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Abstract

The Gp2 domain is a protein scaffold for synthetic ligand engineering. However, the native protein
function results in a heterogeneous distribution of charge on the conserved surface, which may
hinder further development and utility. We aim to modulate charge, without diminishing function,
which is challenging in small proteins where each mutation is a significant fraction of protein
structure. We constructed rationally guided combinatorial libraries with charge-neutralizing or
charge-flipping mutations and sorted them, via yeast display and flow cytometry, for stability and
target binding. Deep sequencing of functional variants revealed effective mutations both in clone-
dependent contexts and broadly across binders to epidermal growth factor receptor (EGFR),
insulin receptor, and immunoglobulin G. Functional mutants averaged 4.3 charge neutralizing
mutations per domain while maintaining net negative charge. We evolved an EGFR-targeted Gp2
mutant that reduced charge density by 33%, maintained net charge, and improved charge
distribution homogeneity while elevating thermal stability (T,, = 87 + 1 °C), improving binding
specificity, and maintaining affinity (K4 = 8.8 £ 0.6 nM). This molecule was conjugated with
1,4,7-triazacyclononane, 1-glutaric acid-4,7-acetic acid for 4Cu chelation and evaluated for
physiological distribution in mice with xenografted A431 (EGFRN9") and MDA-MB-435
(EGFR!*") tumors. Excised tissue gamma counting and positron emission tomography / computed
tomography imaging revealed good EGFRN3M tumor signal (4.7 + 0.5 %ID/g) at 2 h post-injection
and molecular specificity evidenced by low uptake in EGFR!®" tumors (0.6 + 0.1 %ID/g,
significantly lower than for non-charge-modified Gp2, p = 0.01). These results provide charge
mutations for an improved Gp2 framework, validate an effective approach to charge engineering,
and advance performance of physiological EGFR targeting for molecular imaging.
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Charge Engineering PET Imaging

Introduction

Small protein ligands that bind targets with high affinity and specificity are valuable
resources for imaging®2, therapeutic3-, and diagnostic purposes®:’. Small scaffolds benefit
from increased tumor extravasation8-19, tissue penetration!1-12 and plasma clearancel0.13
resulting in improved target-to-background contrast at early time points?4-16. Protein ligands
must be engineered for not only binding function but also physicochemical robustness and
physiological performance. To optimize performance, several influencing factors have been
studied including scaffold structurel’, hydrophilicity819, stability?%-21, and chargel®.22.23,
Protein charge is of considerable interest as clusters of positively charged residues can
reduce solubility? and drive non-specific binding to natively negatively charged cell
membranes?>27. An increase in the fraction of charged residues on non-paratope regions
can correspond to decreased target affinity2®. Ligand charge can also affect transvascular
flux29:30 tumor uptake31, plasma clearance32:33, and renal retention1934. It is therefore
important to be able to modulate charge without diminishing desirable ligand characteristics
including high production yield and soluble recovery, strong affinity, and stability. However,
these charge modifications can be particularly difficult in the context of a small ligand19:35
where such mutations would encompass a greater portion of the protein’s structure36.

A scaffold that may benefit from redistributed and reduced charge is the Gp2 domain3’. Gp2
is a small, stable 45-residue scaffold with a-helical and p-strand structure whose solvent-
exposed loop regions have been diversified to discover and evolve binders to numerous
targets.3” Engineered Gp2 domains have been validated for molecular positron emission
tomography (PET) imaging of epidermal growth factor receptor (EGFR)38 and antagonism
of insulin receptor (InsR) in tamoxifen-resistant, triple-negative breast cancer cell culture3°.
The native Gp2 framework contains three positive and six negative residues, with each
charge set regionally clustered. It is hypothesized that this charge distribution evolved in
wild-type Gp2 because of its native function. In a Gp2-RNA polymerase model structure,
the string of acidic residues projects into the DNA-binding channel thereby aiding inhibitory
function.#0 Also, the basic residues R42 and R44 were experimentally shown as necessary
for Gp2 function as they aid binding to RNA polymerase.*® Yet maintenance of these
charges is not necessary — and we hypothesize not optimal — for its newfound role as a
scaffold for synthetic ligand engineering. These highly charged regions may drive non-
specific binding*?, off-target retention1923.3442 and decrease protein yield during ligand
production due to reduced solubility#3-4°. Therefore, the ability to mutate such clusters
without reducing Gp2 affinity or stability has considerable value.
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Numerous strategies exist for charge engineering including computational design#3:46.47,
homology-guided consensus design#®, and combinatorial library selection*®. We merged
versions of each of these techniques to identify charge-modifying mutations that are well
tolerated in multiple Gp2 domains and applied effective mutations to an EGFR-binding Gp2
domain for PET imaging. EGFR overexpression is present in numerous cancers®0, is
correlated with differentiation, and is an independent prognostic indicator of poor disease-
free and overall survival in colorectal cancer patients®1:52, Molecular imaging of EGFR
could empower patient stratification of responders versus non-responders to molecularly
targeted therapy.>3:24

Combinatorial libraries of Gp2 mutants targeting EGFR, InsR, and rabbit immunoglobulin G
(rlgG), guided by computational stability®® as well as natural®®:57 and chemical homologs®®,
were sorted via yeast display and flow cytometry for mutants that retained thermally
stability and target affinity. Functional mutants elucidated preferred net and total charge
states, determined favored amino acids at charged positions, and identified several promising
charge-modified anti-EGFR Gp2 ligands. A charge-reduced clone, GaE35, exhibited
reduced non-specific binding and highly functional performance in PET/CT imaging of
EGFR* tumors in murine models. The results advance Gp2 scaffold engineering, as well as
charge engineering more broadly, and improve preclinical performance of an EGFR PET
agent.

Results and Discussion

Mutant Library Design and Construction

To identify functional mutants of the EGFR-binding Gp2 (GaE; 5 3, also termed GaE57
since it is a Gp2 ligand targeting £EGFR with five basic and seven acidic residues) with
modified charge distributions, we constructed combinatorial libraries for high-throughput
functional screening in which the ten charged sites present in the framework were
diversified. We also aimed to identify charge mutations that are broadly acceptable within
numerous engineered variants of the Gp2 scaffold (Figure 1A); thus we created additional
libraries for insulin receptor and rabbit IgG binding based on previously established
Galy 5 5% and GaR3 5 337 ligands. In all three cases, charged residues in the evolved loops
were conserved while ten framework residues (Figure 1B) were mutated.

