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Background: Pharmaceutical application of human IgA requires a highly specific IgA purification system.
Results: A peptide affinity ligand for IgA was designed and optimized for affinity/specificity using randomized phage libraries
and mutational studies.
Conclusion: The designed IgA-binding peptide has high affinity and specificity for human IgA.
Significance: This IgA-binding peptide can be used for specific purification of human IgA.

Phage display system is a powerful tool to design specific
ligands for target molecules. Here, we used disulfide-con-
strained random peptide libraries constructed with the T7
phage display system to isolate peptides specific to human IgA.
The binding clones (A1–A4) isolated by biopanning exhibited
clear specificity to human IgA, but the synthetic peptide derived
from the A2 clone exhibited a low specificity/affinity (Kd � 1.3
�M). Therefore, we tried to improve the peptide using a partial
randomized phage display library andmutational studies on the
synthetic peptides. The designed Opt-1 peptide exhibited a
39-fold higher affinity (Kd � 33 nM) than the A2 peptide. An
Opt-1 peptide-conjugated column was used to purify IgA from
human plasma. However, the recovered IgA fraction was con-
taminated with other proteins, indicating nonspecific binding.
Todesign a peptidewith increased binding specificity, we exam-
ined the structural features ofOpt-1 and theOpt-1-IgAcomplex
using all-atom molecular dynamics simulations with explicit
water. The simulation results revealed that the Opt-1 peptide
displayedpartial helicity in theN-terminal region andpossessed
a hydrophobic cluster that played a significant role in tight bind-
ing with IgA-Fc. However, these hydrophobic residues of Opt-1
may contribute to nonspecific binding with other proteins. To
increase binding specificity, we introduced several mutations in
the hydrophobic residues of Opt-1. The resultant Opt-3 peptide

exhibited high specificity andhigh binding affinity for IgA, lead-
ing to successful isolation of IgA without contamination.

IgA is most abundantly produced in the human body, partic-
ularly in the mucous membrane, and plays an important role in
mucosal immunity, which is the first line of defense against
bacterial and viral invasion (1). This protein is also the second
most abundant immunoglobulin in human plasma after IgG
(2). IgA is secreted in the mucus as a dimer (secretory form of
IgA) connected by a joining chain via intermolecular disulfide
bridges, whereas themajor form of IgA in plasma ismonomeric
(3). IgA has two subclasses: IgA1 and IgA2. The latter lacks the
13-amino acid proline-rich sequence present in the hinge
region of IgA1 and therefore is more resistant to bacterial pro-
teases (4).
Immunological studies on IgA have focused on vaccine

development for mucosal immunity to control bacterial and
viral infections at themucosal site (5, 6). The Fc receptor for IgA
(CD89 or Fc�RI) has been identified and characterized (7, 8).
This receptor is constitutively expressed on the surface of
immune cells, including monocytes/macrophages, polymor-
phonuclear leukocytes, neutrophils, and eosinophils (9). The
IgA receptor canmediate the various activities, including phag-
ocytosis, oxidative burst, cytokine release, and antibody-depen-
dent cellular cytotoxicity performed by these immune effector
cells (10). Although IgG1 is popularly used as anti-cancer ther-
apeutic antibody at present, IgA may also be a potential candi-
date for anti-tumor therapeutics given its antibody-dependent
cellular cytotoxicity ability. Indeed, a recombinant IgA specific
to tumor cell surfacemarkers kills tumor cells in the presence of
whole blood or neutrophils (11, 12). Furthermore, human IgA
(hIgA)4 induces antibody-dependent cellular cytotoxicitymore
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effectively against solid tumor cells or lymphoma than the rel-
evant IgG (11, 13). These findings encourage the development
of production methodologies, including cell culture (14) and
purification systems, for the clinical use of IgA.
Several IgA purification methods have been reported. Jaca-

lin, a lectin targeting IgA1-specific sugar (a galactosyl �-1,3-N-
acetylgalactosamine) has been used as an affinity ligand for IgA
purification (15). A conventional method using ion exchange
and size exclusion chromatography has also been reported (16).
However, these methods are not suitable for antibody purifica-
tion on an industrial scale, like the protein A column for IgG
purification. On the other hand, specific IgA-binding proteins
have been identified in Staphylococcus groupA (Staphylococcus
pyogenes) and group B bacteria (17, 18). Typically, the M pro-
teins from S. pyogenes, M22, Arp4, or Sir22, exhibit binding
activities toward IgA1 and A2 or the monomeric and secretory
forms of IgA. These proteins recognize the interdomain region
between CH2 and CH3 of IgA-Fc and can inhibit the interac-
tion between IgA and IgA receptor (19–22). A simple and
highly efficient affinity purification method using IgA-binding
proteins was previously described (16). However, the use of
bacterial proteins for pharmaceutical antibody purification
requires careful attention to prevent contamination with endo-
toxin or bacterial proteins, given their highly toxic and anti-
genic nature, as described for the protein A/G column used in
IgG purification for pharmaceutical use (23).
To solve this problem, synthetic low molecular weight

