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Abstract: Protein A affinity chromatography is the standard purification process for the capture of
therapeutic antibodies. The individual IgG-binding domains of protein A (E, D, A, B, C) have highly
homologous amino acid sequences. From a previous report, it has been assumed that the C
domain has superior resistance to alkaline conditions compared to the other domains. We investi-
gated several properties of the C domain as an IgG-Fc capture ligand. Based on cleavage site anal-
ysis of a recombinant protein A using a protein sequencer, the C domain was found to be the only
domain to have neither of the potential alkaline cleavage sites. Circular dichroism (CD) analysis
also indicated that the C domain has good physicochemical stability. Additionally, we evaluated
the amino acid substitutions at the Gly-29 position of the C domain, as the Z domain (an artificial B
domain) acquired alkaline resistance through a G29A mutation. The G29A mutation proved to
increase the alkaline resistance of the C domain, based on BIACORE analysis, although the
improvement was significantly smaller than that observed for the B domain. Interestingly, a number
of other amino acid mutations at the same position increased alkaline resistance more than did
the G29A mutation. This result supports the notion that even a single mutation on the originally
alkali-stable C domain would improve its alkaline stability. An engineered protein A based on this
C domain is expected to show remarkable performance as an affinity ligand for immunoglobulin.
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chemical stability

Introduction

Protein A is a popular affinity ligand for the purifi-
cation of monoclonal antibodies (Mabs). Protein A is
a cell wall-associated protein expressed by the
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Gram-positive bacterium Staphylococcus aureus.
Protein A consists of a tandem repeat of five highly
homologous IgG-Fc binding domains, designated
E, D, A, B, and C, and a cell-wall anchoring region,
designated XM, from the N terminus.?

Due to its high purification efficiency, protein A
affinity chromatography has become the standard
process for the capture of Mabs from a cell culture
supernatant in the industrial manufacturing of ther-
apeutic Mabs.!® However, particular care has to be
taken to minimize contamination when producing
Mabs for therapeutic use as the column is commonly
re-used. A cleaning-in-place (CIP) step is often
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integrated into the purification process cycle in
order to remove contaminants such as proteins, lip-
ids, nucleic acids and microbes."* However, some of
the more stringent requirements for the CIP step
remain to be addressed. Sodium hydroxide (NaOH)
appears to be the most effective cleaning agent for
use in the CIP step. NaOH is able to remove tightly
bound impurities and inactivate microorganisms at
low cost.* Thus, it is advantageous to use matrices
that can tolerate high pH levels.

Among the various proteinous ligands, protein A
is relatively resistant to alkaline conditions but can-
not resist highly alkaline conditions (>0.1M NaOH).
Therefore, protein engineering methods were investi-
gated toward increasing the alkaline stability of its
IgG-Fc binding domains. The Z domain is the most
commonly used artificial protein A and has superior
chemical stability to its native constructs.!® The Z
domain is an engineered analog of the B domain orig-
inally developed for use in the affinity purification
step of fusion protein production. The Z domain con-
tains two amino acid substitutions relative to the B
domain (A1V and G29A). The G29A mutation is the
major contributor to its improved chemical stability
due to modification of the alkali-susceptible Asn—Gly
(at residues 28-29) sequence. The amino acid substi-
tution to an asparagine residue is another popular
modification to improve the chemical stability of pro-
teins.! Asparagine is known to be susceptible to high
pH levels through deamidation or backbone cleav-
age.5® As these chemical reactions are dependent on
hydroxide ions, the reaction rates are accelerated by
increases in pH level. The asparagine modifications
are highly dependent on protein sequence and confor-
mation, and these modifications have been thor-
oughly investigated in the case of protein A.>°

