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Among the 15 extracellular domains of the mannose 6-phosphate/
insulin-like growth factor-2 receptor (M6P/IGF2R), domain 11 has
evolved a binding site for IGF2 to negatively regulate ligand bio-
availability and mammalian growth. Despite the highly evolved
structural loops of the IGF2:domain 11 binding site, affinity-enhancing
AB loop mutations suggest that binding is modifiable. Here we ex-
amine the extent to which IGF2:domain 11 affinity, and its specificity
over IGF1, can be enhanced, and we examine the structural basis of
the mechanistic and functional consequences. Domain 11 binding
loop mutants were selected by yeast surface display combined with
high-resolution structure-based predictions, and validated by surface
plasmon resonance. We discovered previously unidentified mutations
in the ligand-interacting surface binding loops (AB, CD, FG, and HI).
Five combined mutations increased rigidity of the AB loop, as con-
firmed by NMR. When added to three independently identified CD
and FG loop mutations that reduced the ks value by twofold, these
mutations resulted in an overall selective 100-fold improvement in
affinity. The structural basis of the evolved affinity was improved
shape complementarity established by interloop (AB-CD) and intra-
loop (FG-FG) side chain interactions. The high affinity of the combi-
natorial domain 11 Fc fusion proteins functioned as ligand-soluble
antagonists or traps that depleted pathological IGF2 isoforms from
serum and abrogated IGF2-dependent signaling in vivo. An evolved
and reengineered high-specificity M6P/IGF2R domain 11 binding site
for IGF2 may improve therapeutic targeting of the frequent IGF2 gain
of function observed in human cancer.

growth factor receptor | protein evolution | insulin-like growth factor 2 |
binding kinetics | biological therapy

he functional evolution of proteins is largely considered to oc-

cur by chance, frequently because of unpredictable and specific
events that confer a structure-based change in function sufficient
for subsequent selection or “gain of fitness” (1). One such evolu-
tionary biochemical example is the initial acquisition and sub-
sequent gain of affinity between the insulin-like growth factor 2
(IGF2) ligand and a single domain of a nonsignaling mannose
6-phosphate (M6P)/IGF2 receptor (IGF2R) (domain 11). The
structural and functional basis of this evolutionary path, which has
occurred over 150 million years of mammalian evolution, has been
reported previously (2). The questions that we address in the pre-
sent work are whether the IGF2:domain 11 interaction has reached
an optimal state in the context of IGF2 activation of signaling re-
ceptors and in the ligand clearance function of M6P/IGF2R, and
how far can we extend the binding interaction in terms of structural,
biophysical, and functional properties.

Functionally, and unlike products of other mammalian imprinted
genes, domain 11 is unusual because it specifically evolved to bind to
an evolutionary conserved IGF2 ligand with high affinity (3-5). After
binding, clearance of extracellular IGF2 occurs by receptor
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internalization followed by IGF2 degradation in the lysosomal
compartment (3). This mechanism supports the parental con-
flict theory of imprinting (6), because loss of M6P/IGF2R
function results in IGF2 ligand oversupply and embryonic and
placental overgrowth (7-10). Moreover, IGF2:domain 11 binding
underpins M6P/IGF2R function as a tumor suppressor, and is
the basis for the application of domain 11 as a soluble IGF2 li-
gand antagonist (11-14). The relative affinity of IGF2 for the
signaling receptors IGF1R and isoform A of insulin receptor
(IR-A) is slightly lower (2-20 nM) (15) than the affinity for full-
length M6P/IGF2R (1-2 nM) (16).

IGF-binding proteins (IGFBPs) 1-6 can achieve higher affinity
(between 0.01 and 20 nM), but bind IGF1 and IGF2 and are pro-
teolytically labile (17, 18). Thus, IGF2 affinity for domain 11 may
have reached an optimum that balances both in vivo cellular func-
tion (i.e., IGF2 must dissociate in late endosomes) and selectivity for
IGF2 over IGF1. Excess IGF2, as occurs in during embryonic
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development and in tumors, appears to overwhelm the normal
clearance function of M6P/IGF2R, to promote growth via IGF1R/
IR-A signaling receptor activation. In this instance, alternative
mechanisms may limit free IGF2, including increased supply of
IGFBPs and release of soluble MO6P/IGF2R that may trap the free
ligand (13, 19). Full exploitation of selective IGF2 targeting in a
wide range of cancers, using either antibodies or soluble receptors,
remains an unmet need because of the lack of stable, high-affinity,
and high-specificity therapeutic agents (20).

The IGF2-binding site of domain 11 in humans consists of a
hydrophobic pocket centered on the CD loop, surrounded by polar
and charged residues in the AB, FG, and HI loops that complement
surface charge on IGF2 (Fig. 14) (2). The exception to this rule is
an otherwise unfavorable charge—charge interaction between E1544
on the AB loop and D23 on IGF2 (4, 21, 22). Domain 13 indirectly
interacts with the AB loop of domain 11, breaking this interaction in
the multiple-domain receptor, and contributes to the stability of the
complex by decreasing the “off-rate” (ko) of the IGF2 interaction
(21). Mutations in the AB loop replace the effect of domain 13,
increase the affinity for IGF2 (2, 22), and facilitate subsequent de-
termination of a solution structure of the 24.2-kDa complex of IGF2
with domain 11”3 that incorporated three mutations of the AB
loop (also known as AB3 or E1544K, K1545S, and L1547V; K, =
15 nM) (2). The structural basis of the IGF2:domain 11%% in-
teraction occurs with a relatively fixed conformation of the CD loop
on complex formation. The AB loop moves to accommodate IGF2
helix 1, which bears the critical recognition residues T16 and F19
(Fig. 1 4 and B), and the FG loop repositions between helices 2 and
3 of IGF2 to accommodate the burial of a third important IGF2
residue, L53 (16, 21). The final complex forms a series of comple-
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Fig. 1.

mentary hydrophobic surfaces and supports a range of H-bonding
and salt-bridging interactions (2).

Although the IGF1 ligand is highly homologous to IGF2, par-
ticularly those residues involved with binding IGFBPs and signaling
receptors, T16 of IGF2 confers specificity over IGF1 (where it is
replaced by an alanine) for domain 11, most likely through packing
interactions that precisely define the spacing of F19 and L53 (2).
NMR structures of domain 11 from opossum, echidna, zebrafish,
and chicken all share similar p-barrel topology, yet IGF2 does not
bind to domain 11 in birds and fish. Binding coevolved with
mammalian evolution, as primitive mammals (monotremes) bind
IGF2 with 10-fold lower affinity compared with human domain
11%T (Kp = 250-400 nM vs. 40-60 nM) (2, 23-25). Thus, acqui-
sition of the IGF2:CD loop hydrophobic interaction appears to be
the main structural change during initial binding evolution, a
chance event attributed to acquisition of an exon splicing enhancer
that altered the amino acid coding of the CD loop (2). As mam-
malian domain 11 evolved, the surface surrounding the IGF2-
binding region provided by AB, FG, and HI loops displayed a loss
of charged residues and increased volume and hydrophobicity,
combined with the correct shape complementarity (2).

