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Abstract

Alternative splicing of RNA occurs frequently in eukaryatic cells and can result in multiple
protein isoforms that are nearly identical in amino acid sequence, but have unique biological

roles. Moreover, the relative abundance of these unique isoforms can be correlative with diseased
states and potentially used as biomarkers or therapeutic targets. However, due to high sequence
similarities among isoforms, current proteomic methods are incapable of differentiating native
protein isoforms derived from most alternative splicing events. Herein, a strategy employing a
nonsynonymaous, non-native amino acid (nnAA) pseudo-hapten (/.&. an amino acid or amino acid
derivative that is different from the native amino acid at a particular position) as a targeting epitope
in splice junction-spanning peptides was successful in directed antibody derivation. After isolating
nnAA-specific anti-bodies, directed evolution reduced the antibody’s binding dependence on the
nnAA pseudo-hapten and improved binding to the native splice junction epitope. The resulting
antibodies demonstrated codependent binding affinity to each exon of the splice junction and

thus are splice junction- and isoform-specific. Furthermore, epitope scanning demonstrated that
positioning of the nnAA pseudo-hapten within a peptide antigen can be exploited to predetermine
the isolated antibody’s specificity at, or near, amino acid resolution. Thus, this nnAA targeting
strategy has the potential to robustly derive splice junction- and site-specific antibodies that can
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be used in a wide variety of research endeavors to unambiguously differentiate native protein

isoforms.
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Introduction

Alternative splicing is a critical RNA processing mechanism that enables a single multi-
exon gene to produce more than one unigue mMRNA. This diversification mechanism has
been evolutionarily conserved where events such as exon skipping, usage of alternative
donor-acceptor splice sites and intron retention have been reported in species from all

major eukaryotic kingdoms [1]. In the human genome, more than 90% of multi-exon

genes undergo alternative splicing to generate a highly diverse proteome that far exceeds

the number of annotated genes[2,3]. Many alternatively spliced MRNAs are capable of
being translated into unique proteins that serve specialized biological roles[3-10]. Moreover,
disruptions in the splicing pathway can cause aberrant splicing that produces novel isoforms
or increases the production of normally low-level isoforms[11] which can lead to potentially
detrimental effects. The impact of aberrant splicing is particularly acute in cancer, where
tumors experience up to 30% more alternative splicing events than normal cells and novel
exon-exon junctions (EEJs), termed neojunctions, are found unique to tumor samples[11].
Strikingly, it has been estimated that up to one third of all disease-causing mutations affect
splicing[2]. However, biological questions about many alternative splicing events at the
native protein level in both normal and diseased states have been neglected.

The biological impact of alternative splicing on native protein functions, particularly

those derived from exon skipping events, has been largely unexplored in normal and
disease states due to a lack of technology available for unambiguously differentiating these
highly similar proteins. Current technology including mass spectrometry, indirect tag-based
detection and direct antibody-based detection carry undesirable, yet unavoidable, secondary
effects such as modifying native protein characteristics and recognizing multiple protein
isoforms indiscriminately. Here, this technological gap has been addressed through the
implementation of a unique targeted approach to derive splice junction-specific antibodies
(Abs) using an alternatively spliced isoform of human centromere protein A (CENP-A) as
the target antigen.

CENP-A is a centromere-specific histone protein that is functionally conserved among
eukaryotes and is essential for viability due to its pivotal roles in mitotic processes[12-17].
The alternative CENP-A isoform (CENP-A-AExon3) is derived from an exon 3 skipping
event (Fig. 1A, top), yet its biological role is unresolved. Like most isoforms derived from
exon skipping events, currently available Abs to CENP-A are specific to either the N- or
C-terminus of the protein and therefore incapable of differentiating the two alternatively
spliced isoforms. To achieve the Ab specificity required for unambiguous detection of CEN-
P-A-AExon3, the unique exon 2/4 splice junction epitope must be targeted with precision
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to derive Abs that bind to both exon 2 and exon 4 simultaneously. Thus, a two-stage

strategy employing a nonsynonymous, non-native amino acid (nnAA) pseudo-hapten (/.e.

an amino acid or amino acid derivative that is different from the native amino acid at a
particular position) as a targeting epitope in splice junction-spanning peptides was developed
for directed Ab derivation. In this /n vitro strategy, Abs were first isolated against the
predetermined position of the nnAA pseudo-hapten,e.g. phosphoserine, (SEP) and then
anti-nnAA Abs were mutagenized to change specificity to the native epitope using directed
evolution, resulting in Ab paratopes that simultaneously bind both exons of a splice junction.
Application of this nnAA targeting strategy was extended to an /in vivo approach, resulting
in the successful derivation of additional splice junction-specific Abs. This nnAA targeting
strategy can predictably yield splice junction-specific Abs with codependent binding affinity
to each exon of any splice junction target.

Materials and methods

Bacterial strains, mammalian cell lines, plasmids, and peptides

Strains, cell lines and plasmids are shown in Supplementary Table S5. All peptide sequences
are found in Supplementary Table S6.

Construction of phage display libraries

All libraries employed single-chain variable fragment (scFv)-display strategies[18-20]
(Supplementary Tables S1 and S5). AXL40 is a naive single-framework Discovery library
(Abcam)[18,21] with predetermined complementarity determining regions (CDRS) including
a 5% molar ratio of four phospho-binding CDR-H2 sequences identified in-house and

in [22]. AXL41 is a naive single-framework Discovery library (Abcam) based on a SEP-
specific scFv that has been mutagenized using degenerate nucleotides (7.e., “NNK”) in
CDR-L2, CDR-L3, CDR-H2 and CDR-H3. AXL40 and AXL41 have estimated diversities
of 1.0 x 1010 and 1.2 x 1010, respectively.