On the other hand, the C domain is already
thought to have superior resistance to alkaline condi-
tions compared to the other domains. One of the rea-
sons for the high chemical stability of the C domain
is speculated to be the presence of Thr-23 in place of
the Asn-23 observed in the other domains. Experi-
mental data obtained using the N23T mutant of the
Z domain are reported in the above-mentioned study
on asparagine modifications.” To date, only a few
experiments have been performed on the individual
and native IgG-binding domains of protein A,
although much effort has gone into studies on the
protein engineering of protein A. In view of the con-
siderable industrial significance of protein A as an
affinity ligand for therapeutic antibodies, this study
was conducted to examine the potential for increasing
the alkaline stability of the C domain. First, we iden-
tified the alkaline cleavage sites in a recombinant
protein A using a protein sequencer. Second, we
investigated the thermostability of the B and C
domains by Circular dichroism (CD) analysis. In
addition, we investigated the potential applicability of
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the C domain, in which a number of mutations were
introduced, as a scaffold protein. Finally, we eval-
uated various amino acid substitutions at the Gly-29
position of the C domain, as the Z domain is known
to acquire alkaline resistance via a G29A mutation.

Results

Alkaline cleavage site analysis
In order to identify the cleavage sites of protein A
under alkaline conditions, protein sequencing analy-
sis was carried out after the exposure of protein A to
a high pH solution (0.5M NaOH). The recombinant
protein A (XM region deleted) was used to trace the
position of the cleavage sites in the individual IgG-
binding domains (E, D, A, B, and C) in a single
experiment. In addition, we investigated the prote-
ase cleavage sites in protein A by exposure to CHO
cell culture supernatant. CHO cells are universally
used in the industrial manufacture of therapeutic
antibodies.!*'? Therefore, resistance to proteases in
CHO cell culture supernatant is also important fea-
ture for affinity ligands used for the capture of
IgG.13

The recombinant protein A was incubated in an
alkaline solution (0.5M NaOH) or CHO cell culture
supernatant. SDS-PAGE was then performed on
samples of the incubated mixtures to isolate frag-
ments cleaved by the hydroxide ions under the alka-
line conditions or in the presence of the proteases.

Figure 1 shows the SDS-PAGE profiles of pro-
tein A after the cleavage treatments. The recombi-
nant protein A showed a well-purified single band
pattern (approximately 30 kDa) before exposure to
0.05M NaOH or CHO cell supernatant, as shown in
the analyte lane in Figure 1(A). In addition, the pro-
tein A was observed to be stable at 25°C for a long
period. On the other hand, in the alkali treatment
lane in Figure 1(A), the main band of protein A
showed a slightly higher molecular mass after alkali
treatment. Additionally, some bands were detected
in the molecular weight range of 10 ~ 25 kDa,
which is lower than the molecular weight of protein
A. The SDS-profiles of protein A after protease treat-
ment are shown in Figure 1(B). Here, also, only the
band derived from protein A was visible because the
concentration of proteases included in the CHO
supernatant was significantly lower than that of
protein A. Although no shift in the main band of
protein A was observed, as was the case after alkali
treatment, some bands showing a lower molecular
weight than that of protein A were detected. The iso-
lated protein fragment bands of interest were ana-
lyzed by N-terminal protein sequencing. Cleavage
was confirmed at the Gln—Ser sequence in the D
domain (residues 13-14 and 43-44) under alkaline
conditions and at the Gly—Glu sequence in the E
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Figure 1. SDS-PAGE profiles of protein A after alkali (A) and CHO-protease (B) treatment. An analyte of protein A was used as the
test substance. PBS (Ref.) and 0.05M NaOH were used for treatment, and the treatment period (in hours) is indicated. Loaded sam-
ple volumes of protein A after CHO-protease treatment are indicated in panel (B). The left lane of each panel is the molecular weight
marker (M), and the molecular weight of each band is indicated. Each of the loaded samples is indicated at the top of each panel.

and D domains (residues 44-45 in the E domain and
49-50 in the D domain) by protease treatment.

Figure 2 shows sequence alignment of the five
IgG-binding domains and their cleavage sites. We
added possible cleavage sites based on this experi-
ment and alignment as the three-dimensional struc-
ture (topology) of each IgG-binding domain is
thought to be basically the same. The C domain is
the only one to have a Val-Ser sequence at residues
40-41 (residues 43-44 in the D domain).