Full amino acid diversity would necessitate 2010 = 1013 unique clones and surpass the
transformation efficiency of yeast used for protein display and selection. Therefore, a more
selective approach was undertaken to predict which newly introduced mutations would be
least likely to impair protein folding and target binding. Three metrics were applied: lack of
destabilization as predicted by FoldX5®, frequency in natural homologs®6>7, and amino acid
hydrophilicity®8. FoldX was used to compute the theoretical change in stability upon
independent mutation of each charged site (details in Experimental Procedures), which
predicted that several charged positions would be relatively intolerant to mutation without
negatively affecting fold (Figure 2A). These include sites 1, 14, 24, 42, and 44 where 9-14
mutations away from wild-type amino acids increased free energy of folding in excess of 0.5
kcal mol~L. The remaining charged positions (20, 23, 27, and 30) were more amenable with
only 1-6 mutations causing a similar increase in free energy.
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Amino acid frequencies from Gp2 homologs (Figure 2A), identified via search of available
genomes, also provided information regarding potentially acceptable mutations at charged
positions. Wild-type residues were generally conserved with an average of 3.2 non-wild-type
amino acids observed. This value decreased to 2.4 when excluding replacement with amino
acids of identical charge. Sites 1, 14, 24, 30, 42, and 44 had high conservation of wild-type
amino acids (= 75% consensus) whereas sites 20, 27, and 31 were more amenable to
neutralization, accepting several neutral functional groups. Site 23 was highly conserved as a
negatively charged residue but relatively indifferent to aspartic (56%) or glutamic (41%)
acid.

Each charged position required individual analysis such that no metric (hydrophilicity,
stability, and homolog frequency) was applied universally to identify reasonable mutants for
inclusion in the library. All charged functional groups extend outside of the protein core in
the wild-type structure2 making high to moderate hydrophilicity preferable. Additionally,
an elevated frequency in naturally occurring homologs guided inclusion of neutral amino
acids in the combinatorial library design. Finally, mutations causing a considerable increase
in free energy of folding (AAG#o)ding = 1 keal mol~1), as modeled by FoldX, were avoided
unless such mutations presented high homolog frequency (> 5%) and low hydrophobicity (<
-1). In some instances, the inclusion of less desirable amino acids was unavoidable due to
genetic code restrictions. The following examples are used to demonstrate the overall
methodology. Site 1 was allowed to mutate to glutamine for high hydrophilicity, leucine for
elevated homolog frequency, and isoleucine as a byproduct of lysine and leucine codons
(Figure 2B). In some cases, mutations that appeared nondetrimental in one metric would be
juxtaposed by the others. For example, methionine was deemed generally acceptable at all
sites of interest via stability analysis (median AAGgo)ding,mutation = —0.4 kcal mol~1) although
it is moderately hydrophobic and has a mere 4% homolog frequency at site 31 and 0%
frequency elsewhere. Similarly, hydrophilic proline was predicted to be destabilizing at
position 44 (AAGto|dingmutation = 3-7 Kcal mol~1), but presented 9% sequence identity in
natural homologs. The high throughput of yeast display and flow cytometry for functional
selection enabled analysis of many mutants while the combinatorics of diversifying 10
positions required exclusion of many others.

Genes containing the degenerate codons necessary to implement these charged site
mutations (Figure 2C), unmutated backbone residues, and EGFR-, InsR-, or rabbit 1gG-
binding paratopes were constructed through overlap PCR of 8-11 oligonucleotides per
library resulting in 0.75 x 108, 0.75 x 10%, and 1.7 x 10° possible unique clones. Assembled
genes were electroporated into EBY100 S. cerevisiae yeast along with a linearized vector to
enable yeast display of Gp2 as a C-terminal fusion to Aga2p with a glycine-rich polypeptide
linker.63:64 The resultant yields of 2 x 108, 1.7 x 108, and 2.1 x 108 transformants for EGFR,
InsR, and rabbit 1gG libraries allow for >99% sampling of theoretical sequence space.5°
Illumina MiSeq deep sequencing of naive libraries showed that 91%, 94%, 88% of EGFR,
InsR, and rlgG yeast transformants presented sequences as designed. These values increase
to 98-99% when single-point mutations are included, indicating high library quality.
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Mutant Selection

EGFR, InsR, and rlgG libraries were sorted, via yeast display and flow cytometry, to isolate
mutants that retain stability and functional binding. The yeast containing the genetic libraries
were grown and induced to express the Aga2p-linker-Gp2 variants tethered to their surface
via covalent linkage to the membrane-bound Agalp mating protein.63.64 Gp2-displaying
yeast libraries underwent consecutive rounds of fluorescence-activated cell sorting (FACS)
in which yeast were placed at an elevated temperature to induce unfolding of unstable
mutants®®, incubated on ice with target protein, and evaluated for retention of activity.
Parental library ligands Ga.Es » 3, Galy 5 5, and GaR3 2 3, each demonstrated target affinities
in the low nanomolar range (18 £ 8, 2.4 + 0.4, and 2.3 + 1.4 nM) and high thermal stability
(71 +£2°C, 78 °C, and 80 = 2 °C) (Table S1). These values were used to guide temperature
and target concentration stringency during sorts. Naive libraries exhibited a broad
distribution from mutants that lost function to mutants that tolerated thermal stress and
exhibited strong target binding (Figure S1). To remove instances of highly unstable or non-
binding variants, naive libraries were initially sorted at mild conditions with thermal stress
temperatures 10 °C or more below parental Ty, and recombinant target at (EGFR, rlgG) or
above (InsR) parental dissociation constants (Table S1 and Experimental Procedures). A
subsequent set of sorts aimed to isolate populations that either demonstrate improved
thermal stability while maintaining moderate affinity (via elevated thermal stress with
maintained target concentration) or provide increased ligand affinity after mild thermal
stress (maintained thermal stress 11-28 °C below parental T, while reducing target
concentration). To this end, the sorted populations were split and sorted separately at each
condition set, then pooled. Compared to Gal and GaR libraries, anti-EGFR clones were
quite robust in their response to stability and affinity selection pressures and were sorted an
additional time at an elevated temperature (80 °C) and low target concentration (2 nM).
Although parental Gall, 2 5 and GaR3 5 3 exhibit substantial stability (78 and 80 + 2 °C), no
appreciable target-bound populations were present above background signal in sorts
exceeding 60 °C even at heightened levels of target. However, unlike Gal, GaR clones
retained parental affinity at 60 °C. To deplete clones that exhibit non-specific binding,
enriched populations of Gp2-displaying yeast were incubated with streptavidin- and mouse
IgG (mlIgG)-coated magnetic beads at saturating conditions”, and only unbound yeast were
retained.