To address the extent to which human IGF2:domain 11 affinity
can further evolve, we evaluated a multistep approach to forward
evolution. We developed in vitro-directed evolution with yeast cell
surface display, combined with structural-directed mutagenesis and
surface plasmon resonance (SPR) affinity selection. The directed
evolution of proteins to generate adaptive and positive selected
functions is a powerful strategy but is known to be dependent on a
number of essential factors, including the design and selectivity of
the screening strategy, the epistatic effects of permissive existing and
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Sequence and structure of the IGF2 binding site of domain 11 and in vitro forward evolution. (A, Left) Ribbon representation of the solution structure

of the complex between domain 11452 (gray) and IGF2 (pink). Surface representations are shown for the AB (blue), CD (green), FG (yellow), and HI (dark pink)

loops. (A, Right) Close-up of the IGF2-binding site and interacting loops of domain 1

1283 and the main three-pronged interaction involving T16, F19, and L53

of IGF2. (B) Sequence of domain 11 secondary structure and binding loops. Mutations of domain 11" and their effects on affinity for IGF2 are shown below
the sequences. (C) Strategy for forward evolution. Mutant library generated by combining random mutagenesis in P. pastoris yeast surface display with flow
cytometry screen (green) after validation of biotin-IGF2 binding to Flag tag domain 11 protein on the yeast surface. Mutant clones are selected using a high-
throughput SPR screen and, with NMR informed site-directed mutagenesis (purple), further validated (yellow) for IGF2 sensitivity and specificity using high-

sensitivity SPR of purified recombinant protein.
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coexisting mutations on protein stability, and the practical limita-
tions of generating comprehensive library diversity in bacteria (26—
28). We identified previously unidentified and independent gain-of-
binding function mutations of all of the binding loops of domain 11,
but with retained binding specificity for IGF2. By also introducing
structural informed mutations to those selected in the first round of
directed evolution of ligand-interacting residues, we iteratively
combined individually identified loop mutants to generate domain
11 variants with even higher additive affinities, slower dissociation
rates, and improved thermodynamic properties. These previously
unidentified high-affinity mutant combinations generate novel
structural mechanisms of ligand-receptor binding site interactions,
and are the basis of specific soluble ligand traps for IGF2 that
antagonize IGF2 function in vivo.

Results

Domain 11 Yeast Surface Display and Selection of High-Affinity AB
Loop Mutants. For the directed evolution screen, we combined do-
main 11 SPR binding kinetics (22) with an Aga1 yeast surface display
system in Pichia pastoris (29). Mutants of an N-terminal Flag domain
11 were expressed, and cell surface expression was quantified with an
anti-Flag antibody and an Alexa Fluor 488-labeled secondary anti-
body (Fig. 1C). After binding of biotinylated human mature IGF2'~%
to live yeast exp essing domain 11 controls, affinity for domain 11%7,
domain 11°®, and a nonbinding mutant domain 111572A were
quantified with Alexa Fluor 647-labeled streptavidin (Fig. 1C, Upper
Right). In the first round of selection, yeasts expressing mutant do-
main 11s were flow-sorted on binding to a low concentration of
IGF2%7 (5 nM). Gates were based on the binding to domain 11%"
and domain 117" (nonbinding mutant), and thresholds were
based on domain 11%°** or domain 11*"? (higher IGF2'~%7 affinity;
Fig. 1C) (22). After culture of sorted clones, mutants were subcloned
into a soluble protein expression vector. Then transfected cells were
plated, and single clones were screened in a 96-well format using a
Biacore 3000 analyzer (GE Healthcare) with ko (v = yo-e ™)
determination (Fig. 1C).

Yeasts expressing soluble mutant hiss domain 11s with slow Ko
were expanded and protein-purified, and SPR validation was per-
formed using the more sensitive Biacore T200 analyzer (GE
Healthcare). The screen was applied to mutagenesis of the AB loop
("*YSEKGL""), where the E1544K gain-of-function mutation
was incorporated (****YSKKGL'>*") (SI Appendix, Table S1). We
identified an AB loop with five mutations (domain 11°%) and with a
10-fold higher IGF2'-% affinity compared with domain 11%7" (K, =
5.07 nM vs. 46-64 nM; SI Appendix, Table S2), and no detectable
binding to IGF1. The five AB loop mutations (***YAKGWG"*") in
domain 11°P° generated a very different combination of amino acids
than those identified in domain 1145 (**YSKSGV'*"") (Fig. 24

In parallel, P. pastoris cultures of nonmutagenized domain 11
controls were screened for IGF2'%7 binding, and a surprising number
of clones were obtained with slow k. These selected clones arose as a
consequence of random mutation during bulk culture. No mutations
were selected in the B-barrel structure, but two spontaneous loop
mutants were identified that bound IGF2'%7 with high affinity (S7
Appendix, Table S3). The first of these was an FG loop mutant
(P1597H), with a fourfold reduction in kg associated with a 10-fold
improvement in affinity compared with domain 11°%* (K, = 1.23 nM
vs. 153 nM). The second mutant was in the hydrophobic CD loop
(Q1569R) with enhanced affinity (Kp = 2.30 nM). Although mutations
within domain 11 that altered IGF?2 affinity were expected, a mutant of
the CD loop was unexpected because of the importance of hydro-
phobicity and shape complementarity during evolution of the binding
site (2), and because Q1569A had little impact on IGF?2 affinity (22).