Thermostability analysis by CD spectroscopy

The 58-residue (56 residues in the E domain and 61
residues in the D domain) IgG-binding domains of
protein A form a three-helix bundle structure.!* 6
The C domain had a far-UV CD spectrum with nega-
tive ellipticity at 208 and 222 nm, which is typical of
alpha-helical proteins. The ellipticity at 222 nm
allows us to follow the structural state of the C
domain relative to increases in temperature simply
by looking at the change in ellipticity. The CD spec-
tra of the C domain were recorded at every five
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degrees from 25 to 85°C, as shown in Figure 3. As a
reference, the CD spectra of the B domain, the
standard domain among the protein A domains,
were also recorded in the same manner. There
appear to be few differences between the CD spectra
obtained in these experiments and those from previ-
ous reports.>!” As a result, the mid-point tempera-
ture of the thermal unfolding curve (T,) was found
to be 67.5 (+2)°C for the B domain, as shown in Fig-
ure 3. The T, for the C domain is predicted to be
approximately 72.5°C, although completely unfolded
data points (more than 85°C) were not measured
because of limitations with regard to the thermocir-
culator used. The C domain appears to have rela-
tively higher conformational stability than does the
B domain.

BIACORE analysis of alkaline stability in relation
to IgG-binding capacity

We carried out a BIACORE analysis to evaluate the
residual IgG-binding capacity after alkali treatment.
The BIACORE system is based on a surface plasmon
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Figure 2. Analysis of the sensitivities of each IgG-binding domain to alkaline conditions and CHO protease. Sequence align-
ment of the IgG-binding domains of Protein A is shown and conserved residues are shaded. Cleavage sites under alkaline con-
ditions, detected using a protein sequencer, are enclosed in squares. Cleavage sites when immersed in CHO supernatant,
detected with a protein sequencer, are enclosed in circles. Vertical lines indicate possible cleavage sites based on this

experiment.
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Figure 3. CD analysis of the thermostability of the B and C domains of protein A. Right spectra are superpositions of each CD
spectra from 25 to 85°C of the B (left) or C (right) domains. The graph on the right shows plots of the CD spectra (at 222 nm)

of the B (closed diamonds) or C (closed squares) domains.

resonance (SPR) method that allows measurement
of biospecific interactions in real-time as changes in
mass concentrations on a sensor surface. We moni-
tored changes in the binding capacity of each puri-
fied recombinant protein for human IgG following
exposure to NaOH. In this analysis, the protein con-
centrations before and after alkali treatment were
adjusted to remain the same, while the concentra-
tion of a protein showing IgG-binding activity should
change. As curve fitting using protein concentration
as a variable is difficult, the concentration was con-
sidered to be constant in this curve fitting analysis.
In this case, the concentration change in a protein
showing IgG-binding activity is reflected in the
parameter R..., which is the maximum binding
capacity. Therefore, alkaline stability was evaluated
as the value of R, after alkali exposure relative to
that before alkali exposure [residual IgG-binding
capacity (%)].

Protein samples comprising a single domain, the
C domain (C-Wild), B domain (B-Wild), Z domain
(B-A1V/G29A, Z-Wild), a G29A mutant of the C
domain (C-G29A), and the same mutant of the B
domain (B-G29A), were used. The substitution of
Gly to Ala at residue 29 is the only acknowledged
mutation to improve chemical stability.>'® We eval-
uated the change over time of the alkaline stability
of each protein as the residual IgG-binding capacity
after exposure to 1.0M NaOH at room temperature,
as shown in Figure 4. As alkali-exposure time pro-
gressed, the C domain appeared to show higher
residual IgG-binding capacity than of that did the B
domain in both the wild-type and G29A mutant. A
G29A mutation should improve the alkaline stability
of the B or C domain, thus it is reasonable that
B-G29A showed almost the same residual IgG-
binding capacity after alkali exposure as that of
Z-Wild. C-wild showed a similar curve to Z-wild for
residual IgG-binding capacity after alkali exposure
over time. We performed a similar experiment using
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exposure to 0.5M NaOH at 30°C for 20 h. The
change induced by the alkaline treatment can be
used as a control of repeatability at a definite tem-
perature and short time period, providing the facili-
ties are maintained at a neutral pH. We confirmed
that the residual IgG-binding capacity after long
alkali-exposure of the C domain was significantly
higher than that of the B domain, as shown in
Figure 5. The data for C domain incubated for 25 h
was added, and showed a residual IgG-binding
capacity of about 30%. These data were used as con-
trols for the following experiments performed under
optimized alkali treatment conditions.

