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Abstract

Antibody-based drugs can be highly toxic, because they target normal tissue as well as tumor tissue. The pH value of
the extracellular microenvironments around tumor tissues is lower than that of normal tissues. Therefore, antibodies that
engage in pH-dependent binding at slightly acidic pH are crucial for improving the safety of antibody-based drugs. Thus,
we implemented a stepwise mutagenesis approach to engineering pH-dependent antibodies capable of selective binding
in the acidic microenvironment in this study. The first step involved single-residue histidine scanning mutagenesis of the
antibody's complementarity-determining regions to prescreen for pH-dependent mutants and identify ionizable sensitive hot-
spot residues that could be substituted by acidic amino acids to obtain pH-dependent antibodies. The second step involved
single-acidic amino acid residue substitutions of the identified residues and the assessment of pH-dependent binding. We
identified six ionizable sensitive hot-spot residues using single-histidine scanning mutagenesis. Nine pH-dependent antibodies
were isolated using single-acidic amino acid residue mutagenesis at the six hot-spot residue positions. Relative to wild-type
anti-CEA chimera antibody, the binding selectivity of the best performing mutant was improved by approximately 32-fold
according to ELISA and by tenfold according to FACS assay. The mutant had a high affinity in the pH range of 5.5-6.0. This
study supports the development of pH-dependent protein switches and increases our understanding of the role of ionizable
residues in protein interfaces. The stepwise mutagenesis approach is rapid, general, and robust and is expected to produce
pH-sensitive protein affinity reagents for various applications.
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Introduction Therefore, antibody treatments target both normal and tumor
tissues, thereby increasing the risk of off-target toxicity to

Antibody-based anticancer therapy targets tumor-associated ~ normal tissues (Haraya et al. 2019). As a result, there is a

antigens that are highly expressed on tumor cells. However,  considerable need to improve tumor targeting and reduce the

these antigens are also present, to some degree, on the sur-  off-target toxicity of antibody drugs.

face of somatic cells (Slaga et al. 2018; Szot et al. 2018).
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The unique tumor microenvironment (TME) differences
of tumor tissue compared with normal tissue (Kroemer and
Pouyssegur, 2008; Vaupel 2010), such as lower oxygen levels
(Ward et al. 2013), higher pressure (Ariffin et al. 2014), and
a lower pH (Anderson et al. 2016; Cruz-Monserrate et al.
2014; Zhang et al. 2010), offer the opportunity to improve
target selectivity. A growing body of literature demonstrates
the acidic external microenvironment of tumor cells; this
occurs because the glycolytic metabolism of tumors differs
from that of normal tissue, and tumor cells secrete high lev-
els of lactic acid (Warburg 1925). Recently, Rohani et al.
demonstrated that malignant tumors are acidic, but not all
cells found within a tumor are malignant cells. The extracel-
lular pH of tumors ranges from 5.8 to 6.5, compared with
7.2-7.4 for normal tissue (Gerweck and Seetharaman 1996;
Rohani et al. 2019; Sulea et al. 2020). Consequently, pH-
dependent antibodies can be engineered that selectively bind
in the acidic extracellular environment of tumors, thereby
improving target selectivity and reducing off-target antibody
toxicity.

Conceptually, two types of pH-dependent antibodies with
different functions can be obtained—either selectively weak-
ening the binding affinity of wild-type antibodies at physio-
logical pH (pH 7.4) or introducing lower affinity at acidic pH
(pH 6.0) (Igawa et al. 2014; Sulea et al. 2020). The engineer-
ing of pH-dependent antibodies has overwhelmingly focused
on weakening the binding at acidic pH. These antibodies
bind to overexpressed antigens, and the antibody—antigen
complexes are dissociated in acidic endosomes; the anti-
gens then undergo lysosomal degradation. Related studies
have also focused on improving pharmacokinetics (Hong
et al. 2021; TraxImayr et al. 2014). In contrast, engineered
pH-dependent antibodies that selectively bind at acidic pH
(i.e., they have weakened binding affinity at physiological
pH) have rarely been studied. To our knowledge, only two
previous studies reported successful prospective engineering
of pH-dependent antibodies that had weakened binding at
physiological pH and improved tumor-targeting capability.
One study used a histidine scanning mutagenesis strategy
for pH selectivity optimization based on computational
design. However, the potential limitations of this approach
are that 1) the potential sequence space for mutating proteins
is restricted to histidine substitution; and 2) the possibility
that non-histidine residues contribute to the pH sensitivity
of binding is ignored (Gera et al. 2012).