The template phagemid for Directed Evolution phage libraries (DEL6691, DEL6695 and
DEL6698) are based on SEP-specific scFv sequences identified herein from phage display
biopanning using AXL40 and AXL41. Directed Evolution phage libraries were generated
based on methods for AXM mutagenesis[23,24]. DEL6691, DEL6695, and DEL6698 have
estimated diversities of 1.0 x 108, 1.7 x 108, and 1.0 x 108, respectively.

The template phagemid for Affinity Maturation libraries (AML6691 Clone 1 and AML6691
Clone 2) are based on evolved scFv sequences identified from phage display biopanning of
the Directed Evolution libraries. Affinity Maturation phage libraries were generated as per
Directed Evolution libraries, above. AML6691 Clone 1 and Clone 2 libraries have estimated
diversities of 7.1 x 107 and 6.3 x 107, respectively.

Isolation of SEP-specific scFvs by phage display biopanning

Ten phage display Discovery screenings using AXL40 and AXLA41 libraries against the
SEP1-5 peptides were performed as per [18] with optimized conditions for the template
phagemid (e.g., growth media and method for phage elution). For rounds 2 and 3 of
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biopanning, a 10-fold excess of nonbiotinylated, nonphosphorylated peptide competitor was
added during positive phage selection against the biotinylated target peptide-coated wells.
NAT1 and NAT?2 peptides were used as competitors for the SEP1-2 screens and SEP3-5
screens, respectively.

Isolation of Directed Evolution splice junction-specific scFvs by phage display biopanning

Six Directed Evolution and two Affinity Maturation phage display screenings were carried
out as per [18] and optimized conditions for the template phagemid (e.g. growth media and
method for phage elution). Directed Evolution libraries (DEL6691, DEL6695, DEL6698)
were screened under two conditions: (1) three rounds of positive selection against the
biotinylated NAT2 peptide, and (2) one round of positive selection against the biotinylated
NAT2 peptide followed by two rounds of positive selection against the biotinylated

NAT4 peptide. The AML6691 Clone 1 Affinity Maturation library was screened against
the biotinylated NAT3 peptide for three rounds of biopanning with successive 10-fold
reduction in peptide concentration in rounds 2 and 3. Additionally, 100-fold excess of the
nonbiotinylated Exon4 and NAT3 competitor peptide was added during round 2 and round
3, respectively. The AML6691 Clone 2 Affinity Maturation library was screened under the
same conditions as the AML6691 Clone 1 library, but using the biotinylated NAT4 peptide
for positive phage selection and 10-fold and 100-fold excess of the nonbiotinylated Exon4
competitor peptide in round 2 and round 3, respectively.

ScFv cell supernatant ELISA

Single scFv clones were precultured in 2YT-based media followed by induction with 1

mM IPTG at 30 °C. 96-well Maxisorp plates coated with 10 ug/mL (167 nM) NeutrAvidin
(ThermoFisher Scientific, Rockford, 1L, USA) were used for enzyme-linked immunosorbent
assays (ELISAs) following standard protocols. In brief, plates were washed with phosphate
buffered saline (PBS), blocked with 3% bovine serum albumin (BSA)/PBS (American
Bioanalytical, Canton, MA) for 1 h at room temperature (RT), washed, and incubated

with either 10 pg/mL (3-4 uM, Discovery and Directed Evolution screening), 0.05 pg/mL
(15-17 nM, Affinity Maturation screening), or 1 ug/mL (310-35 nM, split-splice junction
ELISAS) of the corresponding biotinylated peptide for 1 h at RT. Following a second round
of washing-blocking-washing, 100 pL/well of cell supernatant scFv-expressing cultures
was incubated for 1 h at RT, washed with PBS/0.1% Tween 20 and incubated with 100
pL/well of goat anti-Myc-HRP polyclonal antibody (1:5000 Abcam, Cambridge, UK; cat,
nr. ab1261) for 1 h at RT. Following a PBS/0.1% Tween 20 wash, wells were developed
with 1-Step Ultra TMB (100 pL/well; Thermo Scientific, cat. nr. 34028), stopped with 2 M
H,SO4 (50 pL/well), and absorbances read at 450 nm.

Production and purification of soluble scFvs

Following scFv clone culturing and induction with 1 mM IPTG for 18 h at 30°C, cells
were pelleted at 1900 x g for 25 min at RT and incubated at — 40 °C for 20 min.

Thawed cell pellets were resuspended in 5 mL lysis buffer [B-PER (Thermo Scientific,
cat. nr. 78248) supplemented with 1 mM phenylmethansulfonyl fluoride (PMSF), protease
inhibitors (Sigma, cat. nrs. C7268, A1153, L2884, P5318), 1:10,000 Pierce Universal
Nuclease (Thermo Scientific, cat. nr. 88702), 4 mM benzamidine (MilliporeSigma, cat. nr.
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434760), and 10 mM imidazole], incubated on a platform shaker at RT for 25 min, and

then centrifuged at 15,000 x g for 25 min at 4 °C. The lysate supernatant was added to a
PBS-equilibrated column containing 200 pL of HisPur Cobalt Resin (Thermo Scientific, cat.
nr. 89966), allowed to pass through by gravity flow at 4 °C, and washed twice with 2 mL of
PBS/10 mM imidazole. Bound scFvs were eluted with 600 uL. PBS/200 mM imidazole/10%
glycerol and analyzed by Coomassie Plus assay and sodium dodecy! sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE).