3

Structure of the Domain 118> Mutant Informs Selection of Non-AB
Loop Mutants. To determine how the newly identified AB loop
mutations in domain 11455 altered the IGF2-binding site, high-
resolution NMR structures of domain 118> were determined in
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Fig. 2. Comparison of domain 11T, domain 11°83, and domain 1148° high-
resolution structures. (A) Sequence comparison of the AB loop from domain
11T and mutants. (B) High-resolution NMR structural ensembles of the lowest
twenty energy models for free domain118° (dark blue; PDB ID code 2M6T)
and bound to IGF2 (light blue; PDB ID code 2M68). Structural statistics are
provided in in S/ Appendix, Table S4. (C) Key residues of the free forms (dark
gray) of domain 11483 (Left; PDB ID code 2L2A) and domain 11485 (dark blue;
Right) and corresponding IGF2- bound forms of domain 11”82 (light gray; PDB
ID code 2L29) and domain 1148° (light blue). In domain 11485 W1546 closes
into IGF2 F19 (pink, modeled from 2L29), whereas in domain 11783, G1546
(highlighted by red arrow) moves outward and indicates the large confor-
mational change of the AB loop on complexation. (D) Lipari-Szabo model-free
$? parameters showing flexible AB, BC, and CD loops for domain 117, shown
by S? values <0.7. These loop regions are more rigid in domain 1145, consis-
tent with NOE, Ry, and R, data (S/ Appendix, Figs. S1-54).

both the free and IGF2"*"-bound forms (Fig. 2B) (2, 30). Domain
11485 retained the characteristic domain 11 flattened p-barrel fold
(SI Appendix, Tables S4 and S5), which conserves the primary
IGF2"%-binding site (Fig. 24 and SI Appendix, Fig. S54) (2);
however, the AB loop adopted a significantly different structure in
domain 11485, The orientation of the side chain of W1546, which
substitutes for G1546, was not well defined in the ensemble of
structures, but appeared to reorient adjacent aromatic residues
Y1542 and F1567, displacing the AB loop away from the
IGF2-binding region. In the domain 11" structure, this portion of
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the AB loop was hinged around the small G1546 residue, and on
complex formation, the AB loop moved to accommodate IGF2:%7
(Fig. 2 C and D) (2). In the free form of domain 11, the AB loop
more closely resembled the bound form, and no equivalent rear-
rangement was necessary (Fig. 2 C and D).

Recording of *N-relaxation data for unbound domain 1
and domain 11 at two field strengths (600 and 900 MHz)
revealed an overall increased rigidity in the AB loop of domain
114% (Fig. 2D and SI Appendix, Figs. S1-S4). The binding of
IGF2'-% to domain 11°%° did draw the W1546 aromatic side
chain inward to the binding site, however. This side chain is well
defined in the ensemble of NMR structures and, along with ar-
omatic side chains Y1542 and F1567, interacts with the primary
binding epitope, F19, from IGF2'~%7 (2, 21). K1544 was observed
to form a salt bridge with D23 of IGF2 in the complex with
domain 11°®3 and most likely fulfilled a similar role here. The
K1545S mutation in domain 11" was replaced in domain 114"
by K1545G, resulting in a loss of hydrogen-bonding capability to
Q18 of IGF2'%" from the serine OH. Thus, among the five
mutations in the AB loop of domain 1153, our data implicate
the structural importance of the specific G1546W mutation for
the gain in affinity (Fig. 2 C and D).

The Robetta server (robetta.bakerlab.org/alascansubmit.jsp)
was used to perform interface alanine scanning mutagenesis on
the IGF2'":domain 11°®* complex to identify additional “hotspot”
loop residues important for complex formation. Mutations of these
residues in domain 11°%° and SPR affinity are shown in Fig. 34
and listed in SI Appendix, Table S2. Compared with the AB loop,
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the FG loop undergoes a pronounced structural change on com-
plexation in domain 11°%°, suggesting the potential for further
optimization of this sequence beyond P1597H. Mutations of FG
loop residues K1601R, S1602H, S1602N, and G1603K all exhibited
up to a twofold improvement in affinity (kof), suggesting that the
AB and FG loops can function in combination. Introduction of
structurally predicted site-directed mutations in the HI loop im-
proved affinity only slightly, although a number of single point
mutations could be introduced that appeared to slow the k¢ (e.g.,
Q1632A and K1631W) (Fig. 44 and SI Appendix, Table S4). Fi-
nally, introduction of W1546F into the AB loop reduced the k¢ by
twofold, yet retained a similar overall Kp, (4.35 nM) as a result of a
reduced k, value.

Directed Evolution of Domain 11 HI Loop Ligand Interacting Residues
Selects a Higher-Affinity Mutant. The affinity of IGF2 for domain
114P° was at least twofold higher than that of the highest-affinity
mutant detected previously. Because we had already discovered
single point mutations of the FG and CD loops that enhanced
domain 11*"° affinity, we systematically determined the potential
for the remaining interacting HI loop in domain 114" to specifically
stabilize the IGF2-binding interaction. We first introduced a library
of mutants for four ligand proximal residues of the HI loop
("*DKQT'*) into domain 11", so that we could discriminate clear
affinity gains compared with domain 11°%°, and screened >1 x 10°
fully representative clones representing every possible amino acid
combination (SI Appendix, Table S1). After flow sorting and
subcloning of 2.2 x 10° mutants into the soluble expression system,
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Fig. 3. Effects of single and combined mutations of the IGF2-binding site in human domain 11282 and domain 1148, (A) Heat map of IGF2 binding to single
loop point mutants on domain 1148% (Left) and domain 1128 (Right) backgrounds. (Upper) kos. (Lower) Kp. The scale is log, of the domain 117" "¢/domain
11™utant ratio, where domain 117¢feren<e is either domain 1148° or domain 11483, The reference value is shown in green, the increase in affinity (i.e., decrease in
Kp or kof) is shown in red, and the decrease in affinity (i.e., increase in Kp or kof) is shown in blue. (B) Effect of combinations of loop mutants on IGF2 k¢
compared with domain 11483, (C) Effect of combined loop mutants on IGF2-binding free energy (AG°) compared with domain 11483, AAG® is calculated as
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mutations are shown with a boxed solid line and dashed line, respectively. Raw data are provided in S/ Appendix, Tables S2, S5, and S6. (D) Thermodynamic
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>1,000 clones were screened by SPR (Fig. 1C and SI Appendix,
Table S3). Only one mutant among several false-positives was
identified (‘**"HFQS'**) as having a slower k¢ than domain 117,

Combinations of Domain 11 Loop Mutants Improves Affinity by 100-
Fold with Retained IGF2 Specificity. The first round of directed evo-
lution combined with structural predictions had evolved domain 11
with respect to higher IGF2'%" affinity in vitro with previously un-
identified and independent AB, CD, FG, and HI loop mutants.
Moreover, the specific mutations in the CD and FG loops on AB
loop background of either of domain 11°%3 or domain 11°%* mod-
ified the ko and overall affinity by at least twofold (Fig. 34 and SI
Appendix, Tables S2 and S3). We determined whether the individual
loop mutants identified by either the screens or by structural pre-
dictions could be combined to generate even higher binding affinity,
but with retained IGF2"% specificity. In particular, CD loop
(Q1596R*™™), FG loop (P1597H™" /K™ e, §1602H™ ",
G16O3Kstructure)’ and HI 100p (K1631wstructure, 1630mQSl633/saeen)
mutations were selected as candidates. Successive addition of the
majority of mutations resulted in additive at best, rather than syn-
ergistic, affinity effects, with improved binding kinetics on both do-
main 11" and domain 11*" backgrounds (Fig. 3 B and C and SI
Appendix, Table S6). The addition of the HI loop mutants K1631W
and '°HFQS'®* often failed to result in stable expressed protein.
The introduction of multiple mutations (up to 11) into domain 1145
also appeared less well tolerated in terms of protein yields than
similar mutations in domain 11 indicating potential AB loop-
dependent epistatic effects on protein folding and stability (SI Ap-
pendix, Table S6).