ligands, such as TG19318 (24) and protein A mimetic com-
pounds (25), have been investigated. However, these com-
pounds still suffer from insufficient specificity and affinity for
use in IgA purification. Sandin et al. (26) reported the purifica-
tion of hIgA using a synthetic peptide comprising 50 residues
extracted from the IgA-binding domain (Sap) of the Sir22 M

protein. Using a dimerized form of this peptide (peptide M),
Sandin et al. successfully detected and purified hIgA; however,
the dimerized peptide of 100 residues is too large for industrial
applications.
Here, we report a novel hIgA-binding peptide that was iso-

lated from random peptide T7 phage libraries by biopanning
against hIgA. The essential residues in the peptide were identi-
fied, and the peptide was optimized for affinity/specificity. Our
peptide is only 16 residues long and exhibits high specificity/
affinity for hIgA, which is suitable for hIgA purification.

EXPERIMENTAL PROCEDURES

Materials—Polyclonal hIgA1/IgA2, IgE, and IgG were pur-
chased from Acris Antibodies GmbH (Herford, Germany),
Athens Research&Technology (Athens, GA), and ICN/Cappel
Biomedicals (Aurora, OH), respectively. Anti-HER2 IgG1
humanized antibody, Trastuzumab (Herceptin), and anti-hu-
man IL13-specific hIgA2 were from Chugai Pharmaceutical
Corp. Ltd. (Tokyo, Japan) and Invivogen (San Diego, CA). The
recombinant human Fc�R/CD89 was obtained from R&D Sys-
tems (Minneapolis, MN). Mouse IgG and IgE were from
PharMingen (San Diego, CA).
Construction of theT7PhageDisplayLibrary andBiopanning—

The T7 phage libraries displaying typically X3CX7–10CX3 ran-
dom peptides, where X represents the randomized amino acid
positions generated using mixed oligonucleotides on template
DNA, were constructed using the T7 Select vector 10–3b from
Merck (Tokyo, Japan), according to methods described previ-
ously (27).
Microplate wells (Nunc Maxisorp) were coated with poly-

clonal hIgA (1 �g/300 �l/well) and blocked with 0.5% BSA in
PBS. The T7 phage libraries (5 � 1010 pfu) of X3CX7–10CX3
were incubated for 1 h in wells coated with hIgG and HSA to

FIGURE 1. Isolation of hIgA-specific phage clones from T7 phage-displayed random peptide libraries. A, binding specificities of the phages from the initial
library and the X3CX7–10CX3 library enriched by five rounds of biopanning against hIgA were examined by ELISA. B, binding specificities of the four phage clones
(A1–A4) isolated by biopanning were confirmed by ELISA. C, binding specificities of the A2 synthetic peptide were examined by ELISA. hIg, human immuno-
globulin; mIg, mouse immunoglobulin; HSA, human serum albumin; hLF, human lactoferrin.
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remove nonspecific phages and were then added to hIgA-
coated wells. After incubation for 1 h, the plate was washed
5–30 times with PBS containing 0.1% Tween 20 (PBST). Esch-
erichia coli BLT5615 cells (300 �l) (Novagen) in log phase
growth were added to the wells, infected with phages for 10
min, and propagated in 2TY medium at 37 °C. After bacteriol-
ysis, the phageswere recovered from the culture supernatant by
centrifugation (15,000 rpm for 10 min). The recovered phage
solution was used for the next round of biopanning.
Preparation of Synthetic Peptides—Synthetic peptides were

prepared by solid phase synthesis using Fmoc chemistry. All
peptides were C-terminally amidated. After removal of the pro-
tecting groups, the peptides weremildly oxidized to form intra-
molecular disulfide bonds. The generated disulfide-con-
strained peptides were purified by reversed phase HPLC. After

lyophilization, the peptides were dissolved in the appropriate
buffers andused for assay after centrifugation.Amino or biotin-
ylated PEG spacer-armedpeptideswere chemically synthesized
by coupling the protected peptides on the resin with N-Fmoc-
amido-PEG4-COOH and biotin. Purity and disulfide bond for-
mation of the peptides were confirmed by mass spectrometry
on the Acquity SQD ultra performance liquid chromatography
system (Waters Corp., Milford, MA).
Detection of Phages or Synthetic Peptide Binding to hIgA by