In each of the three rounds of ligand selection against recombinant EGFR, 4-6% of sorted
populations were collected based on expression-normalized target binding as indicated by
triangular gates (Figure 3). To prepare for use in physiological environments, we aimed to
ensure that mutants bound EGFR in its native fold. Thus, the EGFR-binding population
underwent two additional rounds of sorting without heating against 2 and 0.2 nM solubilized
EGFR from the lysate of A431 epidermoid carcinoma cells (2 — 6% collected).

Mutant Characterization

Plasmids from the starting libraries and the concluding functional populations sorted for
thermal tolerance and recombinant target binding, after non-specific Gp2 ligand depletion,
were sequenced via lllumina MiSeq. Additionally, 24 clones from solubilized lysate EGFR-
sorted populations were sequenced using the Sanger method.%8
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In the EGFR case, negatively charged variants were enriched during functional selection as
the mean net charge shifted from neutral (0.1 £ 1.6) in the unsorted library to =2.7 £ 1.4 in
the functional pool (Figure 4A). Notably, this shift was in the direction — and past — the
parental GaE57, which has a net charge of —2. This net charge shift was achieved via
enrichment of wild-type acidic residues as well as neutralization of basic residues: the
unsorted library neutralized more than six sites on average (GaE57 has 12 charged sites
whereas the unsorted library has 5.6 + 1.6), which only slightly increased in the functional
pool (7.0 £ 1.4), indicating that the larger shift in net charge also had contributions from
neutralization of basic residues (Figure 4B). Sitewise analysis reveals the specifics of these
functional preferences (Figure 5), which are discussed below in the context of all domains.

The other two parental Gp2 domains exhibit divergent tolerances to charge reduction as Gal
essentially maintains removed charge (6.7 £ 1.3 charged sites in functional domains relative
to 6.4 = 1.4 in the library and 12 in the parental domain) whereas GaR reverts nearly half of
its removed charges (3.3 = 1.4 naive to 5.4 £ 1.4 in functional vs. 8 in parental). Akin to the
EGFR-targeted domain, but to a lesser extent, GaR net charge evolved towards the negative
parental. The lack of change in total charge of Gall is matched by an absence of movement
in net charge (-3.8 £ 1.5 in naive vs. —3.6 + 1.5 in functional populations). Notably, unlike
the other libraries, the Gall library starts as net negative because of four acidic residues and
no bases in its evolved loops. One other possible explanation for the tolerance of charge
removal in Gal is an increase in structural stability imparted by a predicted disulfide bond
between C8 and C38 in the evolved loops.

Across all three targets, the six negatively charged sites exhibit enrichment of the parental
acidic side chains, with an increased frequency in functional variants of 29 + 20%, with E14
and D23 in the InsR-targeted domains being the lone exceptions. Positively charged sites
showed greater variance. Positions 1 and 31 display functional preference towards neutral
residues frequent in natural homologs. K1 evolved towards leucine in all campaigns, which
is present in 13% of native Gp2 homologs. Position 31, which is only charged in the parental
EGFR-binding domain, preferentially mutates to W, which is 56% W in native homologs.
R42 exhibits nearly comparable preference of Q and R within EGFR-binding domains
whereas InsR- and rlgG-binding domains strongly enrich wild-type arginine. R44 exhibits
variable performance for each target. EGFR-targeted domains enrich P and tolerate Q at the
expense of R; InsR-targeted domains enrich Q and tolerate R; rlgG-binding domains enrich
R and tolerate Q.

The utility of the combinatorial library approach is evident from the lack of strong
correlations between functional efficacy and direct design metrics. Sitewise enrichment of
particular amino acids does not correlate with predicted stability by FoldX (Pearson
correlation coefficient, R = 0.24) or hydrophilicity (R = 0.01). Consistent with the examples
in the previous paragraph, modest correlation is evident for natural homologs (R = 0.47).

Overall, numerous members of each library were robust to thermal denaturation and sorting
against concentrations of recombinant target in the low nanomolar range. Additionally,
several Gp2 variants bound high picomolar concentrations of A431 lysate-derived EGFR.
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Top Clones and In Vitro Characterization

In addition to revealing mutational preferences, these selections identified particular
functional mutants. To determine the effects of reducing total charge, six clones, all
maintaining parental or near-parental net charge, were chosen from the final EGFR lysate-
sorted population to further characterize the impacts of charge modification as well as to
identify compelling lead mutants for physiological study.

These variants, with charge states of +2/-2, +2/-4, +2/-5 (two clones), +3/-5, and +3/-6,
were produced in T7 £. coli and evaluated /n vitro for soluble production yield, target
affinity, thermal stability, and secondary structure. Soluble production yield was diminished
considerably for GaE24 and GaE25B with less than 0.05 mg/L recoverable for either clone.
However, recovery in the remaining four mutants exceeded 1 mg/L allowing for further in
vitro characterization (Table S2). As selected for, all four mutants exhibited good binding
affinity (Figure S2). Compared to GaE57, charge reduced clones GaE25A and GaE36
demonstrated nominally improved target affinity against recombinant EGFR (9.4 £ 4.1 nM
for parental vs. 4.9 £ 0.7 nM (GaE25A) and 2.3 £ 1.1 nM (Ga.E36)) while GaE22 and
GaE35 maintained near parental values (6.3 + 1.4 nM and 8.8 + 0.6 nM). Conversely, the
mutants diverged with regards to thermal stability. GaE35 improved upon parental stability
(Tm =87 £ 1 °C) whereas GaE25A, GaE22, and GaE36 saw 15-20 °C reductions in
melting temperature (Figure S3). Secondary structure was reasonably maintained in all
variants (Figure S4). GaE25A showed a slight shift towards increased a-helical content.
Interestingly, clones that did not fully return to their original secondary structure after
heating (GaE25A, GaE22, GaE36) also exhibited a demonstrable decrease in T, when
compared to fully refoldable clones (mean + SD: 61 + 3 °C vs 83 + 6 °C).

