) were classi-
fied as “core” and 11 residues (8%) were classified as “buried”
(Figure 6D). On the other hand, YSD identified 40 variants in 33 posi-
tions that impaired M-CSF binding to c-FMS. About 13 variants were
in 11 M-CSF positions that contributed directly to interactions with
c-FMS (H9R, M10V, S13P, H15L, Q58R, D59G, V78A, Q79R, Q81R,
E82G/A/K, L85S), 16 variants were in 13 positions classified as “core”
(L19S, L22S, F35S/L, F37L, L43S, K52E, S84P, L87F, C90R, L114S,
L128S, F135S, C139/Y/S), while two were classified as “buried”
(D39G, C146S). Ten variants in seven positions, which impaired
binding to c-FMS, were not in these predicted categories: S25P,
Q26L/K/R, M27T, E28G/K, D45A, P72T, and 175T. Yet, similar to
SCF, the first four of these M-CSF residues contribute directly to
interaction across the M-CSF-M-CSF dimer interface via nonpolar
contributions (E28) and via electrostatic contributions (525, Q26,

M27). Only three substitutions identified by the experimental screen
were not explicitly explained by our calculations, but their effect can
be explained by further structure analysis. D45 forms an intramolec-
ular salt bridge within M-CSF. P72 is close to the dimer interface and
presumably a mutation from a proline to a threonine will perturb its
local tertiary structure, while 175 packs against P72, and a mutation
in this residue might therefore also perturb the M-CSF dimer in a
similar manner. Overall, our computational approach provided clear
mechanistic explanations for 30 of the 33 M-CSF positions identified
by the experimental screening. Therefore, our combined approach can
both identify affinity-impairing variants and provide a rapid and accu-
rate classification for this impairment.

4 | DISCUSSION

We combined two separate physics-based calculations with random
and site-directed mutagenesis and YSD to identify which Ang2 resi-
dues can affect interactions with Tie2 and classify whether these
substitutions impaired binding directly or indirectly. Thereby, we dif-
ferentiated between Ang2 residues that contribute to intermolecular
ligand-receptor interactions and those that can affect the protein's
tertiary structure. Our analysis showed that the Ang2-Tie2 interface
is dominated by nonpolar contributions, with only three Ang2 and
two Tie2 residues that contribute electrostatically to intermolecular
interactions. Previous visual inspection of the Ang2-Tie2 complex
had suggested that additional polar or charged Ang2 residues might
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contribute to interactions with Tie2, such as K432, K468, and
S417.Y7 However, our calculations predicted these residues do not
contribute significantly, and indeed our site-directed alanine muta-
genesis supports these predictions. Furthermore, the participation of
Ang2 residues in binding Tie2 was previously tested using intrusive

charge-reversal mutations,®

which make it difficult to gauge the
mechanistic role and importance of Ang2 residues in binding Tie2.
By mutating individual contributing Ang2 residues to alanines, we
showed that each residue contributes to Tie2 binding only moder-
ately. Therefore, engineering of this interface will likely require a
combination of double or triple mutations to reach substantial
effects.

A distinct advantage of our combined approach to study this
protein complex is highlighted by the fact that mutagenesis of
the classified core or buried Ang2 residues had a more dramatic
effect on binding Tie2 than mutations in interface residues. These
results support a widely held hypothesis—that a moderate loss of
stability is frequently associated with loss of function, which can
also lead to genetic-based diseases.?” It is therefore noteworthy
that, in this particular case, using only a high-throughput random
mutagenesis experimental approach could have missed the bulk of
the interfacial Ang2 residues that contribute to Tie2 binding
directly. Future high-throughput experimental studies can over-
come this potential pitfall by either performing a presort with a
conformational/structural antibody or by using additional sorting
gates to select variants that have different levels of affinity
reduction.

Interestingly, mutations in 23 of the Ang2 residues that we pre-
dicted can affect binding were found in human tumors (Supporting
Information Table S2); 21 of these positions were in core or buried
positions. The number of relevant samples is insufficient for statisti-
cally significant statements about the role of these mutations in
tumorigenesis. Nevertheless, these results and the prevalence of
mutations in indirectly-contributing Ang2 residues suggest that the
role of mutations in core or buried Ang2 residues in cancer should
be investigated in future studies.

For a wider perspective, we applied our computational analysis
to the SCF-c-Kit and M-CSF-c-FMS complexes and compared them
to previous random mutagenesis and YSD screening.323¢ Our com-
parison shows that our combined approach rapidly classified which
RTK ligand residues contribute to receptor binding directly and
which residues are sufficiently buried in the protein core to affect
binding indirectly upon mutagenesis. This analysis also highlights
that for RTK ligands that require dimerization for receptor activa-
tion, prediction of ligand residues that contribute directly to dimer
formation is necessary for an accurate and comprehensive classifi-
cation. Furthermore, the N430S variant of Ang2, which presumably
affected Ang2 tertiary structure via perturbation of a metal binding
site, shows that incorporating additional orthogonal computational
approaches that predict such structural motifs (eg, Ref. 44), will
further increase the coverage (reduce the false negatives) of
combined prediction schemes.

From a more methodological point of view, our combined
approach provides a rapid, accurate, and comprehensive way to

interrogate the binding of protein ligands to their RTK receptors.

Compared to a widely used knowledge-based method such as
FOLD-X,2%>” our approach provided more accurate predictions
with fewer false-negatives and false-positives, while also adding
information on the type of energy contributions, which can be used
to better engineer this interface. A comparison to the sequence-
based approach ISIS showed that most of the residues predicted by
ISIS were far away from the interface with Tie2, while only very
few of the residues actually involved in Tie2 binding were predicted
by this method. Given that this is a sequence-based approach, this
comparison highlights the advantages of using structure-based
analysis when a structure of the complex is available. Alternatively,
the simplicity and transparency of our physics-based computational
classifications enable a more straight-forward integration with
high-throughput screening methods such as YSD-using visual
inspection of the complex structures. Obviously, burial-based pre-
dictions are not sufficient to predict which substitutions actually
affect ligand-receptor binding indirectly; this limitation is addressed
by the combination with high-throughput experimental screening.
Compared to an exclusive use of high-throughput experimental
methods, our computational approach provides a useful postscre-
ening step that can reduce laborious and time-consuming work,
while also providing a mechanistic and transparent explanation for
the variants that are identified experimentally.

In summary, our validated residue-level map enables precise
re-engineering of Ang2 to prevent binding to Tie2 towards poten-
tial therapeutics. Our study also provides a proof-of-concept for
combining continuum-electrostatic and burial-based approaches
with high-throughput mutagenesis and YSD by interrogating the
residue-level determinants of Ang2 binding to Tie2. The analysis of
the Ang2-Tie2, c-Kit-SCF and M-CSF-c-FMS complexes suggests
that combining these physics-based computational methods
with orthogonal computational predictions (such as sequence or
structure knowledge-based methods) can better interrogate protein-
protein interactions of additional RTKs and their ligands at the indi-
vidual residue level.
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