Another study described a novel H + ion-dependent
mechanism that blocks the antibody from binding to the
antigen under normal conditions through the involvement
of noncovalently bound physiological chemical(s) (e.g.,
bicarbonate or hydrogen sulfide). This reduces binding
under normal physiological conditions while maintaining
binding to the tumor (Chang et al. 2021). In that study,
deep mutational scanning of the CDR region was used to
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screen pH-dependent antibodies. All residues of the CDRs
were included in a mutational study in which a single
mutation was used as the mutation site and all 20 amino
acids were applied as mutation parameters. However, deep
mutational scanning can be a labor-intensive route for anti-
body engineering. Consequently, the antibody engineering
strategy for pH dependence requires further exploration
and improvement. Here, we designed a relatively sim-
ple stepwise mutagenesis approach based on ionizable
groups—histidine and acidic amino acids (aspartic acid
and glutamic acid)—to engineer pH-dependent antibod-
ies with selective binding in the acidic microenvironment.

The pH response stems from the reversible protonation
and deprotonation of ionizable groups at the molecular
level (Bazban-Shotorbani et al. 2017). Typical ionizable
moieties include amines and carboxylic acids, which can
be protonated or deprotonated at different pH values. In
addition to histidine, ionizable groups are also found in
the side chains of acidic amino acids, because they con-
tain carboxylic acids, which can theoretically cause pH-
dependent conversion (Tang et al. 2019). Previous reports
have indicated that acidic amino acids play an essential
role in pH-dependent binding (Roche et al. 2006). War-
wicker et al. recently demonstrated that the SARS-CoV-2
spike protein trimer structures undergo a pH-dependent
switch at acidic pH and that this involves E191, D985, and
D398 acidic residues; this is thought to avoid immune sur-
veillance of the open form of the receptor-binding domain
of the S protein (Warwicker, 2021). Kumar et al. demon-
strated that the ionization state of the acidic residues at
the active site of hexokinase B were responsible for the
opening and closing of the cleft between the two domains
at different pH ranges, thereby affecting the structure and
function of the enzyme (Kumar et al. 2004). In the current
study, we applied acidic amino acid residue mutagenesis
at ionizable sensitive hot-spot residues on the antibody
surface as a logical approach to realize a pH-dependent
design.

As is well known, the engineering methods of pH-
dependent proteins usually identify the substitution posi-
tion in the hot-spot residues as a starting point (Bonvin
et al. 2015; Rotzschke et al. 2002). As a result, effectively
identifying which hot-spot residues of antibody complexes
are candidate mutagenesis sites is critical for introducing
pH-dependent interactions. However, it can be challeng-
ing to determine which residues are suitable for replace-
ment by ionizable groups (e.g., aspartic acid and glutamic
acid) to screen pH-dependent antibodies. Previous efforts
to identify candidate mutagenesis sites have all used com-
putational structure-based design to guide the insertion of
ionizable groups for screening pH-dependent antibodies
(Sarkar et al. 2002; Strauch et al. 2014; Sulea et al. 2020).
However, this strategy is limited by the high cost of the
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experimental equipment; furthermore, it is not a general
approach (Liu et al. 2018).

Here, we propose that single-histidine scanning can be
used to identify candidate mutagenesis sites for inserting
acidic amino acids and introducing pH dependence. There-
fore, we employed the single-residue histidine scanning
mutagenesis as the first step of a stepwise mutagenesis
approach. It is worth mentioning that the single-histidine
scanning approach differs from the conventional approach
of the alanine scanning approach (Cunningham et al.
1990; Cunningham and Wells, 1989). Single-histidine
scanning mutagenesis can not only predict whether the
side chain of a specific amino acid residue plays a role
in the antigen—antibody binding but also introduce a new
function of identified ionizable sensitive epitope residues
(Gera et al. 2012; Murtaugh et al. 2011) to identify suit-
able chargeable amino acid insertion sites. In addition,
we used the Dual-pH capture ELISA to perform single-
residue histidine scanning mutagenesis. There are two
purposes here. The first is to screen ionizable sensitive
hot-spots through decreased binding at both pH values
when we made mutation to histidine, and the second is to
prescreen pH-dependent mutants through decreases bind-
ing at one pH condition (pH6.0 or pH7.4). Theoretically,
this method will increase the productivity of generating a
pH-dependent antibody while predicting ionizable sensi-
tive hot-spots. Because Rojiani et al. have demonstrated
that introducing single-histidine residue at the antibody
CDR is used for pH-dependent binding to Her2 antigen
at the acidic pH and dissociation from it at extracellular
physiological pH (Sulea et al. 2020). The second step of
the stepwise approach involves single-acidic amino acid
residue substitutions of the identified ionizable sensitive
hot-spot residues, aiming at the second round of pH-
dependent antibody screening. Notably, compared to the
wild-type antibody, only one amino acid site is mutated for
the screened pH-dependent antibodies, which can retain
near original antibody structure and affinity. In this study,
we divided nine different levels of pH-dependent antibod-
ies by the stepwise mutagenesis approach. The experi-
mental results demonstrated the viability of the stepwise
mutagenesis approach and signified the importance of an
acidic amino acids for introducing pH dependence in anti-
gen—antibody binding.