ScFv protein ELISA

96-well Maxisorp plates were coated with NeutrAvidin and processed as described for scFv
cell supernatant ELISAs with the following modifications. For antigen titration ELISAS,
plates were coated with peptides serially diluted 1:2 from 2 pg/mL (620-870 nM) to 0.03125
ug/mL (10-14 nM) and scFvs were tested at 1 ug/mL (32 nM). For scFv titration ELISAS,
plates were coated with peptides at 10 pg/mL (3—4 uM) and scFvs were serially diluted 1:3
from 2 pg/mL (64 nM) to 0.0001 pg/mL (3 pM) or 1:2 from 3 pg/mL (95 nM) to 0.02344
ug/mL (744 pM).

Immunizations and polyclonal IgG production

Rabbit immunizations and whole blood sample collections were performed by Covance
Laboratories (Princeton, NJ, USA) under Institutional Animal Care and Use Committee
(IACUC)-approved conditions consistent with the National Institutes of Health (NIH)
Animal Use policy. Two immunization strategies were performed: (1) co-immunizations
with SEP6 and SEP7 followed by single immunizations with NAT6, and (2) single
immunizations with NAT5 followed by single immunizations with NAT6 (for SEP and NAT
sequences, see Supplementary Table S6). Whole blood (25 mL) was collected after the final
boost in each series.

Monoclonal IgG isolation, production, and purification

Peripheral blood mononuclear cells (PBMCs) were isolated and cultured from whole blood.
IgG-containing supernatants were tested in ELISA against the SEP6/SEP7, NAT5 and
NAT6 peptides. cDNA was generated from PBMC populations positive against NAT5

and NAT6 and antibody heavy and light chain genes were PCR amplified. PCR products
were purified, cloned into antibody expression vectors, and sequenced. Unique antibody
sequences were used to produce recombinant monoclonal 1gGs and purified by Protein A
affinity chromatography.

Production and purification of alanine scan peptides fused to maltose binding protein

(MBP)

pMAL-c5X plasmids were transformed into NEBEXxpress® cells (New England Biolabs,
Ipswich, MA, USA) and single colonies were precultured in LB-based media then grown to
an optical density 600 nm (ODgqg) of 0.5 for induction with 0.3 mM IPTG for 1 h at 37

°C. Cells were pelleted, stored at — 20 °C overnight, incubated with 5 mL of lysis buffer (as
per soluble scFv purification), and then centrifuged at 20,000 x g for 20 min at 4 °C. Fusion
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proteins were purified as per soluble scFv purification but with 250 uL HisPur Cobalt Resin
and eluting with 1 mL PBS/200 mM imidazole/15% glycerol.

Monoclonal IgG ELISA for epitope scanning

96-well Maxisorp plates were coated with 6 pg/mL (120 nM) of each MBP-fusion protein
(wild-type exon 2/4 splice junction sequence fused to MBP, 15 alanine scan sequences
independently fused to MBP, and MBP alone) and incubated overnight at 4 °C. Antigen-
coated plates were processed as described for scFv cell supernatant ELISAs with the
following modifications. Purified monoclonal 1gGs were serially diluted 1:3 from 5 pg/mL
(33 nM) to 0.1852 pg/mL (1 nM) and detected with goat anti-rabbit-HRP polyclonal
antibody (1:5000; Jackson ImmunoResearch, West Grove, PA, USA, cat. nr. 111-035-
144). Epitope scanning ELISAs were performed in triplicate. To calculate “% binding
activity” against each antigen, the ODy5 for MBP alone was subtracted from the ODyg for
each MBP-fusion protein at each corresponding 1gG concentration (background-corrected
0OD450). The background-corrected ODy5q for each alanine scan MBP-fusion was divided
by the background-corrected ODg4sgq for the wild-type splice junction MBP-fusion for each
corresponding 1gG concentration (“% binding activity”). “% binding activity” was averaged
across triplicate results for each 1gG concentration (“average % binding activity”). To
normalize for monoclonal 1gGs with differing affinities, the IgG concentration that gave

an average background-corrected ODy5q of 1.2-1.6 with the lowest standard deviation (SD)
against the wild-type splice junction MBP-fusion was used for the final reported “average %
binding activity” against each alanine scan construct.

Generation of CENP-A and CENP-A-AExon3 overexpression lysates

Freestyle™ 293-F cells were transfected with the pPSNAP; expression vectors using 40 pL of
293fectin™ Reagent and following the manufacturer’s protocol (Gibco, cat. nr. 12347-019)
alongside a negative control transfection omitting DNA. At 48 h post-transfection, cells were
pelleted at 500 x g for 10 min, resuspended in RIPA buffer (150 mM NaCl, 50 mM Tris

pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 1 mM
benzamidine, and protease inhibitors) at a concentration of 1 x 107 cells/mL, and incubated
on a nutator at 4 °C for 30 min. Lysates were centrifuged at 12,000 x g for 20 min and
supernatants used in western blot analyses.