Five of the six clones analyzed were either not appreciably producible or saw a significant
reduction in Tp,. This suggests that more stringent thermal denaturation temperatures prior
to sorting against target and perhaps an increase in the number of individually assessed
clones may be required to isolate more useful ligands. Nevertheless, a mutant (Ga.E35) was
identified that reduces total charge by four and alters charge distribution (Figure S5) while
maintaining net charge, elevates thermal stability, maintains binding affinity, and retains
recombinant yield. In addition, a mutant (GaE22) was identified with greatly reduced total
charge and maintained binding affinity albeit with notably lower thermal stability.

Physiological Distribution and Protease Degradation

To ascertain the effects that reduced and redistributed charge may impart on an EGFR-
binding ligand /n vivo, GaE22, GaE35, and parental GaE57 were chosen as candidates for
imaging of tumor-bearing murine models. GaE35 retains parental net charge of -2,
providing an opportunity to elucidate the effects of a reduction in total charge. GaE22 is the
least charged anti-EGFR Gp2 isolated from the selections creating a more extreme
comparison between GaE57 and a substantially charge-reduced variant. To address target
specificity, A431 (2.9 + 1.4 x 10% EGFR per cell%) and MDA-MB-435 (1.5 + 1.1 x 104
EGFR per cell5%) were incubated with 500 nM GaE22, GaE35, or GaE57 and analyzed via
flow cytometry. Binding to A431 cells was substantially higher than to MDA-MB-435 cells
for GaE22, GaE35, and GaE57 (p < 0.001) (Figure S6). While all clones exhibited strong
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differentiation between the cell types, binding to EGFR'" MDA-MB-435 cells was
significantly lower for GaE35 than the parental GaE57 (p < 0.001), and at a ratio consistent
with reduced EGFR expression, which suggests enhanced specificity for the charge-
engineered GaE35. These clones were conjugated with the metal ion chelator NODAGA
through an amine-reactive crosslinking reaction with its A-hydroxysuccinimidyl ester.
Labeling was non-specific due to the free amines present on lysines at position 1 of GaE57
and 27 of GaE35. However, conjugation was on average singular with 0.9 £ 0.2, 1.1 £ 0.2,
and 1.1 = 0.4 NODAGA per molecule for GaE22, GaE35, and GaE57 (Figure S7).

NODAGA-conjugated ligands were mixed with 1-2 mCi of $4Cu in 100 mM sodium
acetate, pH 6.0 at 42 °C for 60 minutes. Complexed 54Cu was separated from free copper via
size exclusion filtration resulting in 38-48% labeling efficiency and 87-98% radiochemical
purity (Figure S8). Based on yields from previous purifications of unlabeled Gp2 ligands,
approximate specific activities were calculated as 0.5-1.2 MBq nmol~21. Physiological
biodistribution of each radiolabeled ligand was ascertained by injecting 1.3 = 0.3 MBq into
mice (n = 5-6) bearing EGFRMY" A431 and EGFR!®Y MDA-MB-435 tumors. Two hours
after injection tissues were excised, weighed, and measured for radioactivity (Figure 6).
64Cu-NODAGA-GaE57 and $4Cu-NODAGA-GaE35 localized strongly to EGFR-
overexpressing A431 cells, displaying 5.5 £ 0.5 %ID/g and 4.7 + 0.5 %ID/g. Binding was
target specific (p < 0.01) with 0.9 + 0.1 %ID/g and 0.6 + 0.1 %ID/g on EGFR!°" MDA-
MB-435 tumors for 84Cu-NODAGA-GaE57 and $4Cu-NODAGA-GaE35, respectively.
This improved in vivo specificity of 84Cu-NODAGA-GaE35 (p = 0.01) is consistent with
reduced non-specific binding /7 vitro (Figure S6). TumorEGFR-Nigh:tmorEGFR-low,
tumor:blood, and tumor:muscle ratios were all strong and nominally higher for the charge-
reduced 84Cu-NODAGA-GaE35 (Figure 6, inset). As with many small protein probes, renal
signal is elevated. 54Cu-NODAGA-GaE57 has modestly lower renal signal than 84Cu-
NODAGA-GaE35, 153 + 25 %ID/g vs. 209 + 18 %ID/g, respectively. Liver activity is
slightly elevated for both $4Cu-NODAGA-GaE57 (2.6 + 0.1 %ID/g) and -GaE35 (3.0

+ 0.3 %ID/g), but background signal remains below 2 %1D/g for the remaining tissues
sampled.

Conversely, $4Cu-NODAGA-GaE22 was not an effective EGFR ligand 7 vivo. A431 tumor
signal was nearly 2-fold lower than that of GaE57 and GaE35 clones. Additionally, off-
target retention was statistically higher in blood, heart, lung, liver, spleen, and bone samples
(p < 0.05). Background signal was most pronounced in the liver where 54Cu-NODAGA-
GaE22 displayed 8.4 + 1.0 %ID/g, approximately 3-fold higher than 84Cu-NODAGA-
GaE57 and %4Cu-NODAGA-GaE35. While this broad background could be related to
slightly increased non-specific binding (Figure S6), the cooccurrence of reduced EGFRNh
tumor localization is more consistent with molecular instability. The propensity to
enzymatically degrade was determined /in vitro by adding 4Cu-NODAGA-GaE22, -GaE35,
and —Ga E57 to murine serum, human serum, or 0.25% EDTA-trypsin at 1:20 volumetric
ratios and heating at 37 °C for 4 hours. Radio-thin-layer chromatography of samples taken at
1 and 4 hours post-mixing was used to determine the relative amounts of proteolytic
metabolites (Figure S8). 54Cu-NODAGA-GaE22 was highly unstable with 59% and 50%
cleavage in human and murine serum after 1 hour. These values increased to 80% and 68%
by 4 hours. $4Cu-NODAGA-GaE35 and 84Cu-NODAGA-GaE57 were more resistant to
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enzymatic degradation in serum. Proteolysis of $4Cu-NODAGA-GaE35 and 64Cu-
NODAGA-GaE57 in human and murine serum resulted in 10% and 17% and 10% and 26%
degradation by 1 hour, respectively. All clones were degraded to near completion (= 92%) in
EDTA-trypsin after 4 h. In retrospect, the proteolytic instability of GaE22 may have been
predicted by its decreased T, compared to GaE35 and GaE57.