Methods
Construction of expression vectors

The anti-carcinoembryonic antigen (CEA) mIgG1 variable
region was obtained using murine hybridoma cells (ATCC,
Manassas, VA). A heavy-chain variable region and light-
chain variable region were amplified from the cDNA of
the murine hybridoma cells using primers mT84HC-VF
and mT84HC-VR for the heavy chain and mT84LC-VF
and mT84LC-VR for the light chain. The polymerase chain
reaction (PCR) fragments of the heavy-chain and light-
chain variable regions were digested using BsmbI-Bswil and
Bsal-Nhel (Thermo Scientific, MA, USA), respectively. The
primers sequence shown in Table 1. The PCR fragments of
the variable region were each introduced into the vectors
LYplgG-HC and LYp2M-LC. Constructs containing inserts
with the correct orientation were selected by sequencing and
naming LYpIgG1-CEAHC and LYp2M-CEALC.

Quantitative enzyme-linked immunoassay

Quantitative enzyme-linked immunoassay (Quant ELISA)
was used to determine antibody expression levels in the
supernatant. We coated 96-well plates with goat antihuman
immunoglobin-G (IgG) (Sigma, MO, USA), and nonspecific
sites were then blocked with 1% bovine serum albumin in
phosphate-buffered saline (PBS; Corning, NY, USA). Dilu-
tions (1:100) of supernatant were made in PBS and then
added to the wells. Bound antibodies were detected using
goat antihuman IgG antibody (Promega, WI, USA) conju-
gated with horseradish peroxidase (HRP). A standard curve
was generated using purified human IgG isotype standard
antibody (Thermo Scientific, MA, USA).

Single-histidine scanning mutagenesis

The LYpIgG1-CEAHC and LYp2M-CEALC vector
sequences were used as template sequences to design
mutagenesis primers for encoding the histidine residue at
each position within the complementarity-determining
regions (CDR; Kabat definition method) of the variable
region. For the CDR residue positions, only one residue

Table 1 Primers for the

Sequence (5'-3")

. . . Primers
amplification of the anti-CEA
mlgGl1 variable region mT84HC-VF
mT84HC-VR
mT84LC-VF
mT84LC-VR

CTACTACTACGTCTCAGTGTGAGGTTCAGCTGCAGCAGTC
CATCATCATCGTACGTGAGGAGACGGTGACTGAGGT
CTACTACTAGGTCTCAGTGTGACATTGTGCTGACCCAATCT
CTACTACTAGCTAGCACGTTTTATTTCCAGCTTGGTCCCC

The restriction enzyme sites are written in boldface letters
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was mutated to the histidine at one time. Obtained DNA
was transformed into Escherichia coli DH5a cells, and suit-
able mutants were confirmed using DNA sequencing. The
mutants were transiently transfected into Chinese hamster
ovary (CHO) cells, and we performed quant ELISA meas-
urements on the mutation antibodies to evaluate their expres-
sion quantity.