ELISA—The wells of a microplate (Nunc Maxisorp) were
coated with hIgA and other proteins (50g/50 �l/well) and
blocked with 0.25% BSA in PBS. Phage solution was added to
each well and incubated for 2 h. After washing the plate, the
bound phages were detected with biotinylated anti-T7 phage
antibody (Novagen) and HRP-conjugated streptavidin (Vector
Laboratories, Peterborough, UK) or alkaline phosphatase-con-
jugated streptavidin (Vector Laboratories) using the detection
reagents tetramethylbenzidine (Wako Pure Chemicals) and
p-nitrophenyl phosphate (Wako Pure Chemicals), respectively.
For peptide binding, biotinylated peptide (40 nM) was prein-

cubated with HRP-conjugated streptavidin (10 nM) to form a
tetrameric peptide complex. The mixture was added to hIgA-
coated wells in a plastic plate. After 1 h of incubation, the wells
were washed five times with PBST, and binding was detected
with tetramethylbenzidine reagent.

FIGURE 2. The second library used to identify the important residues for hIgA binding. A, the library design to identify the important residues for binding
is shown. Partial random mutations were introduced at the sites (other than the two Cys) indicated by the asterisks by generating a synthetic gene for the library
using mixed nucleotides containing 70% of the indicated (authentic) nucleotide and 10% each of the other three nucleotides. B, binding specificities of the
phages after the first, second, and third biopanning were examined by ELISA. Blank indicates measurement without the phages. Wild indicates wild-type
phages with no displaying peptides. C, the peptide sequences of the clones isolated after three rounds of biopanning are represented as a logo plot. The height
of each character of amino acid indicates its appearing frequency, and the black characters represent the most frequently appearing amino acid at each
position. Sequence logos were done using WebLogo.

TABLE 1
Comparison of the amino acid sequences of hIgA-binding peptides
The amino acid positions are numbered on the basis of the X3CX8CX3 sequence.
The inserted positions in theA1 andA4 clones are labeled as 8a and 8b, based on the
alignment of the four sequences. Asterisks indicate completely conserved positions.
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Purification of hIgA from Human Plasma—Approximately
500 nmol of amino PEG4-Opt1 or -Opt3 peptide were immo-
bilized on a HiTrap NHS-activated HP column (1 ml; GE
Healthcare) according to themanufacturer’s instructions. Hep-
arin-treated humanplasmawas injected into the column (1ml),
which was connected to Profinia purification system (Bio-Rad).
After washing the columnwith PBS, hIgAwas eluted with 0.1 M

glycine-HCl (pH2.5). The columnwas re-equilibratedwith PBS
and stored at 4 °C until use.
For analysis of eluted fractions, the samples were mixed with

SDS sample buffer and subjected to SDS-PAGE on a 4–20%
gradient gel. After electrophoresis, the gel was stained with
GelCode Blue Stain reagent (Thermo Scientific).
Surface Plasmon Resonance (SPR) Analysis—SPR analysis

was performed on a BIAcore T100 (GEHealthcare) at 25 °C. All
reagents and sensor chips were purchased fromGEHealthcare.
IgA1 and IgA2 were immobilized on a CM5 sensor chip using
the amine coupling protocol, according to the manufacturer’s
instructions. The amount of the immobilized IgA was adjusted
to fall within 5000–6000 response units. The association reac-
tion was monitored by injecting the peptides into the sensor
chip at a flow rate of 50 �l/min for 180 s. The dissociation
reaction was performed by running the HBS-EP buffer (10 mM

HEPES, pH 7.4, containing 400 mM NaCl, 3 mM EDTA, and
0.005% Tween 20). The binding kinetic parameters were calcu-

lated using the BIAcore T100 evaluation software (GE
Healthcare).
Molecular Dynamics (MD) Simulations and Trajectory