Western blot

Clarified lysates were mixed 1:1 with 2x Laemmli Sample Buffer (Bio-Rad Laboratories,
Hercules, CA, USA, cat. nr. 1610737) supplemented with 0.17 M dithiothreitol (DTT)

and incubated at 95 °C for 5 min. Protein standards (Bio-Rad, cat nr. 1610373) and an
equivalent number of lysed cells were electrophoresed (Bio-Rad, cat, nr, 5671095) and
proteins transferred to nitrocellulose membranes (Bio-Rad, cat, nr. 1704159) using the Bio-
Rad Trans-Blot Turbo System. Membranes were blocked with 5% MTBST (5% w/v skim
milk powder, TBS, 0.1% Tween 20) for 1 h at RT and incubated with monoclonal IgG at 1
pg/mL (7 nM) overnight at 4 °C. Membranes were washed 3 x 10 min with TBST, incubated
with goat anti-rabbit-HRP polyclonal antibody (1:10,000; Jackson ImmunoResearch, cat. nr.
111-035-144) for 1 h at RT, washed, and developed using Enhanced Chemiluminescence
(ECL) reagent (Bio-Rad, cat. nr. 1705061).
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Results

Isolation of SEP-specific scFvs to CENP-A-AExon3 nnAA pseudo-haptens using in vitro

phage display screening
To specifically target the unique splice junction of CENP-A-AExon3 (Fig. 1A), five distinct
peptides spanning the exon 2/4 splice junction were synthesized (Supplementary Table
S6), each with a single nnAA (SEP) substitution at a different site to ascertain the
impact positioning of the SEP substitution relative to the EEJ has on Ab specificity (Fig.
1B, /eff). Corresponding nonphosphorylated, native sequence peptides (NAT1 and NAT?2)
were synthesized for counter-selection and counter-screening. Two naive scFv-displaying
phage libraries[18-20] (Discovery AXL40 and AXL41) were independently screened
against biotinylated SEP1-5 peptides using three rounds of high-throughput panning and
competition in solution to isolate SEP-specific Abs (Discovery screening, Fig. 1B). After
the third round of affinity selection, 88 clones from each of the 10 Discovery screens (880
clones in total) were isolated and independently expressed as secretory scFvs (Fig. 1B,
right). Each scFv-containing cell supernatant was tested in ELISA against the respective
SEP and NAT peptides, and NeutrAvidin alone as a negative control. To classify hits
preliminarily as SEP-specific, single clones had to meet three ELISA criteria: (1) < 5-fold
signal against the NAT peptide over NeutrAvidin, (2) absorbance reading (ODysgp) = 0.2
against the SEP peptide with = 2-fold signal over NeutrAvidin, and (3) = 2-fold signal
against the SEP peptide over the NAT peptide (Fig. 1B, Supplementary Table S2). In
brief, 230 Discovery clones were classified as SEP-specific by meeting all three criteria.
Notably, positive hits derived from the Discovery AXL41 screens were more likely to
be classified as SEP-specific than those derived from the Discovery AXL40 screens (on
average ~80% vs. ~32%, Supplementary Table S2). The performance differences between
Discovery libraries can be attributed to unique library designs in both the Ab framework
and the diversity of CDRs; Discovery AXL41 was built with a greater inherent propensity
to bind phosphorylated serines (see Materials and Methods and Supplementary Table S1).
Nevertheless, SEP-specific hits were identified for each of the five SEP peptides.

A subset of SEP-specific hits was sequenced, purified as scFv proteins, and tested in
titration ELISASs to validate SEP specificity. A total of 69 unique scFvs were identified
(Fig. 1B, righd). Four unique scFvs were identified in at least two different SEP screens
(Supplementary Table S2), indicating flexible Ab paratopes that rely on SEP for epitope
binding but can accommaodate variations in the context peptide sequence. The remaining
65 unique scFvs were identified only in their respective Discovery screen. Of the 37
unique scFvs tested in titration ELISASs, 10 scFvs were identified as SEP-specific with =
5-fold background-corrected signal against the SEP peptide over the NAT peptide for at
least two antigen or scFv titration points (Fig. 1B, righf). Two clonal examples are shown
in Fig. 2A-B, /eft. For scFv titration ELISAs, SEP-specificity was determined under the
most stringent conditions using signal comparisons to the NAT peptide with the highest
background (NAT3). By testing each scFv under both scFv and antigen titration conditions,
and against multiple NAT peptides, SEP-specific scFvs with an expected epitope at the exon
2/4 EEJ of CENP-A-AExon3 were confidently identified.
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In vitro directed evolution of SEP-specific scFvs to the native exon 2/4 splice junction of
CENP-A-AExon3

To reduce the dependence on the nnAA pseudo-hapten and evolve these SEP-specific scFvs
to bind to the nonphosphorylated, native exon 2/4 splice junction of CENP-A-AExon3,

a combination of Ab mutagenesis and phage display screening was performed. Using

a modified AXM mutagenesis[23,24] approach, Directed Evolution libraries (DEL6691,
DEL6695 and DEL6698) were generated for three SEP-specific scFvs with a 1.6-1.9%
mutation rate throughout the scFv gene (Supplementary Table S3A). SEP-specific scFvs
derived from the SEP3-5 Discovery screens and uniquely identified against their target
SEP epitope were prioritized for directed evolution. In parallel, each mutagenic library was
independently screened (Directed Evolution screening, Fig. 1C) against the NAT peptides
using two approaches. After the final round of selection, 44 clones from each of the six
screening conditions (264 clones in total) were expressed as secretory scFvs and each cell
supernatant was tested in ELISA against the NAT4 peptide and NeutrAvidin alone as a
negative control. In parallel, the three Discovery parental clones were tested in the same
manner. Directed Evolution clones with improved binding to the native splice junction
were identified based on three criteria: (1) ODgsgg = 0.2 against NAT4, (2) = 2-fold signal
against NAT4 over NeutrAvidin, and (3) = 2-fold signal against NAT4 over the parental
NAT4 signal. In brief, Directed Evolution screening was successful and yielded 78 hits with
improved binding strength to the native splice junction peptide compared to their respective
anti-SEP parental clone (Fig. 1C, Supplementary Table S3B). Notably, the vast majority of
these hits were derived from the DEL6691 screens. It was expected that some screens would
outperform others due to differences in the parental scFv sequences and therefore multiple
unique Discovery clones were chosen to proceed to Directed Evolution screening.