Dual-pH capture ELISA

Microtiter wells (Corning, NY, USA) were coated with
100 pL of 1 pg/mL human CEA antigen (Abcam, MA,
USA) overnight at 4 °C. After being washed thrice with
PBS (Corning, NY, USA), plates were blocked either with
a pH 6.0 acidic buffer (Krebs—Ringer solution with 1.26 g/L
bicarbonate, 10 g/L. BSA, and adjust pH to 6.0 using
5 mol/L lactic acid stirring) or a pH 7.4 slightly basic buffer
(Krebs—Ringer solution with 1.26 g/L bicarbonate, 10 g/L
BSA and adjust pH to 7.4 using 5 mol/L lactic acid stirring).
The expression supernatant of mutants and wild-type were
diluted in the pH 6.0 acidic buffer or pH 7.4 slightly basic
buffer to a final antibody concentration of 10 ng/mL and then
added to the previously blocked and washed wells, followed
by incubation for 1 h at room temperature. Diluted antihu-
man IgG HRP conjugate (Promega, WI, USA) using the pH
6.0 acidic buffer or pH 7.4 slightly basic buffer was added
to the plates, which were then incubated for 1 h at room
temperature. The plates were then washed 3 times with the
corresponding pH 6.0 or pH7.4 assay buffer and removed the
buffer solution from the wells as much as possible. 50 pL
of TMB peroxidase substrate solution (Thermo, MA, USA)
was added to each well, and the reactions were stopped after
3 min with 50 pL of 0.1 N HCI. The plates were read at OD
450 nm using a microplate spectrophotometer.

lonizable sensitive hot-spot residues sequence
analysis

The National Center for Biotechnology Information (NCBI)
database was used in the sequence alignment. The NCBI
protein accession numbers of the anti-CEA mAb T84.66 Fv
fragment were as follows: GenBank, CAA36980.1 (heavy
chain), and CAA36979.1 (light chain). The six hot-spot resi-
dues were marked using Discovery Studio software (Das-
sault, France) with the crystal structure data of the anti-CEA
mADb T84.66 Fv fragment on the Protein Data Bank (PDB)
site (1J05).

Generation of pH-dependent mutants
We designed the single-residue mutation primers that would

encode the aspartic acid or glutamic acid residues at six
identified ionizable sensitive hot-spot residue positions to
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screen the pH-dependent antibodies. The 12 mutants were
transiently expressed in CHO cells to generate the anti-
body mutants. Quant ELISA was performed to evaluate
the expression levels of the antibodies. A dual-pH capture
ELISA was then performed using 10 ng/mL antibody con-
centration to evaluate the pH dependence of the mutants that
bind to the CEA antigen.

Antibody production and purification

For the soluble production of pH-dependent mutants, we
transiently transfected plasmids, including wild-type and
mutants, into suspension-cultured CHO cells separately
using Polyethyleneimine Max (Sigma, MO, USA) and a
serum-free medium (Thermo, MA, USA). The culture super-
natant was collected 5 days after transfection. The chimeric
wild-type antibody and nine pH-dependent mutants were
purified, per the manufacturer's instructions, from the culture
supernatant by using the protein G Sepharose (Thermo, MA,
USA). The concentration of the purified wild-type antibody
and nine pH-dependent mutants was measured on a Nan-
oDrop™ 2000 spectrophotometer (Thermo Fisher) using
absorbance at 280 nm and assessed the purity of antibodies
using sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) and Coomassie brilliant blue staining.

Human CEA-binding properties of anti-CEA chimeric
antibody and mutants

To estimate the binding properties and pH dependence of
mutants, we performed antibody concentration titration
ELISA, per the procedure described in the previous section
on dual-pH capture ELISA. The difference is that, in this
case, the test sample, the mutants, and the wild-type anti-
body, were serial diluted (1:2) to 500, 250, 125, 62.5, 31.25,
15.63, 7.81, 3.91, 1.95, 0.98, and 0.49 ng/mL in either pH
6.0 or pH 7.4 buffer. The half-maximal effective concentra-
tions (EC50) values of antibodies at pH6.0 and pH7.4 for
binding activities to human CEA antigen were determined
using optical density (OD) 450 nm value and calculated with
the nonlinear fit model (variable slope, four parameters) of
GraphPad Prism version 9.1.2. The pH dependence of anti-
bodies was determined using Eq. 1.

EC50 (pH7.4)

H dependence = ——- P /%),
P dependence = £ 30 (pH6.0) M

Subsequently, we more fully characterized the wild-type
antibody and mutants over a range of pH values to verify
the pH-dependent binding, and the reaction buffer of ELISA
was adjusted to pH 5.5, 5.8, 6.0, 6.2 6.5, 6.8, 7.0, and 7.4,
with each pH tested in duplicate at 10 ng/mL using antigen-
capture ELISA.
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Fluorescence-activated cell sorter (FACS) analysis
of the pH dependence of mutant