Positron Emission Tomography Imaging of GaE35

In contrast to parental 4Cu-NODAGA-GaE57, $4Cu-NODAGA-GaE35 showed
statistically lower MDA-MB-435 signal, similar A431 retention and off-target uptake, and
nominal improvements in tumor:blood and tumor:muscle ratios. Buoyed by these results,
PET/CT imaging of $4Cu-NODAGA-GaE35 was performed in murine models bearing
A431 xenografts, with dual tumors to increase experimental observations of tumor uptake
and retention. To further evaluate target specificity, imaging was performed with and without
pre-blocking by an injection of unlabeled NODAGA-GaE35. Copper chelation of 54Cu-
NODAGA-GaE35 and purification were performed as previously described resulting in
66% labeling efficiency, 97% radiochemical purity, and 1.43 + 0.01 MBq nmol~1 specific
activity. To demonstrate native EGFR specificity, four mice were intravenously injected with
unlabeled NODAGA-GaE35 at 87 — 144-fold molar excess (0.7 — 0.8 mg) followed by 1.5
+ 0.4 MBq of 84Cu-NODAGA-GaE35 between 5 and 10 minutes later. Four separate mice
were injected with 1.9 + 0.7 MBq of $4Cu-NODAGA-GaE35 without blocking by unlabeled
ligand. CT/PET scans were performed at 1 and 2 h post-injection (Figure 7A). Using CT
scans as an anatomical guide liver, muscle, tumor, and kidney signal was quantified through
PET image analysis at both time points (Figure 7B). 54Cu-NODAGA-GaE35 localized to
EGFR-overexpressing A431 tumors (5.6 + 0.6 %ID/g) and cleared background (7.2 + 1.1
tumor:muscle ratio) within 60 minutes. Tumor signal (6.2 £ 0.6 %ID/g) and tumor:muscle
ratio (6.7 + 1.1) were essentially steady at 2 hours p.i.

Binding was target specific as demonstrated by a nearly 2-fold reduction in tumor signal
when pre-blocked with excess NODAGA-GaE35 at both 1 (2.9 + 0.3 %ID/g) and 2 h (2.8
+ 0.4 %ID/g) (p < 0.01). Muscle retention was low and indifferent to injection scheme at 1 h
(1.3+0.2vs. 0.8+ 0.1 %ID/g) and 2 h (0.9 £ 0.1 vs. 0.9 + 0.1 %ID/g) for mice with or
without cold NODAGA-GaE35 blocking. Hepatic signal was elevated relative to muscle in
blocked (4.4 £+ 0.4 %ID/g) and non-blocked (4.5 + 0.6 %ID/g) models after 1 h, remained
constant at 2 h in blocked models (4.0 + 0.8 %ID/g), and increased modestly at 2 h in non-
blocked mice (5.6 = 0.5 %ID/g). Consistent with biodistribution analysis of other small
protein ligands!®38.70-72 kidney signal is elevated due to renal processing. Renal uptake
was 1.5x and 1.6x higher in non-blocked mice at 1 and 2 h. Note that due to high levels of
photon emission within the kidneys, multiple coincident events may be observed within the
given collection time window and therefore discarded, leading to an artificially lowered
signal.

Two hours post-injection, mice were euthanized with tissues of interest excised, weighed,
and measured for radioactivity (Figure 8). PET image quantifications were corroborated by
tissue measurements. 54Cu-NODAGA-GaE35 exhibited strong EGFR-specific uptake (5.0
+ 0.7 %ID/g non-blocked vs. 2.5 + 0.2 %ID/g blocked; p < 0.001), elevated tumor:blood
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(9.2 £ 1.9 %ID/g non-blocked vs. 2.3 + 0.3 %ID/g blocked; p < 0.001) and tumor:muscle
(25 + 11 %ID/g non-blocked vs. 8.7 + 2.4 %ID/g blocked; p < 0.001) ratios. 54Cu-
NODAGA-GaE35 tumor signal was nominally higher when quantified via image analysis
versus excised tissue scintillation (6.2 = 0.6 %ID/g vs. 5.0 £ 0.7 %I1D/qg), although this
difference was not statistically significant. Additionally, muscle signal was slightly increased
in both blocked (0.9 £ 0.1 %ID/g vs. 0.3 + 0.0 %ID/g) and non-blocked (0.9 £ 0.1 %ID/g vs.
0.2 £ 0.0 %ID/g) images.

In conclusion, we created combinatorial libraries through rational design to introduce
charge-neutralizing or charge-flipping mutations on the Gp2 scaffold. By briefly heating
yeast-displayed Gp2 domains to denature unstable clones followed by flow cytometry to sort
for the retention of binding, deep sequencing of the enriched populations revealed preferred
mutations across three diverse binders (to EGFR, InsR, and rlgG). Functional populations
indicated tolerance of substantial charge removal with a propensity towards re-introduction
of charge and a maintenance of negative net charge. Additional screening identified a
promising EGFR Gp2 ligand with improved charge distribution, reduced charge density,
high stability, and strong, specific binding. Three lead EGFR binders, GaE22, GaE35, and
parental GaE57, were conjugated with NODAGA, complexed with 54Cu, and analyzed in
vivo using murine models bearing EGFRN9I and EGFR!W tumors. NODAGA-GaE35
demonstrated good EGFRNY" tumor localization (4.7 + 0.5 %1D/g) and, relative to parental
NODAGA-GaE57, improved specificity with reduced EGFRI!W uptake (0.6 + 0.1 vs. 0.9

+ 0.1 %ID/g, p = 0.01) and nominally improved tumor:blood (9.7 £ 1.3 vs. 6.2 + 2.0),
tumor:muscle (35 + 5 vs. 23 + 7), and EGFRNI:EGFRIOW (8.1 + 1.2 vs. 6.1 + 0.9) ratios.
Further study with additional mutants will be needed to more broadly assess the impact of
charge reduction and redistribution on ligand performance. Our study allows for the
enhancement of the Gp2 framework through guided charge modulation, validates a method
to engineer these modifications, and provides a lead clone, Ga.E35, to advance physiological
EGFR targeting for the purpose of molecular imaging.