Analysis—All MD simulations on the Opt-1 peptide and its
complex with hIgA-Fc were performed using the SANDER
module of the AMBER 10 simulation package (28) with the
force field ff99SB (29). Each system was explicitly solvated with
TIP3P water molecules and neutralized by counter ions. The
SHAKE algorithm was applied to constrain all bonds linking
hydrogen atoms, and the particlemesh Ewaldmethodwas used
for treating long range electrostatic interactions. For Opt-1
simulation, the system was subjected to 1000 steps of steepest
decent minimization followed by 1000 steps of conjugate gra-
dient minimization with 500 kcal�(mol�Å2)�1 harmonic con-
strains on the peptide to remove unfavorable van der Waals
contacts. Then the whole system was minimized using 5000
steps of steepest decent minimization without harmonic
restraints. The system was gradually heated from 0 to 310 K
over 20 ps for equilibration. Production runs were carried out
for 100 ns with 2-fs steps. A total of six independent MD
trajectories were generated from various starting structures,
i.e., three unfolded conformations and three �-hairpin
conformations.
For simulation of theOpt-1 complexwith hIgA-Fc, the initial

structure for the complex was modeled with the simulated

FIGURE 3. The design of the third library and specific phage selection for affinity maturation. A, the third library designed for affinity maturation is shown.
The codons of the conserved residues in Fig. 2A were fixed, and the others were randomized using NNK-mixed oligonucleotides. B, the third library was
biopanned against hIgA. Specific phages were enriched by repeated biopanning, and the binding of the phages in each round was measured by ELISA.
C, binding of the isolated phage clones A2-3a and A2 to hIgA was examined by ELISA. D, the interactions between hIgA and the recombinant Fc�R immobilized
on a sensor chip were examined by SPR analysis in the presence of different concentrations of the A2-3a peptide (0 –2,500 nM). E, inhibition of the binding
between A2-3a peptide and IgA by Fc�R. Biotinylated peptide/streptavidin-HRP complex was reacted with hIgA coated on ELISA plates in the presence of
different concentrations of Fc�R (0 –100 nM).
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Opt-1 structure and x-ray-determined hIgA-Fc structure (Pro-
tein Data Bank code 2QEJ). To remove unfavorable van der
Waals contacts, the system was subjected to 6000 steps of
steepest decent minimization followed by 6000 steps of conju-
gate gradient minimization, whereas the complex was con-
strained by 500 kcal�(mol�Å2)�1 harmonic potential. The whole
system was then minimized using 20,000 steps of steepest
decent minimization without harmonic restraints. The system
was gradually heated from 0 to 310 K over 50 ps for equilibra-
tion. Then the production run was carried out for 5 ns with 2-fs
steps. A total of three independent simulations were performed
for the complex with various relative orientations between
Opt-1 and hIgA-Fc. All of theMD simulations were carried out
with theNPT ensemble, i.e., a constant number of particles (N),
pressure (P), and temperature (T), and the trajectories were
recorded every 2 ps.

RESULTS

Isolation of hIgA-specific Phage Clones from Phage-displayed
Random Peptide Libraries—We chose disulfide-constrained
cyclic peptide libraries to isolate the specific peptides, because
it is generally known that cyclic peptides have higher affinity
than its linear form because of the reduction of conformational
chain entropy (30). Five rounds of biopanning were performed
against hIgA using T7 phage-displayed random peptide librar-
ies of X3CX7–10CX3, where X represents randomized amino
acid positions. The binding activities of the phages after the
fifth round of biopanning are shown in Fig. 1A. Compared with
the initial library, the phages after biopanning clearly exhibited
increased binding to hIgA but not other immunoglobulins or
BSA. The phages were cloned and screened using ELISA.
Among the 20 clones isolated, 10 clones exhibited binding to
hIgA. Sequence analysis of their displayed peptides revealed
four individual motifs (A1–A4), as shown in Table 1. A low
similarity, involving the two conserved residues Leu-5 and
Phe-14 but not the two fixed cysteine residues, was found
among them.The binding specificities of the selected clones are
shown in Fig. 1B. All four clones exhibited binding specificities
toward hIgA.
The synthetic peptide derived from the A2 motif (A2 pep-

tide) was prepared, and its affinity for hIgA was analyzed by
SPR. The equilibrium constant for the dissociation (Kd)
between the A2 peptide and hIgA2 immobilized on the CM5
sensor chip was estimated to be 1.3 �M, which is not sufficient
for an affinity ligand. The specificity of this peptide evaluated by
ELISA indicated a distinct binding to hIgAbutwith a somewhat
high background (Fig. 1C).
Identification of A2 Motif Residues Important for hIgA

Binding—To characterize the peptide motifs for IgA binding,
the important residues in A2 motif were identified using a sec-
ond library constructed on the basis of the A2 motif. The par-
tially randomized gene library of the A2motif was generated by
synthesizing the gene using mixed nucleotides comprising 70%
authentic nucleotides of theA2motif and 10% each of the other
three nucleotides (Fig. 2A), which led to the appearance of
authentic amino acids in the A2 motif at frequencies of �34–
49%. This second library was used for biopanning (Fig. 2B), and
the phages cloned after three rounds of biopanning were

screened for hIgA binding. Ten binding clones were selected
and sequenced (Fig. 2C). Sequence comparison clearly revealed
the complete conservation of Leu-5, Tyr-7, Gly-9, and Val-12,
indicating that they were essential for binding.
Construction of the Third Library for Affinity Improvement—