Mutational screening study using the BIACORE
system

Although the G29A mutation has been widely used
in a large number of reports, a surprisingly limited
amount of information exists on other amino acid
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Figure 4. Comparison of the alkaline stability among “well-
known” single domains of protein A. Residual binding
capacity is ratio of the value after alkali treatment (1.0 M
NaOH, 4, 8, 16, and 24 h) to the value before alkali
treatment.
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Figure 5. Comparison of the alkaline stability between B
domain and C domain of protein A. Residual binding capacity
is ratio of the value after alkali treatment (1.0M NaOH, 25 h,
at 30°C) to the value before alkali treatment. Standard devia-
tions of the mean (N = 3) in each set (set1, set2) are shown
as error bars.

substitutions at the same position. We also eval-
uated various amino acid substitutions at the Gly-29
position of the C domain by BIACORE analysis, as
the Z domain is known to acquire alkaline resistance
via a G29A mutation. We prepared thirteen variants
in which amino acid substitutions were introduced
at the Gly-29 position of the C domain. Valine (V),
leucine (L), isoleucine (I), methionine (M), serine (S),
threonine (T), asparagine (D), gluthamine (E), histi-
gine (H), arginine (R), phenylalanine (F), tyrosine
(Y), and tryptophan (W) were selected as amino acid
substitutions in place of the Al-Gly substitution at
residue 29. Asparagine (N) and glutamine (Q) were
not selected due to their high susceptibility to dea-
midation. Proline (P) was not selected in order to
avoid destabilization of the a-helix structure.?! Cys-
tein (C) and lysine (K) were also not selected as
these amino acids are useful in the immobilization
of the affinity ligand.?? Gly-29 is located near the
IgG-Fc binding site of protein A so it is not suitable
as a point of immobilization.

Following the preparation of the C domain Gly-
29 mutants (single domain), the residual binding
capacity after the alkali treatment (0.5M NaOH,
30°C, 25 h) of each mutant was evaluated using
BIACORE. The affinity constants Ky (M1, ko/kq) of
all the mutants were in the order of 10° M~ ! (Sup-
porting Information Table S3), which is similar to
that of the single domain of protein A.1"!° Figure 6
shows a comparison of the residual IgG-binding
capacities among the C domain Gly-29 mutants.
This assay shows with reproducible results that the
alkaline stability of C-G29A is higher than that of
the C-Wild domain. It should be noted that some
other amino acid substitutions to Gly-29 improve
the alkaline stability more effectively than does
G29A, with G29E, G29R, G29S, G291, and G29L
mutations all showing similar or larger increases in
the alkaline stability of the C domain than that

1234 PROTEINSCIENCE.ORG

Residual IgG-binding capacity (%)
60 80 100

C-G29D 0.5 M NaOH for 25 hrs at 30°C
C-G29V

C-Wild
C-G29T |EEEE
C-G29H
C-G29A
C-G29E :
C-G29R |[EEE
C-G29S |
C-G29l [
C-G29L [
C-G29F [
C-G29Y [
C-G29M
C-G29W

Figure 6. Comparison of the alkaline stability among the C
domain mutants of protein A. Residual binding capacity is the
ratio of the value after alkali treatment (0.5M NaOH, 25 h) to
the value before alkali treatment. Standard deviations of the
mean (N = 3) are shown as error bars.

observed for G29A, while the results for G29Y,
G29M, and G29W showed distinctively larger
increases in the alkaline stability of the C domain
than that observed for G29A.