Experimental Procedures

FoldX and Homolog Consensus

FoldX5® was used to predict destabilizing effects of residue mutations at charged positions
by estimating the change in free energy of folding for these mutations on the Gp2 scaffold.
Calculations were performed at each position using 40 randomized paratopes, or until <0.1
kcal mol~1 absolute or < 1% relative deviation in mean was achieved with each additional
variant for four solved crystal structures of T7 phage Gp2 (2LMC, 2WNM, 4LLG, 4LKO0)
and averaged to determine the final AAGto)dingmutation Of €ach canonical amino acid at all
positions.

We searched for homologs of the wild-type Gp2 protein via NCBI BLAST3 (in 2016)
resulting in 32 sequences, which were aligned in ClustalW2%1, Sitewise amino acid
frequencies were calculated.
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Library Construction

Degenerate oligonucleotides containing the mixed bases necessary for desired residue
mutations at charged positions and encoding for GaE; » 3, Gals 2 5, or GaR3 2 3 paratope
regions were purchased (IDT DNA, Coralville, 1A) and assembled via PCR overlap
extension. Each of the three libraries was transformed into the yeast surface display strain
EBY10063 using homologous recombination with a linearized pCT vector as described”4.
Transformation efficiency was determined by serial dilution on SD-CAA/agar plates (0.07
M sodium citrate (pH 5.3), 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 20 g/L
glucose, and 15-18 g/L bacto agar in water). Sanger and Illumina sequencing of each library
was performed to verify proper transformation.

Binder Selection and Illumina Sequencing

Yeast were grown in SD-CAA (0.07 M sodium citrate (pH 5.3), 6.7 g/L yeast nitrogen base,
5 g/L casamino acids, and 20 g/L glucose in water) and induced in SG-CAA (0.1M sodium
phosphate (pH 6.0), 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 19 g/L galactose, and
1 g/L glucose in water) at 30 °C, 250 rpm as described.” Populations with sample sizes
between 10x and 20x of theoretical diversity were taken from naive libraries and sorted
using flow cytometry. Yeast were washed in phosphate-buffered saline with 1 g/L bovine
serum albumin (PBSA) heated to 50-80 °C for 30 minutes, cooled on ice to 4 °C, incubated
with 2 — 20 nM recombinant, biotinylated target protein and anti-c-Myc antibody (Cat#
626802, BioLegend, San Diego, CA) to isolate full-length Gp2 mutants and account for
differences in surface expression, labeled with streptavidin-Alexa Fluor 647 (Life
Technologies, Waltham, MA) and goat anti-mouse-FITC antibody (Cat# F0257, Sigma—
Aldrich, St. Louis, MO), then sorted.

Because yeast cell viability diminishes significantly above 42 °C7, the recovered
populations in heat-treated sorts always exceeded 10° yeast cells. This number of cells
provided sufficient plasmid reclamation for the resulting downstream plasmid recovery via
Zymoprep protocol (Zymo Research, Irvine, CA), PCR amplification of Gp2 genes, and
retransformation through electroporation into yeast to rebuild display libraries for continued
sorting. After their final recombinant target sorts, Gp2 libraries were exposed to avidin-
coated magnetic beads (Invitrogen, Waltham, MA), followed by beads with immobilized
non-target mouse 1gG; non-binding yeast were collected and sequenced.

The EGFR-binding population underwent two additional rounds of sorting without heating
against 0.2 and 2 nM solubilized EGFR from A431 cell lysate as described previously.”®
Briefly, after reaching 70-80% confluency, A431 cells were detached, washed in ice-cold
PBS, incubated with NHS-PEGg4-Biotin, lysed and centrifuged, and the resulting supernatant
mixed with Gp2 expressing yeast recovered from bead depletion. Binding was detected via
flow cytometry as for recombinant target selections.

Illumina MiSeq paired-end sequencing was used to obtain 4.7 x 10°, 1.6 x 104, 5.9 x 104,
and 8.9 x 10°, 4.9 x 104, 5.9 x 10* reads from the naive and sorted binding populations of
EGFR, InsR, and rlgG Gp2 libraries. Forward and reverse reads were aligned using

PANDAseq’” with a 90% quality cut-off resulting in 2704, 2840, 595, and 3202, 797, 171
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unique sequences from naive and enriched populations in EGFR, InsR, and rlgG libraries.
Sequences were sorted, aligned, and sitewise frequencies calculated. Clones appearing more
than once had frequencies dampened by /» where n represents the number of clonal
occurrences found in the lllumina sequences.

Mammalian Cell Growth

MDA-MB-435 melanocyte (1.5 + 1.1 x 104 EGFR per cell%) and A431 epidermoid
carcinoma (2.9 + 1.4 x 105 EGFR per cell9) cell lines were kindly provided by Dr. Tim
Starr (University of Minnesota) and Dr. Daniel Vallera (University of Minnesota). Both cell
lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 1%
penicillin streptomycin and 10% fetal bovine serum at 37 °C in humidified air with 5% CO-.
When needed experimentally, cultures were incubated with 1-2 mL of 0.25% Trypsin-
EDTA for 610 minutes to detach cells.

GaE Clonal Production and Characterization

Gp2-encoding regions in DNA recovered from the final lysate-extracted EGFR flow
cytometry sort were amplified by polymerase chain reaction, digested with Nhel-HF and
BamHI-HF restriction enzymes (New England Biolabs, Ipswich, MA), and ligated into a
pET-22b vector containing a C-terminal hexa-histidine (Novagen, EMD Millipore, Billerica,
MA) with T4 DNA ligase (New England Biolabs). Plasmids were transformed via heat-
shock into T7 Express Competent £. coli (New England Biolabs) and proper transformants
selected on lysogeny broth (LB) plates containing 50 mg/L kanamycin. Surviving colonies
were added to 4 mL liquid LB/kanamycin (50 mg/L) and incubated in shake flasks at 37 °C,
250 rpm for 10-16 hours. Saturated cultures were added to 100 mL of LB, incubated 37 °C,
250 rpm until reaching an optical density between 0.5 and 1.0 upon which 0.1 mL 0.5 mM
isopropy! b-D-1-thiogalactopyranoside was added to induce protein expression. Induced
cultures were incubated 4-24 h at 30 °C, 250 rpm, cells were pelleted and resuspended in
lysis buffer (50mM sodium phosphate (pH 8.0), 0.5M sodium chloride, 5% glycerol, 5mM
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, and 25mM imidazole),
frozen and thawed 4 times, centrifuged for 10 minutes at 10 °C, and the resulting cell lysate
run through 0.2 mL Cobalt HisPur resin volume spin columns (Thermo Fisher Scientific,
Waltham, MA) to recover Gp2 proteins. When greater levels of Gp2 production were
required, as in the case of murine PET/CT imaging studies, saturated cultures were added to
1 L LB and clones were recovered using 2 mL Cobalt HisPur resin volume gravity columns.
Recovered yields were assessed using absorbance at 280nm on a Synergy H1 microplate
reader (BioTek, Winooski, VT).