We then attempted to improve the affinity of the A2 peptide by
using a third library, which was designed to fix the four con-
served residues Leu-5, Tyr-7, Gly-9, and Val-12 and randomize
the other amino acid positions (except the two cysteines) (Fig.
3A). The third library was biopanned against hIgA under strict
conditions. After repeated biopanning, hIgA-binding phages
were clearly enriched (Fig. 3B). The phages after the fifth round
of biopanning were cloned and evaluated for binding. Among
the 80 selected clones, 29 strong binders were selected and sub-
jected to sequence analysis. The most abundant clone A2-3a
exhibited an apparent increase in hIgA binding activity com-
pared with the original A2 clone (Fig. 3C). Indeed, the synthetic
peptide ofA2-3a exhibited a 2.6-fold stronger binding (Kd� 0.5
�M) than the A2 peptide (Kd � 1.3 �M).

To obtain information on the binding site of the peptide, the
inhibitory effect of the A2-3a peptide on the binding between
Fc� receptor (Fc�R) and hIgA was examined by SPR analysis.
The binding of IgA to Fc�R immobilized on a sensor chip was

TABLE 2
Changes in the affinity and binding energy of hIgA-binding peptides
following Ala scanning or additional mutations for affinity maturation
All the peptides used were C-terminally amidated. The binding affinity between the
peptide and hIgA was measured at 25 °C and pH 7.0 on BIAcore T100 (GE Health-
care). ��G indicates the difference in the binding free energy between A2-3a pep-
tide and its derivatives. The underlined mutations were additively introduced into
the A2-3a sequence to design the Opt-1 peptide. The bold type in the sequences of
Opt-1 and Opt-2 represents the mutations added to the A2-3a sequence for affinity
improvement.
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decreased by the A2-3a peptide in a dose-dependent manner
(Fig. 3D). This inhibitory activity of the peptide was confirmed
by competitive ELISA, as shown in Fig. 3E. These results indi-
cate that the binding site of the A2-3a peptide is located in the
marginal region between CH2 and CH3 of IgA-Fc, which is a
common binding site for bacterial IgA-binding proteins as well
as Fc�R (31, 32).
Confirmation of the Roles of the Conserved Residues of A2-3a—

As shown in Fig. 2C, four conserved residues, Leu-5, Tyr-7,
Gly-9, and Val-12, were found among the peptide motifs
selected from the second library. To confirm their roles in bind-
ing, Alamutations were introduced in the A2-3a synthetic pep-
tide. The Kd values and the changes in the binding free energy
(��G) are summarized in Table 2 and Fig. 4. Ala mutations of
the four conserved residues resulted in large decreases in bind-
ing energy (0.75–2.3 kcal/mol), suggesting the critical roles of
these conserved residues in binding.

Table 3 shows the frequency (%) with which each amino acid
appeared at the randomized positions of the peptide motifs
obtained from the third library. We assumed that the amino
acids appearing at a high frequency at each position would con-
tribute to the affinity. To confirm this, the highly frequent res-
idues (�41%) Val-3, Arg-8, Arg-10, Pro-11, and Phe-14 were
mutated to Ala. As shown in Table 2 and Fig. 4, the Ala muta-
tions elicited large decreases (0.8–1.8 kcal/mol) in binding
energy, suggesting their critical roles in IgA binding.
Affinity Maturation of A2-3a by Additional Substitutions in

Less Conserved Sites—We further examined the roles of the
residues at positions 1, 2, 6, 15, and 16. The substitutions of
Arg-6 and Val-16 with Asn and Trp (both appearing at a fre-
quency of 24%) decreased the binding energy by 0.21 and 0.65
kcal/mol, respectively. On the other hand, the substitutions of
Ser-1, Asp-2, and Gln-15 with the corresponding high frequent
residues (Arg, Ala, and Arg) slightly increased the binding

FIGURE 4. The schematic view of the changes in the binding energy of the mutational peptides. The changes of binding free energies by the mutations on
A2-3a peptide summarized in Table 2 were plotted against amino acid positions.