In order to confirm rough trend for the effects of
other amino acid substitutions at the Gly-29 position of
the other domains of protein A, a number of B domain
Gly-29 mutants (G29V, G29R, and G29W) were also
prepared. The residual binding capacity after alkali
treatment of each mutant was evaluated using BIA-
CORE as described above, except that the incubation
time of alkali treatment was changed from 25 to 20 h
to optimize performance for the comparison of B
domain mutants. Figure 7 shows a comparison of the
residual binding capacities among B domain Gly-29
mutants. The G29V mutation showed a smaller
increase in alkaline stability than that of G29A. Mean-
while, the G29W mutation showed a larger increase in
alkaline stability than that of G29A.

Discussion

Properties of the C domain as an IgG-Fc
capture ligand

It has been assumed that the C domain has superior
resistance to alkaline conditions compared to the
other domains. Thr-23, an amino acid found only in
the C domain, is easily predicted to have a beneficial
effect on alkaline stability, as experimental data
showed that the introduction of a N23T mutation in
the Z domain led to increased alkaline stability.®
However, only a few experiments have been per-
formed on the C domain of protein A. This study

Alkali-Stable Protein A: C Domain and its Mutants
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Figure 7. Comparison of the alkaline stability among the B
domain mutants of protein A. Residual binding capacity is the
ratio of the value after alkali treatment (0.5 NaOH, 20 h) to
the value before alkali treatment. Standard deviations of the
mean (N = 3) are shown as error bars.

was first conducted to examine the potential alka-
line stability of the C domain. As a result of the
cleavage site analysis of protein A, an unknown and
inherent advantage was unexpectedly found. Val-40,
one of the unique residues of the C domain, appears
to have a positive effect on its alkaline stability. Pre-
viously, the only predictable feature in the sequence
of the C domain was thought be Thr-23, as experi-
mental data showed that the introduction of a N23T
mutation in the Z domain led to increased alkaline
stability.’ However, no cleavage sites were detected
around residue 23 in any of the domains in this
experiment. Val-40 might be another important resi-
due characterizing the high alkaline stability of the
C domain. The C domain also lacks a protease-
susceptible Gly—Glu sequence. This feature is signifi-
cant in that resistance to proteases is also required
for industrial IgG-capture media used with CHO cell
culture supernatants.* It is conceivable that the C
domain is, therefore, suitable as a scaffold for an
affinity ligand for industrial IgG-capture media.

Studies on the stability of protein A have mainly
focused on the “engineered” domains of protein A,
particularly the Z domain mutants.® Hence, few
studies have centered on the stability of the
domains, particularly the “native” domains, of pro-
tein A. CD analysis indicated that the C domain has
relatively higher conformational stability than does
the B domain. For example, high thermostability
should play a role in high-temperature cleaning for
the CIP process in the manufacture of Mabs. In a
previous report, a computer simulation comparing
the native fold with the mirror image fold indicated
a unique feature in the native fold of the C domain'®
The simulation pointed to the possibility that a sub-
stitution of Thr-23 in the C domain (numbered Thr-
24 in that report) for Asn-23 in the other domains is
responsible for differences in the energetic features
between the C and other domains. Thr-23 may be
responsible for the improved thermostability of the
C domain as it constitutes the N-cap of helix II.
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BIACORE analysis provided new insight into
the residual IgG-binding capacity of the native
domains (B and C domain) of protein A after alkali
treatment. As shown in Figure 5, the alkaline stabil-
ity of the C domain was significantly higher than
that of the B domain. The C domain appears to have
almost the same alkaline stability as the Z domain,
which gains its improved alkaline stability via a
G29A mutation, which is not inconsistent similar
alkaline stabilities demonstrated by the mutant B-
G29A and Z domains. Hence, it is reasonable to
speculate that the alkaline stability of the C-G29A
mutant is higher than that of the Z domain. As for
alkaline stability in relation to the IgG-binding
capacity of the domains, the significant positive
effect of Thr-23 in the C domain, reported previ-
ously,” was confirmed in our study (Supporting
Information, Figure S1).