In some cases, clones were additionally purified by reversed-phase high-performance liquid
chromatography with a C18 column using a 15 min gradient of 10% to 90% elution buffer
(90% acetonitrile, 9.9% water, 0.1% trifluoroacetic acid) and the remaining solution
composed of running buffer (99.9% water, 0.1% trifluoroacetic acid). Recovered Gp2 was
lyophilized.

Secondary structure, midpoint of thermal denaturation (T},), and protein refolding after
heating was determined using circular dichroism performed on a Jasco J-815
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spectrophotometer with samples placed in a 1 mm path length quartz cuvette. Purified and
lyophilized Gp2 ligands were resuspended in PBS to 0.2-1 mg/mL. Ellipticity was measured
between 205 and 260 nm wavelengths at 20 °C before and after heating to 98 °C. Thermal
denaturation was evaluated at 220 nm during sample heating at 2 °C/min from 20 °C to

98 °C.

At 70-80% confluence, A431 were detached as described previously, pelleted, and
resuspended in 4 °C PBSA. Each Gp2 ligand was added at varying concentrations (0, 2, 20,
50, and 500 nM) to 50,000 resuspended A431 cells and incubated at 4 °C to allow for EGFR
binding. Cells were again pelleted and washed with cold PBSA, then incubated with
fluorescein-conjugated anti-His6 antibody (Abcam, Cambridge, MA). Cells were washed a
final time and analyzed for fluorescence using flow cytometry on an Accuri Cé (BD
Biosciences, Franklin Lakes, NJ). Using median fluorescence at each ligand concentration,
the equilibrium dissociation constant, Kp, was determined by minimizing the sum squared
errors assuming a 1:1 binding interaction. Affinity titrations were performed thrice. To
elucidate EGFR specificity, an analogous procedure was performed with A431 and MDA-
MB-435 cell lines at 500 nM target (n = 3).

Gp2 ligands used for PET/CT imaging were resuspended in dimethyl sulfoxide, 2-3%
trimethylamine v/v, and 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA)-
ester (CheMatech, Dijon, France) at 5:1-10:1 molar ratios of ester:protein. Upon
conjugation as verified by matrix-assisted laser desorption ionization mass spectrometry, the
reaction was quenched with excess 1 M Tris buffer, pH 8.0, isolated via HPLC, freeze-dried,
and stored at 4 °C until use.

Tumor Xenotransplantation

Six-week-old female (Foxn1"/Foxn1™) mice (Charles River Labs, Wilmington, MA) were
anesthetized via inhalation of 2% isoflurane in 1-1.2 mL min~1 O,. 10 million MDA-
MB-435 cells, suspended in a 50:50 v/v DMEM/Matrigel Matrix solution, were
subcutaneously injected in their right shoulder. After 4.5-5 weeks, this process was repeated
with 7 million A431 cells subcutaneously injected into the opposing shoulder. Xenograft
tumors were grown to 5-12 mm in diameter (approximately 6 weeks after MDA-MB-435
inoculation). In pre-blocking experiments, this procedure was repeated with 7 million A431
cells subcutaneously injected into both shoulders followed by 1.5 weeks of tumor growth
until tumor diameters reached 7-10 mm.

Chelation and purification

5-12 mCi 84CuCl, (University of Wisconsin-Madison) was diluted in 100 uL 100 mM
sodium acetate pH 6.0 to provide buffering, then titrated with 1M sodium hydroxide and 1M
hydrochloric acid to a final pH of 6.0 as confirmed by narrow band pH paper (final volume:
200-250 pL). 1-2 mCi buffered 84CuCl, was added to 50-120 uM NODAGA-Gp2 in 10
mM sodium acetate pH 6.0 and incubated at 42 °C for 1 h to enact complexation. 64Cu-
NODAGA-Gp2 ligands were separated from free 54Cu through size exclusion
chromatography with PD-10 columns pre-equilibrated with 10 mM sodium acetate pH 6.0.

Bioconjug Chem. Author manuscript; available in PMC 2019 May 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Case et al. Page 14

RadioTLC/enzymatic degradation

64Cu-NODAGA-Gp2 purity and enzymatic stability were determined with an AR-2000
radio-thin-layer chromatography scanner (Eckert and Ziegler, Berlin, Germany) as described
previously’2. Briefly, 1-2 uL PD-10 elution volume 3.5-4.0 mL was spotted on
chromatography paper with PBS used as the mobile phase to separate any uncomplexed
copper from $4Cu-NODAGA-Gp2. Through integration analysis of the resulting position vs.
scintillation count data, relative fractions of free 84Cu and $4Cu-NODAGA-Gp2 were
determined.

To ascertain enzymatic stability, 1 uL from 84Cu-NODAGA-Gp2 PD-10 elution volume 3.5
— 4.0 mL was added to 20 pL normal human serum (Jackson ImmunoResearch), normal
mouse serum (Jackson ImmunoResearch), or 0.25% trypsin-EDTA in Hank’s balanced salt
solution and incubated at 37 °C for 4 hours. Two pL samples were taken at 1 and 4 h,
spotted on chromatography paper with a PBS mobile phase, and analyzed for metabolite
migration. Integration analysis was again used to determine the relative percentage of Gp2
metabolites.