TABLE 3
The frequencies of amino acids at each randomized site appearing in the clones selected from the third library
The numbers in parentheses indicates the frequencies (%) of amino acids appearing at each position.
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energy by 0.15, 0.45, and 0.32 kcal/mol, respectively. We also
found that substitutions of Ser-1, Asp-2, and Val-16 with the
amino acids on the A2 motif (His, Met, and Leu) slightly
increased the binding energy by 0.23, 0.73, and 0.1 kcal/mol,
respectively. Furthermore, the most favorable mutations at
Arg-6 and Gln-15 positions were Ala mutations, which
increased the binding energy by 0.27 and 0.38 kcal/mol,
respectively.
Based on the above mutational studies, the Opt-1 peptide

was designed by combining the mutations suitable for affinity
improvement (S1H, D2M, R6A, Q15A, and V16L). This Opt-1
peptide exhibited a high affinity for hIgA2 with a Kd of 33 nM,
which is 16- and 39-fold lower than those of A2-3a and A2
peptides, respectively.

Application of the Opt-1 Peptide in IgA Affinity Purification—
To examine the utility of the Opt-1 peptide in IgA purification,
we prepared an Opt-1 peptide-conjugated column by immobi-
lizing the amino PEG4 spacer-armed Opt-1 peptide on a
HiTrap NHS-activated HP column (1 ml) using amine-cou-
pling protocol. The columnwas used to purify IgA fromhuman
plasma. The eluted fraction from the column was subjected to
SDS-PAGE, followed by protein staining to evaluate the purity
of IgA (Fig. 5, A and B). However, the eluted fraction from the
Opt-1 column contained other proteins besides IgA, indicating
the occurrence of nonspecific interactions.
MD Simulations of the Opt-1 Peptide—To elucidate the

structural features of the Opt-1 peptide for designing a peptide
with increased specificity, we performed fully atomistic,

FIGURE 5. Purification of hIgA from human plasma using peptide-conjugated column. A, affinity chromatography for hIgA purification from human
plasma on Opt-1 peptide-conjugated column. B and C, SDS-PAGE of the fractions eluted from the column of Opt-1 (B) and Opt-3 peptide (C). Asterisks indicate
the samples reduced with 2-mercaptoethanol. M.W.M., the molecular weight maker.
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explicit water MD simulations of the Opt-1 peptide, starting
from various random conformations at 310 K. Each MD simu-
lation was conducted for 100 ns. The equilibrium structure was
characterized by the final 20-ns structures of each MD trajec-
tory. One structure from a representative trajectory is shown in
Fig. 6A. Interestingly, the Opt-1 peptide displayed a partial hel-
ical conformation in the N-terminal region spanning residues
2–7, in good agreement with the experimental CD spectrum

(Fig. 6B). Helix-favoring residues in the N terminus, i.e., Met-2,
Leu-5, Ala-6, and Tyr-7, contribute to helical structure forma-
tion, and the helical contentwas computed to be 18%.As shown
in Fig. 6 (C and D), the hydrophobic residues Met-2, Leu-5,
Pro-11, Val-12, andPhe-14 are oriented toward the same side of
the peptide, forming a hydrophobic cluster.
MD Simulations of the Opt-1-IgA-Fc Complex—We per-

formed furtherMD simulations to examine the structure of the

FIGURE 6. Structural characterization of Opt-1peptide. A, the equilibrium structure of Opt-1 derived from MD simulations at 310 K. The side chain and main
chain are displayed in line representation. Gray, carbon; red, oxygen; yellow, sulfur; blue, nitrogen. B, CD spectrum of the A2 and Opt-1 peptide. Peptides were
diluted in phosphate buffer containing 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl, and 68 mM NaCl (pH 7.4) and measured on a JASCO J-820 spectropola-
rimeter (Jasco Corp., Tokyo, Japan) at 25 °C. C, the locations of hydrophobic residues on both the surfaces of Opt-1. The hydrophobic residues are shown in
green with a space filling model. The red characters indicate the important residues for IgA binding. D, surface map of Opt-1.
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complex, aswell as the bindingmodes of theOpt-1 peptidewith
IgA-Fc. Based on the above finding that the binding site of the
A2-3a peptide is located in the marginal region between CH2
and CH3 of IgA-Fc, we constructed various initial conforma-
tions of the complex by placing the Opt-1 peptide near this
common binding site of IgA-Fc. Fig. 7 shows the simulated
structure of the complex and the binding modes of the Opt-1
peptide with IgA-Fc. As shown in Fig. 7B, Tyr-7 and Arg-8 of
Opt-1 significantly contribute to the binding by forming
H-bonds with Asp-255, Glu-261, and Glu-313 of IgA-Fc. Addi-
tionally, the hydrophobic interactions between Met-2, Leu-5,
Pro-11, Val-12, and Phe-14 of Opt-1 and Leu-257, Ala-438,
Pro-440, Leu-441, and Ala-442 of IgA-Fc (Fig. 7C) play an
important role in tight binding to form the complex. Impor-
tantly, the conserved residues of Opt-1, i.e., Leu-5, Tyr-7, and
Val-12, play a significant role in IgA-Fc recognition.
Improvement of Opt-1 Peptide Specificity—Based on the