Subsequently, 35 Directed Evolution improved clones were sequenced and three unique
scFvs were identified (Fig. 1C, Supplementary Table S3B). Although the DEL6691 screen
yielded a significantly greater hit rate than DEL6695 or DEL6698 in screening ELISAS, the
majority of those hits were identical in sequence. All three evolved clones possessed at least
one amino acid mutation in at least one CDR (Fig. 2A-B, righi), thus supporting the ELISA
data for Ab paratope evolution to the native splice junction epitope. For further binding
validation, each scFv was tested in titration ELISAS to identify improved clones with =
2-fold background-corrected signal against NAT4 over the parental NAT4 corrected signal
for at least two titration points (Fig. 2A-B, righ?). Additionally, each scFv was tested against
non-target peptide(s) to assess off-target binding events. Since DEL6698 Evolved Clone

1 demonstrated unexpected binding to “Non-target Peptide 1”, it was also tested against
“Non-target Peptide 2” (which is nearly identical to “Non-target Peptide 1”) and “Non-target
Peptide 3" to reveal no additional off-target binding events. All scFvs demonstrated 4- to
12-fold improved binding strength to the native splice junction peptide.

To further improve the binding affinity of the two DEL6691 evolved clones, another cycle of
scFv mutagenesis was performed to generate Affinity Maturation libraries (AML6691 Clone
1 and AML6691 Clone 2; Supplementary Table S4A) and subsequently used in Affinity
Maturation phage display screening against the NAT peptides. A combination of antigen
reduction and nonbiotinylated peptide competition was used for stringency. In brief, ~58%
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of ELISA-positive hits demonstrated = 40-fold signal improvement over their parental clone
and 21 unique scFvs with CDR mutation(s) were identified (Supplementary Table S4B), thus
supporting the ELISA data for affinity maturation of Ab paratopes. An additional 22 unique
scFvs with CDR mutation(s) were identified in parallel screens (not discussed herein) for a
total of 43 affinity-matured scFvs derived from the AML6691 Clone 1 and Clone 2 libraries.
A subset of these scFvs were further tested for specificity to the exon 2/4 splice junction of
CENP-A-AExon3.

Many Directed Evolution scFvs are specific for the exon 2/4 splice junction of CENP-A-

AExon3

To determine if the Directed Evolution scFvs from the nnAA targeting strategy met the
requirements of splice junction specificity, scFvs were tested in split-splice junction peptide
ELISAs. Peptides containing the full exon 2/4 splice junction of CENP-A-AExon3 (“NAT3”
and “NAT4”), exon 2 in the context of the canonical exon 2/3 splice junction (“Exon2”),
and exon 4 in the context of the canonical exon 3/4 splice junction (“Exon4”) were used
(Fig. 1A). A total of 29 evolved and affinity-matured scFvs, as well as their corresponding
parental clones from Discovery and Directed Evolution screening, were expressed as
secretory scFvs and each cell supernatant was tested in comparative ELISAS against the
split-splice junction peptides (Fig. 3A, Supplementary Figs. S1, S2). Importantly, 20 scFvs
(~69%) demonstrated 5- to 623-fold background-corrected signal against 1 pg/mL of NAT3
and/or NAT4 over the split-splice junction peptides, confirming specificity for the exon 2/4
splice junction.

However, some derivative scFvs from AML6691 Clone 1 maturation demonstrated a
concentration-dependent specificity profile (“Avg Binding Profile 1b” in Fig. 3A, /ef).

In these cases, significant binding to the Exon4 peptide was observed at higher peptide
concentrations but eliminated with 20-fold less peptide, withoutimpacting binding to

the full exon 2/4 splice junction peptide (Fig. 3B and Supplementary Fig. S1B). This
phenomenon can be attributed to two potential factors: (1) these cell supernatants were not
normalized for scFv concentration, and (2) higher affinity scFvs yield saturating ELISAs
signals at lower antigen concentrations. Since these splice junction-specific Abs must bind
to residues in both exon 2 and exon 4 simultaneously, there is likely some cross-reactivity
to either exon alone. By using a greater amount of either Ab or antigen in an ELISA

the binding equilibrium shifts and results in saturating ELISA signals for both the NAT
and Exon4 peptides, thus necessitating a lower concentration of scFv and/or peptide for
these analyses. Altogether, 28 scFvs (~97%) were splice junction-specific with > 5-fold
preferential binding to the NAT peptide(s) over the split-splice junction peptides at either
antigen concentration (Supplementary Figs. S1 and S2).