Remarkable alkaline stability of C domain
having only one amino acid substitution
BIACORE analysis allows the efficient evaluation of
improvements in the alkaline stability of a protein
by mutation. The methodology developed using BIA-
CORE enables us to evaluate many mutations
simultaneously, allowing us to perform systematic
mutational screening studies. We, therefore, focused
on other amino acid substitutions at the Gly-29 posi-
tion of the C domain. An amino acid substitution of
Gly-29 had been made in order to avoid the Asn—Gly
sequence, which is the most sensitive alkali cleavage
site.’ The mutation to Asn-28 has been avoided in
the past as the asparagine side chain of Asn-28
plays a role in interactions with the IgG-Fc
region.'®2° In contrast, Gly-29 is not involved in the
interactions with IgG-Fc,® although it is conserved
in all protein A domains, as shown in Figure 2. Nil-
son, who produced the Z domain, reported that the
reason for selecting alanine as the amino acid sub-
stitution candidate was that he wished to make only
minimal changes to the structure so that a mutation
to an even larger side chain was not considered.’
Although this sounds reasonable, we decided that
other amino acid substitutions to Gly-29 were still
worth confirming experimentally.

A number of other amino acid mutations at the
same position increased the alkaline resistance more
than did the G29A mutation, as shown in Figure 6.
The relative relationship in the effects of the muta-
tions in improving the alkaline stability of the B
domain was almost the same as that for the C
domain, as shown in Figure 7. Previously, there
have been reports that the rate of deamidation is
affected by the size of the amino acid side-chain on
the C-terminal side of the Asn residue at neutral to
alkaline pH levels.?® Certainly, in our results, larger
side-chain amino acid substitutions tended to afford
greater improvements in the alkaline stability of the
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C domain. Of course, it is hard to explain everything
based on this trend as the secondary and tertiary
structures in proteins also play an important role in
the rate of deamidation.'® For example, the substitu-
tion of Val for Ala leads to a decrease in the alkaline
stability although the size of the Val side-chain is
larger than that of Ala. This substitution may cause
destabilization of the a-helix due to its B-branched
side-chain.?* In terms of the effectiveness of Gly-29
substitution, the substitutions made in the C domain
were not as effective as those in the B domain. It is
conceivable, therefore, that the inherent high alka-
line stability of the C domain allows relatively little
improvement via the mutations in comparison to the
B domain.

Additionally, the acidic stabilities of the repre-
sentative variant a number of C domain Gly-29
mutants were confirmed (Supporting Information
Figure S2). It is also important to maintain the
acidic tolerance of these mutants with wild-type Pro-
tein A domains, because acidic buffers are normally
used to elute bound IgG from the Protein A affinity
column.'® Basically, mutations to Gly-29 appear to
have little effect on acidic tolerance.

Since the mutational effects on the alkaline sta-
bility of proteins are closely connected with related
factors, our mutational screening study was useful
as a protein engineering technique for the improve-
ment of alkaline stability. As a result, we found a
number of novel variants of the C domain that have
higher alkaline stability than that of the G29A vari-
ant of the C domain at a single domain level. Our
study indicates that even a single mutation in the C
domain of protein A results in a further significant
improvement in alkaline stability.

Conclusions

The evidence presented in this report demonstrates
the inherent advantage of the C domain in terms of
alkaline stability. Our data also include the follow-
ing novel findings: its unique sequence affords
resistance to alkaline cleavage as well as the
increased high thermostability of proteins. Further-
more, our mutational study using BIACORE indi-
cates that even a single mutation in the C domain
increases its alkaline stability. Surprisingly, we also
found that some other amino acid mutations at the
Gly-29 position increase alkaline resistance more
than does G29A. The results of this study emphasise
that a combination of a broad investigation of the C
domain and an effective protein engineering
approach via mutational screening is extremely use-
ful from an industrial point of view.

In this article, we focused on improving the
alkaline stability of the protein A ligand, while we
have already conducted studies to improve the elu-
tion properties of the protein A ligand by introduc-
ing other mutations to the C domain.?® The IgG
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affinity matrix, which combines the superior proper-
ties of alkaline stability and IgG elution, should
afford significant advantages for the industrial-scale
purification of monoclonal antibodies.