Tissue quantification of $4Cu-NODAGA-GaE22, -GaE35, and -GaE57 in mice bearing A431
and MDA-MB-435 tumor xenografts

Mice were anesthetized with 2% isoflurane at 1 mL min~1 oxygen until stationary. When no
longer ambulatory, 1.0-1.9 MBq $4Cu-NODAGA-GaE22, -GaE35, or -GaE57 was injected
via lateral tail vein. At 2 hours p.i., mice were again anesthetized then euthanized by cervical
dislocation. After confirming expiration by toe pinch, mice were dissected and blood, heart,
lung, liver, pancreas, spleen, stomach, intestine, skin, brain, bone, muscle, kidney, A431,
MDA-MB-435 were extracted and weighed. Resected samples were measured for
radioactivity by a CRC-25W (Capintec, Florham Park, NJ) gamma counter across all energy
ranges and averaged over 1-2 min. Incident counts were calibrated using serial dilutions
based on the dose reported by an Atom Lab dosimeter.

PET Imaging/quantification and Tissue quantification of ¥4Cu-NODAGA-GaE35 in mice
bearing dual A431 tumor xenografts

Mice were anesthetized as described previously. Upon loss of motor function, mice bearing
dual A431 tumors were injected via lateral tail vein with 0 or 0.7 — 0.8 mg NODAGA-
GaE35 followed 5-10 minutes later by 1.0-2.7 MBq 84Cu-NODAGA-GaE35. Injected
radioactivity was quantified by an Atomlab 100 dosimeter (Biodex, Shirley, NY) calibrated
for 4Cu measurements. Static PET scans were performed at 1 and 2 hours post-injection on
an Inveon microPET/CT (Siemens, Malvern, PA) and images reconstructed with the 2D
ordered-subset expectation maximization (OSEM2D) method using four iterations of
Fourier rebinning. Photopeak energy cutoffs were 350-650 keV with a timing window of
3.437 nanoseconds. A 1 x 1 x 1 voxel Gaussian filter was used to smooth PET images.
Concomitant CT scans were completed using 340 projections of 80 kV at 500 uA with 4 x 4
binning, 200 ms exposure over 384 s total scan time, and an effective pixel size of 85.6 um.
CT scans were reconstructed with the Feldkamp—David—Kress algorithm using slight noise
reduction and Shepp-Logan filtering. PET image ROI quantification was performed on
Inveon Research Workplace software (Siemens) using CT images as guides to determine 3D
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margins for tissues of interest including liver, thigh muscle, kidneys, and A431 tumors. The
maximum average PET signal in a 3 x 3 x 3 spherical voxel (9.1 mm?3) was calculated for
each tissue of interest.

Two hours after ¥4Cu-NODAGA-GaE35 injection, mice were euthanized, tissues extracted,
weighed, and radioactivity measured as described previously.

Comparisons for statistical significance between was determined using two-tailed student’s
Etests assuming unequal variance between sample datasets. Data are presented as mean +
standard error unless otherwise noted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gp2 charge distribution
(A) Structure of the wild-type Gp2 scaffold with acidic (blue), basic (red), and paratope

(green) residues highlighted [PDB: 2WNM)] (B) Sequences of wild-type, EGFR-, InsR-, and
rigG-binding clones used as parental ligands for charge modified Gp2 libraries.
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Figure 2. Combinatorial library design
(A) Theoretical stability upon mutation based on FoldX80 force field calculations, natural

homolog frequencies from the BLAST algorithmb, and amino acid hydropathy>8 (B) An
example of the decision-making process behind library designs (C) EGFR-, InsR-, and rlgG-
charge modified Gp2 libraries as designed.
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Figure 3. Enrichment of stable, EGFR-binding charge mutants
(A) Yeast libraries displaying charge-modulated Gp2 ligands were sorted against

biotinylated EGFR ectodomain (2 — 20 nM) after pre-heating the yeast for 30 minutes (60—
80 °C) followed by screening against streptavidin- and mlgG-coated beads to deplete non-
specific binders, and finally sorted against lysate-extracted EGFR at 2 and 0.2 nM target.
EGFR-labeled and target-negative yeast are shown in red and black with collected
populations in triangular gates.
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Figure 4. Net and total charge distributions of clones in naive and sorted populations
(A, B) EGFR (naive: 2705, sorted. 3202), (C, D) InsR (naive: 2842, sorted: 798), and (E,

F) rlgG (naive: 596, sorted: 172) Gp2 libraries. Data presented as frequency + standard
deviation. Mean + standard deviation of overall distribution shown in legend.
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Excised tissue analysis of charge modified Ga.E ligands. Mice xenografted with A431
(EGFRN9") and MDA-MB-435 (EGFR!*") tumors on opposing shoulders were
intravenously injected with 84Cu-NODAGA-GaE57, $4Cu-NODAGA-GaE35, or $4Cu-
NODAGA-GaE22 and euthanized 2 h post-injection. Tissues or fluid of interest were

extracted, weighed, and gamma decay radioactivity measured (%ID/g) (n = 5-6). *: p <

0.05. Inset represents ratios of tumor:background signal.
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(A) PET/CT Imaging. Mice xenografted with two A431 (EGFR9M tumors on opposing

shoulders were intravenously injected with either 84Cu-NODAGA-GaE35 (Non-blocked) or
NODAGA-GaE35 at 102 + 29-fold molar excess followed by 84Cu-NODAGA-GaE35 5-10
minutes later (Blocked) and imaged via PET/CT at 1 and 2 h post-injection. Coronal and

transverse slices through tumors are shown for representative mice (n = 4). (B) PET imaging
quantification. Signal in the liver, muscle, tumors, and kidney were quantified using Siemens
Inveon research software at 1 and 2 h post-injection (**: p < 0.01).
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Figure 8.

Excised tissue analysis of ¥4Cu-NODAGA-GaE35 with and without blocking by
NODAGA-GaE35. Mice (n = 4) xenografted with two A431 (EGFRN9M) tumors on
opposing shoulders were intravenously injected either 54Cu-NODAGA-GaE35 (Non-
blocked) or NODAGA-GaE35 at 102 + 29-fold molar excess followed by 84Cu-NODAGA-
GaE35 5-10 minutes later (Blocked). Mice were euthanized 2 h post-injection. Tissues or
fluid of interest were extracted, weighed, and gamma decay radioactivity measured (%1D/g)
(*: p<0.05; **: p<0.001).
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