aboveMD simulation results,most of the hydrophobic residues
in Opt-1 are located on the peptide surface exposed to water
(Fig. 6, C and D) and are beneficial for tight binding to IgA-Fc
(Fig. 7C). However, these hydrophobic residueswould also con-
tribute to the nonspecific binding to other proteins, as shown in
Fig. 5B. Therefore, to reduce the hydrophobicity of Opt-1 with-
out perturbing the binding affinity, we designed theOpt-2 pep-
tide by introducing twomutations, A6S and A15S, in the Opt-1
peptide. Interestingly, the Opt-2 peptide exhibited an affinity
for hIgA with a Kd of 16 nM (supplemental Fig. S1A), which is
higher than the Opt-1 peptide (Kd � 33 nM), demonstrating
that the Opt-2 peptide is the strongest binder among our pep-
tides. However, the nonspecific binding to other proteins was
observed in ELISA and in the purification of IgA from human

plasma on Opt-2 peptide-conjugated column (supplemental
Fig. S1, B and C).
To improve the specificity of the Opt-2 peptide, the Opt-3

peptide was designed by introducing the two mutations M2Q
and L16T into the Opt-2 peptide. The design strategy was to
minimize the perturbation of the binding affinity andmaximize
the specificity based on theMD-simulated structures shown in
Figs. 6 and 7. Notably, the Opt-3 peptide exhibited not only
high binding affinity for IgA2 (Kd � 72 nM) but also demon-
strated specific binding to IgA in the peptide-conjugated col-
umn, indicated by a single band with a molecular mass of
150,000 on SDS-PAGE after purification from human plasma
(Fig. 5C).

DISCUSSION

Several bacterial IgA-binding proteins, such as the Staphylo-
coccus aureus superantigen-like protein 7 (33) and the Sap pep-
tide (a peptide from the IgA-binding domain of the streptococ-
cal M protein) (26), have been used as affinity ligands for IgA
purification. These molecules, the Fc� receptor, and our pep-
tide share the binding site on IgA (31, 32) (Fig. 3,D and E). The
interdomain region contains the hydrophobic surface and may
therefore represent a hotspot region commonly targeted or rec-
ognized by many IgA-binding molecules.
Our peptides bound both IgA1 and IgA2 (supplemental Fig.

S1B), similar to SSL7 and the Sap peptide. The IgA purified
from human saliva using our system exhibited a peak of the
dimeric secretory form of IgAwith amolecularmass of 400,000
(supplemental Fig. S2). These results indicate that our peptide
is suitable for the purification of both subclasses/subtypes of
IgA from various body fluids, in the same way as bacterial IgA-
binding proteins or their derived peptides.
The most distinctive characteristic of our peptide is its low

molecular mass. In contrast to SSL7 (molecular mass of
�23,000) and the Sap peptide (molecularmass of�10,000), our
peptide is composed of only 16 amino acids (molecular mass of
�1,800). Despite the low molecular mass, Opt-3 exhibited suf-
ficient functionality in IgA purification. It is known that bacte-
rial IgA-binding proteins, such as SSL7 or M22, possess the
ability to bind to other proteins such as complement C5 (33) or
its regulator protein C4b-binding protein (34), which activate
or perturb the human complement system (19). Therefore,
contamination of the purified IgAwith these proteins should be
avoided, particularly for pharmaceutical use. In this regard, our
peptide is highly advantageous for IgA purification for pharma-
ceutical use, given its small molecular size.
The first isolated peptides (A1–A4) shared only two con-

served residues, Leu-5 and Phe-14 (Table 1). Therefore, we
sought to identify the important residues for IgA binding using
the second library (Fig. 2). Four residues, Leu-5, Tyr-7, Gly-9,
and Val-12, were identified as important for binding (Fig. 2C),
which was confirmed by Alamutations of these residues (Table
2 and Fig. 4). The third library was used to improve the affinity
of the A2 peptide. The strict selection conditions enabled us to
isolate a better binder, A2-3a, and analysis of the other motifs
revealed additional critical residues for binding. The residues
Val-3, Arg-8, Arg-10, Pro-11, and Phe-14, which appeared at a
frequency of �40% (Table 3), largely contributed to IgA bind-