Materials and Methods

DNA construction

The coding DNA sequence for each domain (B or C) of
Staphylococcus aureus protein A was designed by
reverse translation of its amino acid sequence. The
dsDNA of each domain was prepared by a polymerase
chain reaction (PCR) technique using synthetic oligo-
nucleotides (SIGMA genosys). Each dsDNA fragment
was restricted with BamHI and EcoRI (Takara), and
inserted into a vector pGEX-6P (GE Healthcare) that
had been restricted with the same enzymes. Expres-
sion plasmids encoding the C-domain mutants, in
which the Gly-29 was replaced with Val, Leu, Ile, Tyr,
Phe, Thr, Trp, Ser, Asp, Glu, Arg, His, or Met, were
prepared using a QuickChange site-directed mutagen-
esis kit (Stratagene) according to the protocol recom-
mended by the supplier using Pfu Turbo DNA
polymerase and the methylated DNA (template DNA)
cleavage enzyme Dpnl (both available from Strata-
gene). For example, the expression plasmid for a G29V
mutant of the C domain was prepared by a PCR
reaction using two primers (5-CAACGTAACGTGTT-
CATCCAAAG-3 and 5-CTTTGGATGAACACGTTAC
GTTG-3') and the template plasmid of the wild-type C
domain. Likewise, expression plasmids encoding the
B-domain mutants, in which the Gly-29 was replaced
with Val, Arg, or Trp, were produced using the wild-
type B domain expression plasmid as a template. The
expression plasmids for a tandem repeat of the single
domain were prepared by the re-insertion of another
dsDNA fragment into the expression plasmid for a sin-
gle domain with the same sequence. The dsDNA was
prepared by PCR methods using one primer with a
Narl (TOYOBO) site and one with an EcoRI site. This
Narl site is located in the coding DNA at around resi-
due 55-57 of the 58 residues comprising the domain
(B or C). This dsDNA fragment, restricted with Narl
and EcoRI, is capable of insertion into the expression
plasmid for a single domain restricted with Narl and
EcoRI.

Protein expression and purification

Protein expression was carried out by transforma-
tion of each expression plasmid into E. coli HB101
(Takara). Proteins are expressed as glutathione
S-transferase (GST) fusion proteins using the vector
pGEX-6P. Fermentation was carried out in Sakagu-
chi flasks at 37°C in LB medium containing 50 pg/mL
ampicillin. Protein expression was induced by 0.1M
IPTG, and cells were harvested by centrifugation. Cell
pastes were suspended in PBS (pH 7.4) containing 0.5
mM EDTA, and the suspended cells were disrupted
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using a probe sonicator. The supernatant separated
from the sonicated mixtures by centrifugation was
applied to a GSTrap column (GE Healthcare) equili-
brated with 20 mM sodium phosphate (pH 7.4) con-
taining 0.156M NaCl. After washing in equilibrating
buffer, the target protein was eluted with 50 mM
Tris—HCI (pH 8.0) containing 20 mM Glutathione. The
GST-tag was cleaved by the addition of PreScission
Protease (GE Healthcare) to the eluted fraction. The
target protein was separated from the GST-tag
through Gel-filtration chromatography using Super-
dex 75 (GE Healthcare). The purity of each protein
sample was confirmed by SDS-PAGE analysis.
Concentrations of the purified proteins were
determined by absorbance measurements at 280 nm
using the absorbance coefficients calculated with the
ProtParam tool on the ExPASy Proteomics Server:
http://expasy.org/.