Thermodynamic parameters reflected the changes in affinity for
IGF2'"%7 between domain 11", AB loop mutants domain 11" and
domain 1145, double-loop mutants domain 114B>?15R (AB 4+ CD
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loops) and domain 11/4BSF1597H S1602H (AB + FG loops), and the tri-
ple-loop mutant domain 11ABQIS®R PISTH SIRH (AR, D 4 FG
loops, also referred to as domain 11485 QR PHSH 414 Jater abbrevi-
ated as domain 114B>RHH (22 31) (Fig, 3D and SI Appendix, Fig. S6).
The temperature dependence of the dissociation constant according to
the van't Hoff equation showed that the interaction of IGF2"% with
domain 11™" appeared to be enthalpically driven (AH <0), with a
relatively small and unfavorable entropic contribution (—7AS >0)
(Fig. 3D). Mutations in the AB loop appeared to have different
effects. Domain 11*"° retained a similar unfavorable thermody-
namic profile as domain 11", with an unfavorable entropic con-
tribution. The entropic contribution appeared to be more favorable
in domain 1143, as we had previously shown for the E1544K AB
loop mutant (22). The addition of mutations to domain 1153 via
CD or FG loops introduced more favorable changes in the entropic
contribution and kg, similar to domain 1148 (Fig. 3 D and ).
Further mutations in the CD and FG loops of domain 114"
introduced overall improvement in the free energy of binding
(AG®), with varied entropic and enthalpic compensation, con-
sistent with the affinity improvement of the triple-loop mutant
domain 11AB5-Q1569R P1597H S1602H (Flg 3 D and E)

Four higher-affinity and -specificity IGF2"%"-binding versions of
domain 11 were identified with at least a 100-fold higher affinity
compared with domain 11%" and 5- to 10-fold higher affinity com-
pared with the fulllength M6P/IGF2R. Within the domain 1145
background, domain 1]AB>QIS6R PLS7H S1602H (Kp = 065 nM,
pH 7.4; K, = 0.71 nM, pH 6.5) and domain 11485 QI56R PIS97H G1603K
(Kp = 0.87 nM, pH 7.4; Kp = 0.69 nM, pH 6.5) were identified, in-
dependent of pH between 6.5 and 7.4 (SI Appendix, Tables S6 and S7).
For the domain 11°®* background, domain 11/B>Q1569R P1597H S1602
(Kp = 0.74 oM, pH 7.4; Kp = 0.40 nM, pH 6.5) and domain
11AB3-QISOR PISOTH SIG02H GI603K (g (078 nM, pH 7.4;

CD loop FG loop
pevGAd FGQTRIS) vGKA pes PCPSKS 6Ls
PGVGAJ FGRTR IS vera pccsHCPSKHB cLs

=y 15659 1597 1602

H1597
cp 11572

K1544 L1629

Surfaces shown for Domain1

D ? IGF2-E6

FR  H1597

%H1602

(81602)

1AB§Q{HP{HSIH

Fig. 4. Comparison of domain 1148% and domain 11AB5-Q1569R P1597H $1602H high_resolution structures. (A) Sequence comparison of the AB, CD, and FG loop
from domain 114B>Q1569R P1597H S1602H 5 domain 1148°. (B) Superposition of free domain 11°8° (blue loops) and domain 11AB5Q1569R P1597H S1602H (45|q
loops) with residue surfaces shown for domain 1148° (Left) and domain 1148>Q1569R P1597H $1602H (pight) Hydrophobes within or surrounding the binding site
are shown in blue (domain 11°8%) or gold (domain 11AB>-Q1569R P1597H S1602Hy \yith underlying foundation residues in green (V1574, L1629, and L1636). The
mutation Q/R 1569, P/H 1597, and S/H 1602 surfaces are shaded in red. (C and D) Comparison of the AB and CD loop orientation (C) and the FG loop (D)
between the free form of domain 11AB5-Q1569R P1597H S1602H (4range) and domain1148® in the IGF2-bound form (light blue). The reorientation of W1546
required for domain 11AB5-Q1569R P1597H S1602H +4 5chjeve the same bound conformation is highlighted by the dashed arrow in C.
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Kp = 0.43 nM, pH 6.5) were selected because the affinity (i.e.,
slower k) was observed to increase at lower pH.

X-Ray Crystallographic Structure of Domain 11AB>-Q1569R P1597H $1602H
That Combines Eight Loop Mutations. The X-ray crystallographic
structure of one of the highest-affinity domains, domain
11AB>-QISER PISSTH SI602H - (o solved to 2.8-A resolution. This
showed several unexpected structural rearrangements of the hydro-
phobic core compared with domain 1145 (ST Appendix, Table S8).
In domain 11°%°, W1546 adopted multiple conformations, but these
were bounded by a neighboring surface, defined lgy Q1569 lgFng 44
and B). This was reversed in domain 1]1ABQIS69R PIS97H SI602H
where R1569 lined the IGF2-binding site and engaged W1546 in a
cation—n_interaction, directing the indole ring away from the in-
terface (Fig. 4B). R1569 and W1546 were separated by 3.5 A, con-
sistent with the expected range for this type of interaction (2-6.0 A)
(32, 33). Similarly, K1544 was directed away from the IGF2-binding
site in domain 11°%°, but rotated to point toward it in domain
11ABS-QIS69R PISYTI S1602H "y 1547 (AB loop) and F1567 (CD
loop) showed minor conformational changes that opened a
deeper pocket at the F19-binding site than that observed in the
IGF2:domain 11*®* complex. Other residues in these loops
adopted comparable conformations.

The FG loop of domain 114B>QI569R PIS97H SI02H g (wel| de-
fined, and the side chains of both mutated histidine residues were
visible, revealing a significant rearrangement of this portion of the
loop compared with domain 11°%° (Fig. 4B). Whereas P1597 and
$1602 did not interact in either the free form or the bound form of
domain 11*%°, the histidine residues associated closely in domain
11ABS-QIS6OR PIS9TH SI602H 4 yroduce a positively charged patch.
Finally, the HI loop backbone and side chains sugerimeosed well
between domain 1145 and domain 114B5Q1369R PIS97H S1602H 1y
terms of the complex with IGF2'%, we speculate that packing of
W1546 into the hydrophobic core as seen with domain 115 would
require breaking the cation—n interaction with R1569. This would
allow W1546 to interact with F19 and R1569 to form new elec-
trostatic interactions with D15 and D23 of IGF2 (Fig. 4C). Second,
the positively charged patch formed from H1597 and H1602 on the
FG loop may interact with the N terminus of IGF2""% (e.g., E6)
(Fig. 4D); however, S1600 and K1601 are also reoriented favorably
for interaction with IGF2 D52, another key residue for binding on
IGF?2 (16). The positions of 11572 and Y1606 do not occlude binding
of T16 based on the domain 11°P*IGF2'*" complex and may
contribute to the retained specificity for IGF2'” over IGF1. These
observations will require confirmation in future X-ray crystallogra-
phy studies of the IGF2'*7:domain 11ABQI369R "PIS97H SI602H
complex (Fig. 4D).