The concentration-dependent, splice junction-specific scFvs acquired enriched CDR-L1 and
CDR-L3 mutations at Kabat positions L34 and L90, respectively (Fig. 3C). The enriched
mutations at L34 appeared to correlate with improved exon 4 binding at higher peptide
concentrations. Interestingly, the mutagenic hot spot in CDR-L3 (L90) is one of the same
positions previously mutated and selected for during initial directed evolution (Fig. 3C, lines
1 and 2). Furthermore, in the canonical structure for variable light chain domains[25], L34
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and L90 are in very close proximity to one another and may have co-evolved to contribute
to a distinct paratope for exon 4. These observations indicate that CDR-L1 and/or CDR-L3
may participate in epitope binding directly, or indirectly by altering Ab structure. Derivative
scFvs from AML6691 Clone 2 maturation did not acquire enriched mutations in either

the light nor heavy chain (CDR-L1 and CDR-L3, Fig. 3D), probably due to sub-optimal
screening conditions for this clone. Regardless, this data supports the feasibility of using the
nnAA (SEP) targeting strategy and directed evolution to derive splice junction-specific Abs.

Application of the nnAA targeting strategy in vivo

An inherent limitation of this nnAA targeting strategy /7 vitrois the use of random
mutagenesis throughout the Ab heavy and light chain genes to introduce beneficial
mutations that would change Ab specificity from the nnAA pseudo-hapten to the native
epitope. Capitalizing on the natural immune repertoire of rabbits and /n vivo Ab
mutagenesis, these mutations are introduced in a CDR-biased manner without manual
intervention. Furthermore, the rapid and continuous cycling between Ab mutagenesis and
affinity-based selection inherently streamlines the nnAA targeting strategy for directed
evolution.

Four sets of peptide immunogens spanning the exon 2/4 splice junction of CENP-A-AExon3
were synthesized and two rabbit immunization strategies were performed (Fig. 4A): (1)
co-immunizations with SEP6 and SEP7 followed by single immunizations with NAT®6,

and (2) single immunizations with NAT5 followed by single immunizations with NAT6.
Antigen-specific Abs were isolated from each immunization strategy and produced as
recombinant monoclonal Abs (mAbs) using B cell cloning. When tested in western blot
against whole cell lysates overexpressing SNAP-tag fusion proteins of either the full-length
CENP-AExon3 or canonical CENP-A, a range of Ab specificity patterns was observed (Fig.
4B) indicating that the isolated mAbs may recognize slightly different epitopes within the
same peptide immunogen. Importantly, the majority of isolated mAbs demonstrated splice
junction specificity with obvious and large binding differences between the two CENP-A
isoforms.

To further characterize the specificity of the mAbs derived from each immunization strategy,
each was tested for binding in independent ELISAS against peptides with an alanine

or serine residue replaced serially across the native exon 2/4 splice junction of CENP-A-
AExon3 (Fig. 4C). An observed reduction in binding activity when a particular residue is
mutated to alanine or serine indicates that the native residue at that position is important

for mAb binding. MAbs with significant binding to the canonical CENP-A protein isoform
(e.g., mAb5, mAb7 and mAb32, Fig. 4B) relied heavily on native residues in only one of
the exons of the splice junction peptide (darker red squares, Fig. 4C). MADbs that were more
specific for the CENP-A-AExon3 protein isoform (e.g., mAb14, mAb16, efc., Fig. 4B) relied
heavily on residues in both exons of the splice junction peptide. Importantly, mAbs derived
from the nnAA targeting strategy had unique epitope mapping results compared to mAbs
derived from the conventional NAT immunization strategy (mAb31 and mAb32), supporting
the feasibility of using the nnAA targeting strategy /n vivoto derive highly specific Abs to
the splice junction epitope at or near an amino acid level resolution.
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Discussion

The availability of affinity reagents that can specifically detect alternatively spliced proteins
is lacking, despite the observation that more than 90% of multi-exon genes in humans are
alternatively spliced [2,3] and exon skipping is the predominant alternative splicing event

in mammals[26]. Here, a unique hapten targeting strategy that takes advantage of modular
Ab paratopes and Ab degeneracy after affinity maturation was successfully implemented to
derive splice junction-specific Abs. A nnAA pseudo-hapten (SEP) was used as a targeting
epitope in splice junction-spanning peptide antigens, selecting for Abs with paratopes
specific for the SEP-containing region (Fig. 1B and Fig. 2A-B, /ef?). In agreement with
previous observations[22], phospho-specific CDRs incorporated into naive phage display
libraries act as “hot spots” for driving initial selection. This design strategy results in

highly diverse Ab libraries with inherent propensity to bind phosphorylated residues via

a predefined paratope (e.g., AXL41, Supplementary Table S2). With careful choice in the
positioning of the nonsynonymous SEP in peptide antigens, SEP-specific Abs can be derived
with predetermined specificity for one exon of the splice junction. Through a Directed
Evolution screening strategy, the SEP-specific Abs can be evolved to bind to the unmodified,
native splice junction epitope (Fig. 1C and Fig. 2A-B, righ). This phenomenon of Ab
degeneracy has previously been reported when attempting to affinity mature anti-SEP Abs
withoutlosing their SEP-specificity[27]. Capitalizing on this feature, here splice junction-
specific Abs were derived with modular paratopes — a first region binding the native,
nonphosphorylated epitope in one exon and a second region binding the opposite exon.

Although random mutagenesis was successful in driving directed evolution in vitro,
restricting Ab mutagenesis only to the CDRs is expected to improve this process
significantly. For Discovery clones with a known phospho-specific CDR, mutagenesis of this
CDR alone and in combination with others can be used to determine the optimal strategy for
paratope evolution. With improved genetic encoding of non-canonical amino acids during
protein production[28] or by using non-native canonical amino acids as pseudo-haptens, the
nnAA targeting strategy can be expanded beyond peptide antigens to full-length proteins or
protein fragments which are more conformationally relevant.