Cleavage site analysis

Industrial samples of the recombinant protein A
(XM region deleted) and CHO culture supernatant
(CHO-K1, CD-DG44 medium) were produced in-
house. In the alkaline cleavage site analysis, protein
A solutions (40 mg/mL pure water) were diluted
1:20 in 0.05M NaOH, and incubated at 25°C for 5,
17, 31, and 90 h. SDS-PAGE was carried out on
reaction mixture samples after neutralization. For
the protease cleavage site analysis, protein A solu-
tions were diluted 1:10 in CHO culture supernatant
containing 25 mM citrate (pH 5.0), and incubated at
37°C for 64 h. Reaction mixture samples were loaded
directly onto the SDS-PAGE gel. Isolated cleaved
fragments of protein A were blotted onto an
Immobilon-PSQ membrane (Millipore) in a blotting
buffer. Protein bands indicating cleaved fragments
in the membrane were excised, and the N-terminus
of the protein was sequenced with a PPSQ-33A pro-
tein sequencer (Shimazu).

Circular dichroism (CD) analysis

CD spectra were recorded on a JASCO J-805 instru-
ment (JASCO) using a 1-cm pathlength cell. Protein
solutions (C and B domain) were added to 20 mM
sodium phosphate (pH 7.4) to give a final concentra-
tion of 5 uM. The scans were recorded at 0.5-nm
intervals and at a rate of 50 nm/min (in the range of
200-250 nm), with a sensitivity of 100 millidegrees
and a response time of 1 s. Spectra were recorded at
every five degrees from 25 to 85°C. CD spectra were
then converted to mean residue molar ellipticities.

BIACORE analysis on alkaline stabilities

We monitored changes in the binding capacity of
each purified recombinant protein for human IgG
following exposure to NaOH using a BIACORE
3000 instrument (GE Healthcare).) Human IgG
(Gammagard, Baxter) was immobilized by amine
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coupling on the carboxylated dextran surface of
a CM5 sensor chip (GE Healthcare) using N-
hydroxysuccinimide (NHS) and N-ethyl-N’-(3-dime-
thylaminopropyl) carbodiimide (EDC) chemistry
according to the manufacturer’s protocols. A refer-
ence lane was chemically blocked with ethanola-
mine immediately after activation with NHS/EDC.
A 1 mg/mL human IgG solution was prepared by
dilution in 20 mM sodium phosphate (pH 7.4) con-
taining 0.15M NaCl. The IgG solution was then fur-
ther diluted in 10 mM sodium acetate (pH 4.5)
prior to use in this immobilization process. To anal-
ysis IgG-binding affinity, solutions of three different
protein concentrations (of 10 to 1000 nM) were pre-
pared for each protein using a running buffer (20
mM NaH,PO,-Na;HPO,, 150 mM NaCl, 0.005%
P-20, pH 7.4), and each protein solution was added
onto the sensor chip. To analyze their alkaline sta-
bility, each protein, adjusted to a common concen-
tration (e.g., 26.2 uM), was mixed with a specific
amount of 0. 625M NaOH to a final concentration
of 0.5M (or 1.0M) and incubated for a specific time
at 30°C (or r.t.). Subsequently, 0.5M HCI was added
to each mixture to neutralize the solution. The
solution was further diluted 1:1 in a running buffer
(20 mM sodium phosphate, 0.15M NaCl, 0.005%
P-20, pH 7.4). The protein solutions were also pre-
pared in the same manner prior to alkali treat-
ment. Each of the protein solutions before and after
alkali treatment was applied to the sensor chip at a
flow rate 20 uL/min, and 50 mM NaOH was used to
regenerate the surface. The data was analyzed
using BIA evaluation software. The sensorgrams of
the control lane were subtracted from the sensor-
grams of the IgG-immobilized lane. A 1:1 Langmuir
model was used to calculate apparent values of the
association rate constant £, (M~ ! s 1), the dissocia-
tion rate constant k4 (s 1), and the affinity constant
Ko ML, ko/kq). The global fitting method was used
in the confirmation of the affinity constant of each
mutant to IgG, while the local fitting method was
used in the analysis of its alkaline stability. For the
analysis of alkaline stability, the concentration was
set to remain constant before and after treatment
in the fitting analysis. The alkali stability was eval-
uated by calculating, for each mutant, the value of
the R,.x after the alkali treatment relative to the
R, before the alkali treatment [residual IgG bind-
ing activity (%)].
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