Development of Specific and Soluble IGF2 Antagonists Based on
Domain 11%5 Mutants. Because domain 11" and the combined
variant domain 114B>QI369R PIS9TH SI602H haq affinities exceeding
those of endogenous M6P/IGF2R, IGF1R, and IR-A, we evaluated
whether these domains could be translated into the basis of im-
proved IGF2 antagonists or ligand traps that function in vivo (14).
Human IgG1 Fc fusion domain 115 and human o}gtimized 1gG2
Fc domain 114B¥QIS6R PIS9TH SIGR2H (jomain 114B5 R herein-
after) were bulk-produced as initial optimized IGF2 antagonists,
along with an IgG1 Fc domain 11'7A control with mutation of the
CD loop known to impair IGF2 binding (SI Appendix, Fig. S7).

SPR binding kinetics revealed an affinity and specificity for
IGF2"% close to that of the single soluble domain 11> when
IgG1 Fc domain 11" was immobilized using an anti-human Fc
antiboiléy (Kp = 3.89 nM) (Fig. 54 and SI /gfendix, Table S9).
IGF2'~*7 binding by IgG2 Fc fusion domain 11485RMH 3150 showed
a significantly reduced kg (0.0014 s™') and slower kqp, to yield a
similar overall Kp, as that of the respective single domain (Fig. 54
and SI Appendix, Table S9).

Frago et al.

IGF2 in serum, and commonly in tumors, occurs as a range of pro-
IGF?2 isoforms attributed to incomplete processing of the E-domain
by proprotein convertases (34). Binding kinetics of recombinant pro-
IGF2 isoforms (mature IGF2'%, 7.5 kDa; pro-IGF2'™'%, 11 kDa;
and pro-IGF2'™°, 17 kDa) to Fc domain 11°®° and Fc domain
11ABSRHH i cluding specificity of binding relative to IGF1 were
determined. We observed a higher relative affinity of pro-IGF2'™"*
to Fc domain 114%F™ than to Fc domain 11", and, surprisingly,
binding of Fc domain 11572 to both pro-IGF2'™"* and to a lesser
extent pro-IGF2'™'™ (Fig. 54 and SI Appendix, Table S9). Binding of
domain 11*5 and domain 11°%R"H wag independent of the Fc
fragment, given that the same affinity to pro-IGF2 isoforms was
obtained when immobilized human Fc alone was used in the control
flow cell. No binding to IGF1 was observed (Fig. 54). Solution pull-
downs confirmed the specific capture of recombinant IGF2'%, pro-
IGF2'7'% and pro-IGF2'"¢ (note the multiple forms) by Fc domain
11", and binding of Fc domain 11""°7** to pro-IGF2'* (Fig. 5B).

To further test the functional activity of IGF binding, we obtained
culture supernatants from human hepatocellular carcinoma cell lines
(HuH7 and Hep3B) and a Tet-inducible NIH 3T3 line that
expressed big IGF2 isoforms and IGF2R'*4, a mutation that impairs
processing of IGF2'™'% (34), respectively (Fig. 5C). Solution pull-
downs from cell line supernatants confirmed Fc domain 114%°
binding to larger pro-IGF2 glycosylated isoforms, and domain
1115722 particularly to IGF2'™°°, indicating the potential for addi-
tional binding interactions of the E-domain of IGF2 to domain 11
independent of the main IGF2-binding surface.
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Fig. 5. Fc domain 114B5AB5RHH hinds IGF2 isoforms with high affinity and se-
lectivity. (A) SPR sensorgrams of the interactions among Fc domain 11°8°, Fc
domain 11485RHH and Fc domain 11""%724 (control non-IGF2 binding) with IGF1
(red), IGF2"¥, IGF2""%%, and IGF2'"*%, Recombinant IGF1 and the different IGF2
forms were injected at concentrations ranging from 64 nM to 0.25 nM over Fc
domain 11®% immobilized on a CM5 surface by antibody capture. (B) Fc domain
11785 or Fc domain 11'"°7?A pull-down assay of different recombinant IGF2 iso-
forms. (C) Fc domain 11 pull-down assay as in B of the different IGF2 isoforms
produced by tumor cell lines. Supernatants of the HCC cell lines Hep3B and Huh7
and of the NIH 3T3 control cell line expressing pro-IGF2R1%4 were incubated with
Fc domain 1148% or with Fc domain 11"'°7%4 as a control.
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Trapping IGF2 with Fc Domain 11285RHH (JGF2-TRAP) Inhibits IGF2-
Dependent Signaling in Vivo. To test whether the domain 114%°
backbone could function as an IGF2 antagonist or ligand trap in
vivo, we tested the acute metabolic signaling effects of exogenous
IGF2'"%"-induced hypoglycemia in mice. Coinjection of IGF2 and Fc
domain 11485 or Fc domain 11°BRHH at 3 1:1 or 1:0.5 molar ratio,
respectively, resulted in abrogation of the IGF2'*"-induced hypo-
glycemia, an effect not detected with the Fc domain 11'°7>* non-
IGF2-binding control (Fig. 64 and SI Appendix, Fig. S8). When the
IGF2:Fc domain 11 ratio was increased, the advantages of a higher-
affinity mutant were evident. A molar ratio of 1:0.23 significantly
counteracted IGF2-induced hypoglycemia in the case of domain
11ABSRHH byt not with Fe domain 114%°. Moreover, preloading or
postloading of Fc domain 1155 also abrogated 1IGF2"%"-induced
hypoglycemia (S1 Asppendix, Fig. S9).