While Ab development using /in vivo methods is far less customizable than phage display
methods, they offer significant advantages to improve this nnAA targeting strategy. By
capitalizing on the natural rabbit immune repertoire and the continual cycling between Ab
mutagenesis and affinity-based selection, a multitude of Ab frameworks are simultaneously
selected for or against /n7 vivo and the process of directed evolution occurs without any
manual intervention. Unlike scFvs derived via phage display, Abs derived /in vivo are
functionally selected for in the most desired immunoglobulin format (7.e., 1gG) and Ab
mutagenesis is biased more towards CDRs. More studies are needed both /n vitroand in
vivo using a variety of splice junction sequences and SEP positions to further reveal patterns
in paratope:epitope interactions and determine optimal phospho-peptide designs to robustly
derive splice junction-specific Abs.
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Conclusions

Abs are important affinity reagents used to specifically detect antigens of interest in a wide
variety of biological assays. However, most Abs fail to distinguish between alternatively
spliced protein isoforms, particularly those derived from exon-skipping events, due to

high sequence similarities among isoforms. Many protein isoforms can be differentiated

by unique splice junction epitopes, but require Ab development at near amino acid level
precision. Here, splice junction-specific Ab derivation employing a nnAA pseudo-hapten
(SEP) as a targeting epitope was successful. Using /7 vitro mutagenesis and directed
evolution strategies, anti-SEP Abs were evolved to bind to the nonphosphorylated, native
sequence splice junction. The resultant Abs demonstrated true splice junction specificity in
ELISAs, where significant binding was only observed to peptides containing both exons

of the splice junction and not to peptides that contained each exon independently. By
comparing sequences of anti-SEP Abs and the resulting directed evolution Abs, mutations in
the CDRs that support the paratope evolution were identified. This nnAA targeting strategy
was also deployed /n7 vivo, resulting in the successful derivation of splice junction-specific
Abs. The binding epitopes of these Abs were mapped with an epitope scanning approach
to reveal Abs that bind to distinct sets of splice junction residues not observed for those
derived from a conventional immunization strategy. Thus, this nnAA targeting strategy can
be exploited to predetermine an Ab’s specificity to a splice junction, or any antigen, at or
near amino acid level resolution.
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Refer to Web version on PubMed Central for supplementary material.
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CDR-L light chain complementarity determining region
CENP-A centromere protein A
CENP-A-AExon3 centromere protein A alternative isoform with an exon 3
deletion
EEJ exon-exon junction
ELISA enzyme-linked immunosorbent assay
mADb monoclonal antibody
MBP maltose binding protein
NAT native sequence
nnAA nonsynonymous non-native amino acid
scFv single-chain variable fragment
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Fig. 1. Peptide designs and screening results for in vitro derivation of splice junction-specific Abs
using a nnAA targeting strategy and directed evolution.

(A, top) Sequence alignment of the canonical human CENP-A and the alternatively spliced
human CENP-A-AExon3 that lacks exon 3. (A, bottom) Schematics of exon-exon junctions
that differ between CENP-A and CENP-A-AExon3. The exon 2/4 splice junction specific

to CENP-A-AExon3 is the target epitope for Ab derivation. (B, |eft) Five Discovery

screening peptides (SEP1-5) spanning the exon 2/4 splice junction of CENP-A-AExon3
were synthesized with a single non-native SEP substitution (yellow star) at variable positions
across the splice junction. Amino acids are denoted by a circle color coded as per (A). Note
that total amino acid length is not shown but the relative position of SEP is depicted. Using
two different naive phage display libraries (AXL40 and AXL41), Discovery screening was

performed against the five SEP peptides to select for SEP-specific scFvs. A Discovery
scFv schematic is shown with CDRs in purple denoting a SEP-specific paratope. (B,

right) Summary of Discovery screening results including all 10 unique screens (/.e., each
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Discovery library against each SEP peptide). “Positive” hits bind to the SEP peptide in
ELISA and are further differentiated based on their ability (“SEP-Independent™) or inability
(“SEP-Specific”) to bind to the nonphosphorylated, native sequence peptide. Results for
each independent screen are presented in Supplementary Table S2. (C, left) Three SEP-
specific scFvs were mutagenized and individual Directed Evolution libraries were generated
(DEL6691, DEL6695 and DEL6698). Using each library, Directed Evolution screening was
performed against the nonphosphorylated sequence peptides [NAT2 and NAT4, color coded
as per (A-B)] to select for scFvs with improved binding strength to the native exon 2/4
splice junction of CENP-A-AExon3. Note that NAT2 is identical in sequence and length

to SEP3-5 (B, /eff) except for the SEP residue. Each library was screened under two
conditions as per Materials and Methods. An example Directed Evolution scFv schematic
is shown with preserved parental CDRs in purple and mutated CDRs in yellow denoting

an evolved paratope to the native sequence epitope. Note that mutations can be acquired

in any of the six CDRs. (C, right) Summary of Directed Evolution screening results
including all six unique screens. “Positive™ hits bind to the NAT4 peptide in ELISA and are
further differentiated based on their ability (“Improved”) or inability (*No Improvement”)
to bind to NAT4 stronger than their SEP-specific parental Discovery clone. Results for each
independent screen are presented in Supplementary Table S3B.
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Fig. 2. Successful directed evolution of SEP-specific scFvs to the native exon 2/4 splice junction of

CENP-A-AExon3.