LS147T cells in T-75 flasks were washed twice with PBS
(Corning, NY, USA). Cells were grown to 80% confluency,
trypsinized, and harvested. The cells were pelleted by cen-
trifugation and resuspended in the appropriate pH-binding
buffer, at pH values of either 6.0 or 7.4, and then dispensed at
1 x 10° cells/well in a 96-well polypropylene (PP) U-bottom
plate (Merck Millipore, NJ, USA) at 4 °C. Antibodies were
serially diluted in pH 6.0 assay solution ((Krebs—Ringer
solution with 1.26 g/L bicarbonate, 10 g/LL BSA, and adjust
pH to 6.0 using 5 mol/L lactic acid stirring) or pH 7.4 assay
solution ((Krebs—Ringer solution with 1.26 g/L bicarbonate,
10 g/L BSA, and adjust pH to 7.4 using 5 mol/L lactic acid
stirring), then added to cells and incubated at 4 °C for 1 h in
the dark. The cells were then washed twice by centrifugation
at 1500 rpm, supernatants were removed by aspiration, and
the cells were resuspended in 200 pL binding buffer at 4 °C.
Detection reagent, fluorescein (FITC)-conjugated affinipure
goat antihuman IgG FITC (Proteintech, IL, USA), was then
added, and samples were incubated at 4 °C for 45 min in
the dark. The cells were washed twice in 200 pL of pH-
binding buffer before being analyzed by BD FACSCalibur
flow cytometry (BD, NJ, USA). The half-maximal effective
concentrations (EC50) values of antibodies at pH6.0 and
pH7.4 for binding activities to human CEA antigen were
determined using Freq. of Parent (%) and calculated with
the nonlinear fit model (variable slope, four parameters) of
GraphPad Prism version 9.1.2. The pH dependence of anti-
bodies was determined using Eq. 1.

Results
Single-residue histidine scanning mutagenesis

The mutagenesis approach of pH-dependent antibodies
was designed as shown in Fig. 1. To determine the position
of ionizable sensitive hot-spot residues suitable for acidic
amino acid insertion sites, we performed single-residue
histidine scanning mutagenesis to evaluate the binding of
mutants with CEA antigen using dual-pH capture ELISA
at 10 ng/mL. As displayed in Fig. 2a, b, the binding affini-
ties of the six mutants were significantly lower than that of
the wild-type chimera antibody. Therefore, we inferred that
the ionizable sensitive hot-spot residues were the HC-P98,
HC-G100, and HC-A107 residues located at the heavy-chain
CDR3 region and the LC-F036, LC-R54, and LC-T95 resi-
dues located at the light-chain CDRs, and the six residues
should be suitable sites for acidic amino acid substitution to
screen pH-dependent antibodies.

lonizable sensitive hot-spot residues sequence
analysis

For a further analysis of the identified Ionizable sensi-
tive hot-spot residues sequence, the structural localization
of LC-F36, LC-R54, LC-T95, HC-P98, HC-G100, and
HC-A107 in the anti-CEA T84.66 Fv region was investi-
gated using the crystal structure data of the anti-CEA mAb
T84.66 Fv fragment on the PDB site (1J05). As shown in
Fig. 2c, the six hot-spot residues were notably close to each
other and were surface residues of the antibody CDR.

Generation of pH-dependent mutants

Subsequently, we performed single-residue acidic amino
acid (aspartic acid or glutamic acid) mutagenesis at the
six ionizable sensitive hot-spot residues to evaluate the pH
dependence through a dual-pH capture ELISA assay. As
illustrated in Fig. 3 and Table 2, the binding of the mutants
of LF36D, LF36E, LR54D, LR54E, LT95D, HP98D,
HG100D, HA107D, and HA107E was dependent on pH.
Their binding affinity ratios value ranged from 2.09 to
14.94 at the pH values of 6.0 and 7.4. However, the bind-
ing response signal of all mutants was low than wild-type
antibodies. Furthermore, the HP98D, HG100D, HA107E,
and HA107D mutants exhibited even lower binding to the
CEA antigen, which decreased the binding response signal
by more than 50% compared to wild-type at a pH of 6.0.

Antibody production and purification

For a further analysis of the pH dependence of the pH-
dependent mutants, the use of high-purity IgG is necessary.
To determine the purity and molecular weight of the purified
IgG, we performed SDS-PAGE and Coomassie staining. As
shown in Fig. 4, two evident bands of IgG, the heavy chains
at approximately 55 kDa and light chains at approximately
25 kDa, were present in the stained gel, indicating that the
purity of all IgGs satisfied the requirements for all subse-
quent experiments.