Fc domain 11 inhibited cell growth of Hep3B and Huh?7 cells
in culture, but growth of these cell lines as xenografts failed in CD-1
nude mice in vivo (ST Appendix, Figs. 10 and 11). An alternative
autocrine-IGF2'™7 tumor model was developed using the Ewing
sarcoma cell line (SKNMC) selected for IGF2 dependency (35).
Growth of retroviral-transformed SKNMC cells expressing consti-
tutive IGF21%7 and a luciferase reporter was inhibited by Fc do-

A 16F2(e) B
= IGF2+ABS (=)
= 5, IGF2+ABS-RHH [IGF2-TRAPI (s) & gop
o + 1 £ [ Control
E o E [ IGF2-TRAP |
e 2 §400
g 4 S
3 H > g
& 6 : = 200 I
Ratio IGF2:AB5(RHH) ~j 3 I ‘
B B to02 £ élél E il
2 4oL T11100(4BS) 11050 (GF2-TRAP) 3 o 4e la Jsa ] ” !
o -30-20-10 0 10 20 30 40 50 60 7 10 13 14 17 18 21 24 26 28
Time (min) Days after implantation
D zege E
[ PF-04691502 2 = PF-04691502 (IC5,=0.42uM)
1 . S o941 Pictilisib = 1.2+ PF-04691502 + IGF2-TRAP
. . = =
Homeharringtonine ® 10 (IC55=92nM)
8 >
E 0.8
4= 5 06
ol 8 04
g 02
-y | 5 00 .
. Z "o 10 104 10+
b et P — .
| iR, g T P (C e
BIRB 796 (Doramapimod)  '® 4 () i (IC50=0.14pM)
s 5 —
AZD 7762 hydrochloride i
Dacarbazine " ° 0.8
Metformin hydrochloride o
Bosutinib 0.6
Varespladib 'g
B Brivanib » 04
z ® k\f\-,j
g 02 5>
| imatoprost =
ABT-869_Linifanib S 0.0
ARRY-162_MEK-1 - 10-10 108 106 104

Clomifene citrate
Roscovitine_Selicilib
GDC-0068

[Drug] (moles/L)

main 114B5RHH 55 culture, and inhibited IGF2 downstream

signaling (SI Appendix, Fig. $12). SKNMC-IGF2'~% xenografts are
predicted to be dependent on autocrine-IGF2'~%7 supplzl,ggiven that
adult mice do not express IGF2. IgG2 Fc domain 11°5RHH (5
rified from CHO cells was infused using an osmotic minipump
before SKNMC-IGF2™7 cell line injection. Reduced xenograft
growth rates in mice were observed with Fc domain 114B%
infusion (Fig. 6B and SI Appendix, Fig. S134), with induced regions
of tumor cell death (SI Appendix, Fig. S13B) that resulted in a re-
duced bioluminescence signal:volume ratio (SI Appendix, Fig. S13 C
and D). Circulating IGF2"%7 was readily detected in serum after
28 d of SKNMC-IGF2"7 tumor growth, but was less evident in
treated Fc domain 11°%RHH mice, and without alteration in either
total serum IGF1, GH, or IGFBP levels (Fig. 6C).

The genomic complexity of cancer reduces any supposition that a
drug targeting IGF?2 alone in established tumors will lead to durable
consequences, yet there may be specific circumstances in which dual
targeting with other agents may unmask a synergistic or conditional
dependency on IGF2. A number of candidate additive and syner-
gistic lethality interactions were observed in SKNMC-IGF2'™
treated with Fc domain 114%R™H and an extended oncology
compound library (222 agents plus 77 additional agents from the
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Fig. 6. Fc domain 11%%° and Fc domain 11485R"H (JGF2-TRAP) inhibit IGF2 signaling in vivo. (A) Fc domain 1148 and Fc domain 11485R"H (|GF2-TRAP) abrogate an
IGF2"%"-induced hypoglycemia in a mouse model. Mice were anesthetized (t = =30 min), and blood glucose levels were allowed to stabilize for 30 min (expressed
relative to this blood glucose level). Subsequently (t = 0 min), the mice received 1 mg kg™’ IGF2'*” alone (n = 4), or premixed with Fc domain 118 or Fc domain
11485 R 5t a molar ratio of 1:1 (n = 3) (P = 0.0133, two-way ANOVA with Bonferroni post-test) or 1:0.5 (n = 3) (P = 0.0023, two-way ANOVA with Bonferroni post-
test), respectively. With a molar ratio of 1:0.23, Fc domain 118> RHH is 3 more efficient IGF2 antagonist than Fc domain 11455 (P = 0.0026, two-way ANOVA with
Bonferroni post-test). (B) IGF2-TRAP reduces IGF2-dependent xenograft growth (SKNMC-IGF2'%7). There were 5 x 10° cells per injection site in CD-1 nude mice, with a

single infused concentration of IGF2-TRAP (40 mg kg‘1 per week) (green; n=7;n=

2 injection error, n = 1 unexplained death) or PBS control (blue; n = 10). (P = 0.002,

Wilcoxon test across all time points). (C) IGF2-TRAP administration resulted in reduced levels of serum IGF2 independent of IGF1, GH, and IGFBP level (day 28; control
PBS, n = 10 out of 10; IGF2-TRAP, n = 6 out of 7). (D) Oncology drug synergistic screen in SKNMC-FLAG-IGF2'%* with IGF2-TRAP. Heat maps show top-ranked drugs (30
shown; blue for synergy, red for antagonism) with low P values (RP method) of the interaction score at 1 pM and the IGF2-TRAP (three replicates, R1-R3). (E) Validation
dose-response curves for PI3kinase inhibitors (PF-04691502 and pictilisib) in the presence (green) and absence (blue) of the IGF2-TRAP. ICs, values are shown. A
leftward shift indicates synergism (P < 0.0001 comparing the ICsq of drug alone vs. drug + IGF2-TRAP, F test). Asterisks indicate the concentrations at which synergistic
interactions occur (Q >1.15). (F) IGF2-TRAP modifies the molecular distribution of IGF2 in human serum. Normal (Left) and NICTH (Right) serum samples were frac-
tionated in a gel filtration column at neutral pH, alongside a molecular weight calibration marker, before and after incubation and depletion with IGF2-TRAP-loaded