Unique scFvs from the AXL40 (A, left) and AXL41 (B, left) Discovery screens were
purified and tested in antigen and/or scFv titration ELISAs against the SEP and NAT
peptides shown in the inset schematic, color coded as per Fig. 1. A total of 10 SEP-specific
scFvs were identified (Supplementary Table S2) and two clonal examples are shown here.
Note that the scFvs in (A) are unique in both the framework and CDR regions compared

to the scFvs in (B), denoted by different shades of grey/purple in the scFv schematics

and line graphs. (A and B, right) Unique scFvs from the Directed Evolution screens
(DEL6691 and DEL6698) were purified and tested in scFv titration ELISAs against the
NAT4 peptide and non-target peptides. Non-target peptides were used as a negative control
to assess nonspecific binding events. Three evolved scFvs with 4- to 12-fold improved
binding strength to the native exon 2/4 splice junction sequence were identified. Directed
Evolution scFv schematics are shown with preserved parental CDRs in purple and mutated
CDRs (AA change and position are indicated) in yellow.
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Fig. 3. Directed Evolution clones demonstrate specificity for the exon 2/4 splice junction of
CENP-A-AExon3 in split-splice junction ELISAs.

(A) Cell supernatant ELISA graphs comparing splice junction specificity between the
Discovery anti-SEP parental scFv (see also Fig. 2A, /ef?), the Directed Evolution anti-NAT
parental scFvs (see also Fig. 2A, right), and the affinity matured Directed Evolution anti-
NAT scFvs for AML6691 Clone 1 (Ieft) and AML6691 Clone 2 (right). Three CENP-A-
AExon3 splice junction-spanning peptides were tested: “NAT4” = exon 2/4 splice junction,
“Exon2” = exon 2/3 splice junction, and “Exon4” = exon 3/4 splice junction as per Fig.

1A. Each white circle within each bar graph for the Anti-SEP and Evolved Anti-NAT clones
represents a biological replicate for scFv expression and ELISA result; bar height represents
the average ELISA result of biological replicates. Each white circle within each bar graph
for the three “Avg Binding Profile” graphs represents a unique scFv, some of which have
biological replicates (Supplementary Figs. S1 and S2) and the average is reported herein;
each bar height represents the average ELISA result for the unique scFvs within that group.
ND = No Data. NC = No Change. P-values (* = < 0.05, ** =< 0.01, *** = < 0.001, ****
=< 0.0001) were calculated using an unpaired t test with Welch’s correction on square
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root ODysq values in GraphPad Prism on samples with at least two replicates. (B) Cell
supernatant ELISA graphs for the AML6691 Clone 1 derivatives against 1 pg/mL (~400
nM) (left) and 0.05 pg/mL (~20 nM) (right) NAT3 (exon 2/4 splice junction) and Exon4
peptides. White circles, bar heights and p-values are defined as in (A). (C and D) CDR-L1
and CDR-L3 protein sequence alignments between the Directed Evolution parental scFv
(line 1), the anti-SEP Discovery parental scFv (line 2), and the affinity matured progeny. An
enrichment of mutations was identified in the AML6691 Clone 1 affinity matured progeny at
Kabat positions L34 and L90 (C), but not in the AML6691 Clone 2 affinity matured progeny
(D). No significant enrichment of mutations was identified in any region of the heavy or
light chains of the AML6691 Clone 2 progeny.
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Fig. 4. Application of a nnAA targeting strategy in vivo derived splice junction-specific Abs to
unique epitopes when mapped at amino acid level resolution.

Workflow of the nnAA targeting strategy /n vivo using SEP-containing peptide
immunogens. Zoom hoxes to the right reference peptide designs (as per Fig. 1 and
Supplementary Table S6) and rabbit immunization strategies (analogous to Fig. 1).

Color coded rabbits delineate SEP (purple) and NAT (yellow) immunization series. (B)
Western blots using mAbs derived from each immunization strategy against equivalent
amounts of mock-transfected FreeStyle™ 293-F whole cell lysates (Lane 1), canonical
CENP-A transfected FreeStyle™ 293-F whole cell lysates (Lane 2), and CENP-A-AExon3
transfected FreeStyle™ 293-F whole cell lysates (Lane 3). Color coded rabbits reference
the corresponding immunization strategy as per (A). All mAbs were tested at 1 ug/mL as
purified protein and blots were exposed for five seconds except for mAb32 (*) which was
tested as crude supernatant at a 1:10 dilution and exposed for 120 s. Nonspecific bands in
the mAb14 and mAb16 blots are noted (¢). (C) Summary of epitope scanning results for
mADbs derived from each immunization strategy as per (A). Each residue of the exon 2/4
splice junction peptide was serially mutated to alanine or serine (if the native residue is an
alanine) and used in ELISAs to determine the binding capabilities of each mAb. A reduction
in binding activity (7.e., ELISA signal), as denoted by darker red squares, when a particular
residue is mutated to alanine or serine indicates that the nat/ve residue at that position is
important for mAb binding. Binding activity against mutant peptides is normalized to the
native sequence peptide. The dotted line between native sequence positions L6 and A7
denotes the exon-exon junction (EEJ). All mAbs were tested as purified 1gGs, except for
mADb32 (*) which was tested as crude supernatant, at various dilutions. The nnAA targeting

N Biotechnol. Author manuscript; available in PMC 2022 November 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fuller et al.

Page 22

strategy derived mAbs with unique binding profiles (Epitope #1, #2, and #3) that were not
observed from a conventional NAT immunization strategy (NAT Epitopes).
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