Human CEA-binding properties of anti-CEA chimeric
antibody and mutants

To investigate the binding properties of the nine mutants, we
performed the antibody concentration titration capture ELISA
at the pH values of 6.0 and 7.4. As detailed in Fig. 5a, b, all
mutants were bound to the CEA in a pH-dependent manner.
However, the binding of all mutants was low than wild-type
antibodies. The binding activity of the optimal performing
LF36E and LF36D mutants were intensely weaker at the neu-
tral pH of 7.4 than at the weakly acidic pH of 6.0. The resulting
EC50 value for pH 6.0 to pH 7.4 of the LF36E and LF36D
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Fig. 1 Schematic diagram of mutagenesis strategy for the generation
of pH-dependent mutants. a Construction of the anti-CEA chimera
antibody. b Single-histidine scanning mutagenesis. ¢ Expression of
histidine mutants. d Measurement of the expression quantity of his-
tidine mutants. e Determination of epitope residues using dual-pH

mutants were 32.86 and 29.36. Furthermore, the other seven
mutants also exhibited different levels of pH dependence, but
which were lower than that of the LF36E and LF36D mutants
(Table 3). However, the pH dependence of the wild-type anti-
body was not observed in the dual-pH capture ELISA experi-
ments. When the purified mutants were characterized at a
broad pH range from pH 5.5 to pH 7.4, as shown in Fig. Sc, the
binding signal revealed that the level monotonically decreased
with increased pH levels. However, the binding of the wild-
type antibody barely decreased with pH. The purified LF36E
and LF36D mutants exhibited extreme pH sensibility and
higher affinity than other mutants at the pH range of 5.5-6.0.

Flow cytometry analysis of LF36D and LF36E mutant
in cellular CEA binding

Hallmarks of the TME are a lower extracellular pH due
to the increased lactic acid secretion resulting from
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glycolytic tumor metabolism even under aerobic condi-
tions [i.e., the Warburg effect (Warburg 1925, 1956)].
LF36E and LF36D were two of the most pH-sensitive
(based on ELISA). The pH selectivity of LF36D and
LF36E was also tested by flow cytometry using LS147T
cells expressing human CEA on the cell surface. These
two mutants slightly reduced binding to LS147T cells at
pH6.0 compared to wild-type, while all had substantially
reduced binding at pH7.4 (Fig. 6a). However, as shown
in Fig. 6b, c, the calculated effective concentration, 50%
(EC50) values for wild-type antibody shows undesir-
able stronger binding at pH7.4 (22.80 ng/mL) relative
to pH6.0, while the binding of clones LF36D and LF36E
decreases to only 12 to 10% at pH7.4 relative to pH6.0
(i.e., a 8- to tenfold change as estimated based on the data
shown in Fig. 6¢).
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Fig.3 Screening of the pH-dependent mutants using dual-pH capture
ELISA. Error bars represent standard deviations between technical
replicates

Discussion

We successfully isolated pH-dependent antibodies that tar-
geted the acidic pH environment using a stepwise approach
based on single-reside histidine scanning mutagenesis
and acidic amino acid mutagenesis, as shown in Fig. 1.
In this study, pH-dependent antibodies were not obtained
through histidine scanning mutagenesis in the first round

H{ 1 PO98H
(!
2.9,%.

TO95H

Anti-CEA antibody T84.66 Fv fragment

of an anti-CEA T84.66 Fv fragment is presented. The heavy chain
is in dark blue, and the light chain is in light blue. The IgG ioniz-
able sensitive hot-spot residues (LC-F36, LC-R54, LC-T95, HC-P98,

HC-G100, and HC-A107) are represented as red ribbons

Table 2 Dual-pH ELISA data of acidic amino acid mutants

Antibody ~ ODg5, value OD,s, percentage ~ OD,5, Ratio
pH6.0 pH7.4 pH6.0/WT pH6.0/pH7.4
Wild-type  1.467 1334 100.0% 1.10
LF36D 1.091  0.134 74.4% 8.14
LF36E 0.926  0.062 63.1% 14.94
LR54D 1312 0.629 89.4% 2.09
LR54E 1336 0.436 91.1% 3.06
LT95D 0.770  0.101 52.5% 7.62
LT95E 1232 0.878 84.0% 1.40
HP98D 0419  0.063 28.6% 6.65
HP98E 0.250  0.210 17.0% 1.19
HG100D 0.255  0.077 17.4% 3.31
HGI100E 1.383  1.330 94.3% 1.04
HA107D 0.656  0.210 44.7% 3.12
HA107E 0.503  0.057 34.3% 8.82