protein G beads. Elution fractions were evaluated by Western blot analysis.
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DTP Approved Oncology Drug Set containing oncology-specific
compounds that have been tested in man; www.tdi.ox.ac.uk/home).
The high-throughput screen compared the effects of the oncology
drugs in the presence and absence of a fixed concentration of Fc
domain 114BRHH ([GF2-TRAP) that resulted in partial reduction
in cell viability (10-20%) at the assay endpoint of 72 h (SI Appendix,
Fig. S14 4 and B). Evaluation of the metrics of raw data (Pearson’s
scores) indicated good replicate correlation, with average r >0.92
for all plates with an average inhibitory effect of the IGF2-TRAP
alone of ~10%. Drugs showing P < 0.05 in the rank product method
applied to their interaction score were selected. A number of hits
were identified, including two independent PI3 kinase inhibitors,
PF-04691502 (P = 0.011) and pictilisib (P = 0.017) (Fig. 6D). These
were further validated by comparison of the dose-response curve in
both the presence and absence of IGF2-TRAP (Fc domain
11ABSRHET) (Fig, 6E). The ICs) for PF-04691502 shifted from
042 pM to 92 nM in the presence of the IGF2-TRAP, and from
1.1 uM to 0.14 pM in the case of pictilisib, both of which are sig-
nificant based on an F-test. Such 10-fold differences following com-
bination with IGF2-TRAP suggest that antagonizing IGF2 signaling
can reveal synergistic activity that is likely to be clinically advanta-
geous, at least in reducing the dosage of these PI3 kinase inhibitors.
Changes in the molecular distribution of circulating IGF2 on
IGF2-TRAP treatment were analyzed by neutral size-fractionation
of human serum (Fig. 6F). In adult human serum, Western blot
analysis of the fractions reveals that IGF2 is mainly the mature
lower molecular mass isoform and is present predominantly in a
ternary complex with IGFBP3 and the acid labile subunit (ALS)
(~150 kDa), and to a lesser extent in a binary complex with IGFBP3
(~40 kDa), with free IGF2 below the limit of detection. In this
sample, IGF2-TRAP depleted IGF2 in the binary complex, and also
partially decreased the amount of IGF2 in the ternary complex (Fig.
6F, Lower Left). Pull-downs confirmed that the depleted IGF2
specifically bound IGF2-TRAP. In a second experiment, serum
from a patient with non-islet cell tumor-associated hypoglycemia
(NICTH) secondary to a GIST tumor was used. Western blot
analysis of the fractions showed that IGF2 was present with addi-
tional higher molecular weight isoforms, predominantly in a binary
complex. IGF2-TRAP depleted both lower and higher molecular
weight isoforms of IGF2, and pull-downs confirmed specific binding
to both isoforms (Fig. 6F, Lower Right). These data suggest that
IGF2-TRAP can target higher molecular weight pro-IGF2 isoforms
associated with human cancer and NICTH (IGF2 syndrome).

Discussion

Functional Evolution of Affinity Without Negative Consequences on
Specificity. A comparison of binding kmetlcs in the context of high-
resolution NMR structures of domain 11%7, domain 11453, and the
new structure domain 11°%° showed that structural perturbatlons
within the binding site are localized mainly to the AB loop (2). Al-
though the G1546W mutation in domain 11°®* introduces a bulky
side chain into the AB loop and the binding site, residues in the
neighboring CD and FG loops appear to be only minimally per-
turbed in this structure; however, the exciting structural and func-
tional observation is that affinity for IGF2 can be increased by further
ligand-interacting surface and rim (non-AB loop) mutations that
confer reconfiguration of the binding surface complementarity, rather
than acting indirectly through non-ligand-interacting surface sites
remote (40 A) from the interface (36). The predominant polar and
electrostatic mutations are consistent with the potential for both
ligand-loop stabilization of existing hotspot interactions through sec-
ond sphere residues, because the specific effects are selected based
mainly on k. and the structural complementarity surrounding F19,
L53, and T16 of IGF2. Importantly, this supports the maintained
selectivity through T16 of IGF2, thus retaining specificity over IGF1.

The thermodynamic payoffs between entropy (predominantly
solvent exclusion) and enthalpy (charge attraction) of the interaction
between IGF2 and domain 11 mutants showed some consistent
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differences, including the effects of CD and FG loop mutations.
Mutation of the AB loop in the domain 11°%* would be consistent
with ngldlﬁcatlon and improved solvent exclusion, but this effect was
unmasked only in domain 11°®° with respect to thermodynamic
terms after the introduction of additional mutations in the CD and
FG loops (domain 114B>RHH) “Thyg, the overall improvement in
Gibbs free energy of the interaction (AG”) appeared to require
combinations of mutations that reduced the entropic barrier (ie.,
improved solvent exclusion), offsetting the negative cooperativity of
the AB loop mutations. Ultimately, the combinatorial gain-of-func-
tion mutations in the AB, CD, and FG loops in domain 114B>RHH
yield a subnanomolar IGF2 affinity that is exceptional for non-Ig
scaffolds (37). This scaffold includes the unexpected abstraction of
AB loop W1546 via R1569 from the IGF2-binding site that signifi-
cantly modifies the IGF2 interaction, as well as the E6 IGF2 in-
teraction with the FG intraloop histidine-histidine bridge. These
molecular mechanisms never could have been predicted even with
previous structural knowledge, but were ultimately discovered only
through integration of mutagenesis, selection, and structure-based
reengineering. Whether changing the permissive background of do-
main 11 binding site amino acids would have ultimately altered the
specific selection of high-affinity mutations is not known but is likely,
and has implications for the modification of other ligand-receptor
interactions (38).

Similar to mutations introduced into other protein—protein in-
teraction sites, our data suggest that single point mutations in loops
CD, HI, and FG can result in relatively small (less than twofold)
incremental gains in affinity in a domain isolated from the natural
context of the receptor. It is also evident that although such small
gains are possible, they have not been selected in the current mam-
malian evolutionary context, indicating that they have had little
consequence on IGF2 and M6P/IGF2R function. The larger in-
cremental gains in affinity of 8- to 10-fold observed during the evo-
lution of early mammals (ancestors of monotremes) do, however,
suggest that loop mutations have had a very significant impact on gain
in fitness in the past (2). Combinatorial mutations in separate loops
that result in much higher affinities would have a very low stochastic
likelihood of occurring simultaneously in vivo; thus, the five mutations
of domain 11°®° may have been sufficient to generate a significant
incremental gain of function, and may be selected for potential im-
provement in fitness over time if they could be introduced.

A Functional High-Affinity and -Specificity IGF2-Soluble Antagonist.
Activation of the insulin-like growth factor signaling pathway in
cancer relates predominantly to gain of function of IGF2 ligand
(expression and bioavailability) and the subsequent activation of
both IGF1 and IR-A signaling receptors (39). Multiple mechanisms
result in increased IGF2 expression and ligand supply, from genomic
amplification to proteolysis of IGF-binding proteins (40-46). De-
spite intensive efforts, the sole targeting of IGF1R downstream of
IGF2 has had only limited success in clinical trials (47). One prob-
lem appears to be the underestimated effects of IGF1(R) blockade
on activation of a central nervous system negative feedback loop,
resulting in increased systemic GH driving total IGF1 production
from the liver, GH-mediated insulin resistance, and increased insulin
supply, resulting in antagonism of the IGFIR inhibitor and systemic
metabolic toxicity (20). Similar compensatory feedback responses are
also observed with anti-IGF ligand antibodies when administered at
therapeutic levels, likely related to the lack of selectivity and sub-
sequent sequestration of free IGF1 (48, 49). Anti-ligand antibodies
appear to bind IGF2 with a cross-reaction with IGF1, e.g., Dx-2647
(49 pmol L~ ! for IGF2 vs. 9.6 nmol L~ ! for IGFl) Medi-573
(2 pmol L™ for IGF2 V. 294 pmol L™ for IGFl) and m660 chimeric
antibody (700 pmol L™ for IGF2 vs. 8 nmol L™ for IGF1) (14, 50-52).