FIGURE 7. The complex structure of Opt-1 and IgA-Fc. A, structure of the
complex and binding modes of Opt-1 peptide (cyan) and IgA-Fc (light pink)
derived from MD simulations at 310 K. B, electrostatic interactions in the com-
plex. H-bonding is represented by black dotted lines. C, hydrophobic interac-
tions between the Opt-1 peptide and IgA-Fc. Residues (Opt-1: Met-2, Leu-5,
Pro-11, Val-12, and Phe-14; IgA-Fc: Leu-257, Ala-438, Pro-440, Leu-441, and
Ala-442) contributing to hydrophobic interactions are shown in stick as well
as sphere representation.
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ing with the free energy of 0.85–1.8 kcal/mol (Table 2 and Fig.
4). However, substitutions of residues at less conserved sites
(positions 1, 2, 6, 15, and 16) yielded somewhat controversial
results (Table 2 and Fig. 4). The S1R, D2A, and Q15R substitu-
tions in A2-3a enhanced the binding energy by 0.15, 0.45, and
0.32 kcal/mol, respectively, but R6N and V16W reduced the
binding energy by 0.21 and 0.65 kcal/mol, respectively. This
suggests that the highly frequent residues have the tendency to
contribute to the binding, whereas the residues appearing with
low frequency (�24%) do not necessarily enhance affinity,
probably because of unfavorable conflicts or contradictory
effects of the other substitutions.
The Opt-1 peptide was designed by combining the different

substitutions (S1H, D2M, R6A, Q15A, and V16L), which con-
tributed to affinity improvement and increased the binding
energy by 1.6 kcal/mol. Interestingly, the sum of the binding
energies resulting from all the substitutions in the A2-3a pep-
tide is 1.7 kcal/mol. This indicates that each substitution inde-
pendently contributes to the binding. To further characterize
the structure and binding properties of Opt-1, we performed
MD simulations of the solution structure of Opt-1 and its com-
plex with IgA-Fc. Notably, Opt-1 displayed a helical structure
(Fig. 6A) that is consistent with its CD spectrum (Fig. 6B). The
residual helical conformation in the N terminus of Opt-1 may
play an important role in recognizing IgA. Indeed, the A2 pep-
tidewith low affinity did not exhibit helical properties in theCD
spectrum (Fig. 6B).
On the other hand, to confirm the importance of the intra-

molecular disulfide bond, the linear form of Opt-1 (Opt-1L),
Cys-4 and Cys-13 of which were substituted with Ser, was pre-
pared. The affinity of Opt-1L peptide was reduced �750 times
as compared with Opt-1, indicating the intramolecular cross-
link is essential for high binding. The CD spectrum of Opt-1L
peptide indicated the loss of the helical property (data not
shown), which probably caused the large decrease of the
affinity.
Opt-1 exhibited nonspecific interactions in the purification

of IgA from plasma (Fig. 5B). To solve this problem, the hydro-
phobicity of the peptide was reduced by Ala/Ser substitutions.
Surprisingly, the designed Opt-2 peptide exhibited a higher
affinity (Kd � 16 nM) than Opt-1 (Kd � 33 nM), although the
specificity was not improved (supplemental Fig. S1C).We spec-
ulate that the electrostatic interaction between Ser6 of Opt-2
and IgA may contribute to the tighter binding of Opt-2 com-
pared with Opt-1. To resolve nonspecific binding, we designed
theOpt-3 peptide by introducing additional hydrophilic substi-
tutions (M2Q and L16T) in Opt-2. Notably, the Opt-3 peptide
elicited specific purification of IgA without any contamination
with other plasma proteins, and the binding affinity was com-
parablewith that ofOpt-1 andOpt-2. These results suggest that
the hydrophobic residues in the peptide contribute to tight
binding with IgA, whereas the hydrophilic residues may mod-
ulate the specificity toward the target protein.
In summary, we successfully developed an IgA-binding pep-

tide from A2 to Opt-3 with high binding affinity, as well as
specificity. This was achieved through the identification of the
essential/important residues for IgA binding using phage
libraries, subsequent confirmation of their roles, and affinity/

specificity maturation by combining the substitutions in the
synthetic peptides. Our novel IgA-binding peptide is not only
compact but also highly functional as an affinity ligand. Fur-
thermore, the strategy of combining a phage library with a syn-
thetic peptide is a conventional and efficient way to engineer
functional peptides.
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