Association ELISA-OD450 values of acidic amino acid mutants
and wild-type antibody at pH 6.0 and pH 7.4, their percentage to an
0OD450 value of wild-type antibody at pH 6.0, and their pH 6.0 to pH
7.4 OD450 value ratio are shown. The OD450 values represent the
average of duplicates
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Fig.4 SDS-PAGE of purified antibody. The monomeric anti-CEA
antibody heavy chain is indicated by 55KD, and the light chain is
indicated by 25KD. Lane 1,12: size markers (kDa). Lane 2: wild-type
antibodies. Lane 3-11: pH-dependent mutants

Light chain

of screening (Fig. 2a, b), but these results were unsur-
prising. Single-histidine residues can introduce the same
pH dependence as a single aspartic acid or glutamic acid
residue. This is because the pH-dependence effect is gov-
erned by the underlying thermodynamics, namely, the
pKa changes of the ionizable group regardless of whether
the group is histidine or aspartic/glutamic acid. The pH-
dependence effect is also governed by the unique struc-
tural/chemical details of each unique antibody—antigen
interaction. The introduction of multiple ionizable groups
undergoing pKa changes has the highest potential for
achieving potent pH dependence (Murtaugh et al. 2011).

In this study, we analyzed the spatial sequence char-
acteristics of the hot-spot identified by histidine scanning
(Fig. 2c). Murtaugh et al. used computer-aided sequence
analysis for pH-dependent antibody engineering (Murtaugh
et al. 2011), and found that residues within the interface
are poor histidine hosts, while peripheral residues are well
suited for histidine substitution. In the current study, the
six identified ionizable sensitive hot-spot were prominently
located on the surface of the antibody structure. The results
demonstrated that single-residue histidine mutagenesis scan-
ning could be applied similar to computer-aided sequence
analysis to help identify pH-sensitive clones.

In the second step, the screening yielded nine pH-depend-
ent antibodies by introducing acidic amino acid mutations
at the ionizable sensitive hot-spot residue sites (Figs. 3 and
5). This result is similar to several previous reports that
introduced pH dependence into the protein—protein inter-
face via acidic amino acid substitution. For example, Sten-
nicke et al. reported that the pH-dependent binding of car-
boxypeptidase Y and substrate was achieved by inserting
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aspartic acid and glutamic acid residues into the active site
of carboxypeptidase Y. Wallace and Shen discovered that
introducing glutamate residues into the active sites at low
pH values could induce the formation of silk protein dimers.
They ascribed this to the deprotonation of glutamic acid and
aspartic acid, both of which are involved in protein substrate
binding (Stennicke et al. 1994; Wallace and Shen 2012).
Therefore, in this study, we concluded that deprotonation
of acidic amino acid side chains affected the electrostatic
interaction between the antibody and the CEA target, driving
the pH-dependent interaction (Gera et al. 2012; Sagermann
et al. 2009). In addition, according to the theory of protein-
associated chemical switches (PaCS) reported by Chang
H W Frey G et al. using physiological chemicals greatly
expands the success rate and degree of selectivity of pH-
selective antibodies compared to solely histidine-dependent
protein selectivity. We used physiological chemicals in the
buffer, such as sodium bicarbonate, which can also facilitate
the introduction of pH dependence.

However, a phenomenon was observed in Figs. 3, 5,
and 6, which is the binding response signal of all mutants,
decreased compared to wild-type at a pH of 6.0. The phe-
nomenon verified that the initial structure of the antibody
was altered by introducing the acidic amino acid. This is
because the expected pKa value shifts for these acidic amino
acids into the physiological range would require a signifi-
cant cost in free energy, resulting in protein destabilization
(Isom et al. 2008, 2011). Nevertheless, we can still improve
the binding affinity of the pH-dependent mutants using anti-
body—antigen affinity maturation.