It is well established that for ligand trap molecules to be func-
tional, a >10-fold higher affinity than that for the signaling receptor
appears to be necessary to achieve maximal antagonistic act1v1z
(53). A specific IGF2 antagonist, such as Fc domain 114%
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(IGF2-TRAP), may have this significant advantage, because its
higher specific affinity means that it can inhibit IGF2 activation of
both IGF1R and IR-A signaling at the level of the cell, as well as
the potential advantage of not perturbing the endocrine hypotha-
lamic IGF1-GH-insulin feedback that occurs when targeting IGF1.
The latter possibility requires evaluation in human trials, however,
because humans have an adult liver IGF2 promoter, resulting in
gene expression and circulating ligand.

The synergistic effects with PI3 kinase inhibitors reported here are
also in keeping with reports of the intrinsic resistance conferred by
the IGF pathway following PI3 kinase inhibition (ZSTK474) in
gastric carcinoma cell lines, suggesting that conditional effects acting
directly on the intracellular signaling pathway may unmask such
IGF1R/IR-A and IGF?2 ligand dependency (54). Similar intracellular
feedback mechanisms may extend to regulation of ligand bio-
availability, given that EGFR pathway resistance may be conferred
by reduced IGFBP levels, and resistance to IGF pathway inhibition
may be improved by downstream MEK inhibition (55, 56). Our data
support the concept that specific IGF2 targeting also might address
unmet needs for IGF2-dependent clinical phenotypes, such as the
mosaic overgrowth Beckwith-Weidemann syndrome (GCID:
GC11M002113), and as stated above, the systemic excess of higher
molecular weight or big IGF2 (e.g, IGF2¥, IGF2'™) in NICTH
(IGF2 syndrome) (57, 58). Our functional data suggest that IGF2
signaling, with or without other targeted cell signaling agents, can be
inhibited by the high affinity and specificity generated by a combi-
natorial mutation in Fc domain 11°B>RHH (IGF2-TRAP) in vivo.

In summary, we have rapidly evolved the domain 11 IGF2-
binding site and identified previously unidentified combinatorial
molecular and structural mechanisms of enhanced affinity that are
confined to the surface of the binding interface. Specifically, these
include interdomain (AB-CD) and intradomain (FG-FG) amino
acid side chain interactions that alter the complementary inter-
actions with IGF2 but retain IGF2-T16 interactions that confer
specificity over IGF1. The 100-fold improvement in IGF2:domain
11 affinity and our functional assays of ligand trap activity, in-
cluding binding to pathological pro-IGF2 isoforms, accelerate the
impetus to apply the advantages of these domains as IGF2 ligand
traps for cancer therapy.

Materials and Methods
Further details are provided in S/ Appendix, Materials and Methods.

Yeast Surface Display of Domain 11 and IGF2-Binding Screens. The yeast surface
display of an N-terminal Flag-tagged fusion of domain 11 and the C-terminal
domain of a-agglutinin was developed in P. pastoris for loop-specific mutant
library selection using binding with biotinylated IGF2 and flow sorting (S/ Ap-
pendix, Table S1), as described previously (59). Selected mutant proteins were
purified by an Ni-NTA column before validation by SPR using a Biacore T200
system. Thermodynamic data were obtained across the temperature range of
10-30 °C. van't Hoff and Erying plots were generated, and AH, —TAS, and AG
values were determined as described previously (22).
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Structure-Informed Loop-Specific Site-Directed Mutagenesis. The domain 11453
IGF2 structure (PDB ID code 2L29) was used to identify residues in the binding
loops that could interact with IGF2. These were manually mutated in Pymol v1.5
to determine whether they might stabilize the complex (www.pymol.org/). In
addition, the Robetta server (robetta.bakerlab.org/alascansubmit.jsp) was used
to interface alanine scanning mutagenesis on the AB3:IGF2 complex.

Expression and Purification of Domain 117, Domain 115, and IGF2 Domain 115
Complexes for NMR and "N Relaxation Studies of Domain 11T and Domain 1175,
Hise-tagged domain 11T and domain 118> were isotopically '>N- or dual
5N- and "3C-labeled and purified from E. coli (2). Structural calculations of
the domain 11AB5, both free and complexed with IGF2, were as described
previously (2). NOE, '>N-T;, and ">N-T, NMR relaxation data were acquired
in two fields (600 and 900 MHz) at 25 °C. T; and T, experiments were run in
duplicate (S/ Appendix, Fig. S2).

Expression, Purification, and Crystal Structure of Domain 11AB5Q1569R P1557H S1602H
Domain 114B5Q1569R P1597H S1602H hrtein (160 M) was screened for crystals, and
data collection was done using a PILATUS detector system (Dectris) at station 104
of the Diamond Synchrotron (SI Appendix, Table S8).

Fc Fusion Protein Expression and Purification. IgG1 Fc domain 1148 fusion
protein was produced by transient transfection of HEK293T cells and 1gG2 Fc
domain 1148>RHH in Chinese hamster ovary GS knockout cells, and purified by
protein A affinity (S/ Appendlix, Fig. S7).

IGF2-Induced Hypoglycemia. All animal experiments were approved by the United
Kingdom Home Office (PPL 30/2695). Blood glucose levels were allowed to nor-
malize for 30 min after induction of anesthesia before IGF2 injection either alone or
premixed with different molar ratios, Fc domain 1185, or Fc domain 1115724,

IGF2-Dependent Human Cancer Cell Xenografts. SKNMC-IGF2'®7 cells mixed
with Matrigel were injected into CD-1 (Crl:NU-1 Foxn1"") at 24 h after placement
of an ALZET osmotic minipump (Durect) delivering 40 mg kg~'/week of either
IGF2-TRAP or PBS control. Tumor growth was monitored with both caliper
measurements and bioluminescence.

IGF2-TRAP Synergistic Lethality Screens. SKNMC-IGF2'*“-IRES-luc cells were ex-
posed to a 307 oncology drug library that has been tested in humans (Target
Discovery Institute Expanded Oncology Drug Set) using 10 uM, 1 pM, 100 nM,
and 10 nM concentrations, in the presence and absence of 250 nM IGF2-TRAP.

Neutral Size-Fractionation of Human Serum and IGF2 Depletion with IGF2-TRAP.
Human serum was size-fractionated by gel filtration and assayed for the presence
of ALS, IGFBP3, and IGF2 by Western blot analysis. Pull-downs were performed
using protein G magnetic beads (S/ Appendix, Materials and Methods).
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