The pH selectivity of clones LF36E and LF36D was
tested by flow cytometry using LS147T cells express-
ing human CEA on the cell surface (Fig. 6a). LF36E and
LF36D were two of the most pH-sensitive (based on ELISA)
and displayed 8- and tenfold higher pH sensitivity, respec-
tively. Compared to the ELISA results, the flow cytometry
results indicated a more modest pH dependence. We specu-
lated LS147T cells under normal physiological conditions
(pH7.4) possess better cellular vitality, and therefore, cells
could achieve much cellar uptake of salt ions compared with
cells under the acidic condition (pH6.0). The decreased salt
ions in physiological pH conditions (pH7.4) could have
dampened the selectivity in the flow cytometry assay. Chang
H W, Frey G, et al. have proved that the decrease of salt con-
centration (e.g., sodium bicarbonate and sodium chloride)
can increase antigen—antibody binding. These authors found
a sixfold loss in pH selectivity in the absence of sodium
bicarbonate and the presence of sodium chloride (Chang
et al. 2021).
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Fig.5 Characterization of purified pH-dependent mutants binding to
CEA. a The pH dependence of anti-CEA antibody mutants binding
to CEA antigen was tested under acidic and physiological pH condi-
tions, and CEA binding was analyzed through a titration ELISA. b
EC50 values of anti-CEA mutants binding to human CEA by ELISA
at pH6.0 and pH7.4 were calculated using the nonlinear fit (variable

slope, four parameters) model built into GraphPad Prism software
version 9.1.2. ¢ The binding affinity of tested CEA antibody mutants
from binding experiments to CEA antibody at a broad pH value using
a pH range ELISA. Error bars represent standard deviations between
technical replicates
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Table 3 ECS50 value of purified pH-dependent mutants and wild-type
binding to recombinant human CEA

Antibody EC50 (ng/ml)
pH7.4 pH6.0 pH7.4/pH6.0

Wild-type 4.328 2.996 1.45
LF36D 151.300 5.154 29.36
LF36E 195.200 5.940 32.86
LR54D 14.630 5.498 2.66
LR54E 26.440 5.744 4.60
LT95D 86.450 7.623 11.34
HP98D 320.000 27.770 11.52
HG100D 272.200 77.400 3.52
HA107D 79.990 10.760 7.43
HAI107E 124.800 13.150 9.49

Absolute EC50 values were derived from the nonlinear least squares
fit of at two measurements of the ELISA-OD450 value. Binding affin-
ity (EC50) of mutants and wild-type antibody at pH 7.4 and pH 6.0,
their pH 7.4 to pH 6.0 binding affinity (EC50) ratio are shown as pH
dependence

100 100
@ LF36D pH6.0 @ LF36E pH6.0
# LF36D pH7.4 i LF36E pH7.4
<« 751 < 75
z I
[ (&)
8 501 @ 501
* ¥
I I
= =
g 25 & 251
0 0-

Conclusions

In summary, this study provides a new method for engineer-
ing pH-dependent antibodies toward acidic microenviron-
ments. In addition, we found that single-residue histidine
scanning mutagenesis was ideal for identifying the loca-
tion of inserted ionizable residues (e.g., aspartic acid and
glutamic acid) to introduce pH dependence into the pro-
tein—protein reaction interface. This study provides new
ideas for hot-spot analysis for drug discovery applications
that target protein—protein interactions. In addition, this
study provides a new approach for engineering pH-depend-
ent antibodies toward acidic microenvironments. Our results
also support the use of acidic amino acid mutagenesis for
pH-selective engineering in other medical applications, such
as those involving pH-dependent antimicrobial peptides and
antimicrobial proteins (Kacprzyk et al. 2007). In particular,
single-residue mutagenesis is suitable for screening pH-
dependent binding of short amino acid sequences, such as
cell-penetrating peptides, that selectively interact with the
surface of tumor cells. In addition, more than two identified
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. EC50 (ng/mL) EC
Antibody pH 6 (pH6.0/pH7.4)

Wild-type 20.56 22.80 1.1

LF36D 24.33 208.9 8.59

LF36E 21.57 223.6 10.37

LF36D

LF36E Wild-type

Fig.6 The pH selectivity of anti-CEA mutants was determined by
FACS. a Binding activity of clone LF36D and LF36E to LS147T
cells at pH 6.0 and pH 7.4. Error bars represent standard deviations
between technical replicates. b EC50 values of anti-CEA mutants
binding to human-CEA by FACS at pH6.0 and pH7.4 were calculated
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using the nonlinear fit (variable slope, four parameters) model built
into GraphPad Prism software version 9.1.2. ¢ The fold-change of
EC50 Values was determined by pH Flow Cytometry at pH 6.0 and
pH 7.4
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hot-spot residues could be simultaneously substituted by
acidic amino acids to achieve highly pH-dependent mutants.
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