CD3 vs CD7 Plot Shows HTLV-I Disease Progression
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Figure 1. CD3 versus CD7 plots in flow cytometric analysis of patients who are asymptomatic HTLV-Il carriers (ACs) and have
various clinical subtypes of adult T-cell leukemia-lymphoma (ATL) suggest disease progression in HTLV-l infection. (A) Flow
cytometric profile of an AC, various clinical subtypes of ATL (smoldering, chronic, and acute), and a normal control. Representative cases of CD3
versus CD7 plots in CD4" cells are shown. (B) A two-dimensional plot of AC cases showing the percentage of the D and L subpopulations by flow
cytometry. AC cases were divided into two groups according to HTLV-I VL (greater or less than 4%). The border line (45% of D+L subpopulations)
between Group 1 and 2 was set based on proviral load (VL). All AC cases with less than 4% VL were included in Group 1. All AC cases included in
Group 2 had greater than 4% VL. VL<<4%: n=21; VL>4%: n=19. All VL data in this figure were provided from the database of the Joint Study on
Predisposing Factors of ATL Development (JSPFAD). (C) A two-dimensional plot of all patients showing the percentage of the D and L
subpopulations. The smoldering type was divided into two categories: smoldering type with greater than 5% abnormal lymphocytes and smoldering
type with less than 5% abnormal lymphocytes with skin manifestation. The two diagonal dotted lines indicate 45% and 100% of D-+L subpopulations
(i.e., 55% and 0% of the H subpopulation). Data were categorized into three groups.

doi:10.1371/journal.pone.0053728.g001

CAGTAGGGCGTGACGATGTA-3'), FAM-labeled probe at data acquired in each experiment, data from TL-Oml (positive
0.1 uM  (5’- CTGTGTACAAGGCGACTGGTGCC-3"), and control) were adjusted to 100%, and the sample data were
1x TagMan Universal PCR master mix (Applied Biosystems), corrected accordingly by a proportional calculation.

was subjected to 50 cycles of denaturation (95°C, 15 seconds) and

annealing to extension (60°C, 1 minute), following an initial Taq Inverse long PCR

polymerase activation step (95°C, 10 minutes). The RNase P
control reagent (Applied Biosystems) was used as an internal
control for calculating the input cell number (using VIC reporter
dye). DNAs extracted from TL-Om! and normal human PBMCs
were used as positive and negative controls, respectively. The
HTLV-I proviral load (%) was calculated as the copy number of
the pX region per input cell number. To correct the deviation of

For clonality analysis, inverse long PCR was performed [17].
First, 1 pg of genomic DNA extracted from the FACS-sorted cells
was digested with EcoRI and Psi at 37°C overnight. Purification of
DNA fragments was performed using a QITAEX2 gel extraction kit
(Qiagen). The purified DNA was self-ligated with T4 DNA ligase
(Takara Bio, Otsu, Japan) at 16°C overnight. The circular DNA
obtained from the FcoRI digestion fragment was then digested
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Figure 2. HTLV-I proviral load (VL) and clonality in each subpopulation, based on the CD3 versus CD7 plot. (A) The three
subpopulations (H, D, L) based on the CD3 versus CD7 plot were subjected to fluorescence-activated cell sorting (FACS) and VL analysis. Three
representative cases are shown. G1 or G2 in the dotted box indicates Group 1 or Group 2, categorized by the percentage of the D and L
subpopulations, respectively. (B)—-(D) Analysis of clonality in the three subpopulations based on the CD3 versus CD7 plot. Genomic DNA was extracted
from FACS-sorted cells of each subpopulation and subjected to inverse long polymerase chain reaction (PCR). Representative data of two cases of AC

(B), three cases of smoldering type, including one with skin manifestations (C), and cases of a chronic type and an acute type (D) are shown. PCR was

performed in duplicate (black bars) in cases when a sufficient amount of DNA was obtained.

doi:10.1371/journal.pone.0053728.g002

with MluI, which cuts the pX region of the HTLV-I genome
and prevents amplification of the viral genome. Inverse long PCR
was performed using Takara LA Tag polymerase (Takara Bio).
For the FeoRI-treated template, the forward primer was
5'-TGCCTGACCCTGCTTGCTCAACTCTACGTCTTTG-3'
and the reverse primer was 5-AGTCTGGGCCCT-
GACCTTTTCAGACTTCTGTTTC-3'. For the Psil-treated
group, the forward primer was 5-CAGCCCATTCTATAG-
CACTCTCCAGGAGAG-3' and the reverse primer was 5'-
CAGTCTCCAAACACGTAGACTGGGTATCCG-3. Each 50-uL.
reaction mixture contained 0.4 mM of each dNTP, 25 mM MgCl,,
10x LA PCR buffer II containing 20 mM Tris-HCI and 100 mM
KCl, 0.5 mM of each primer, 2.5 U LA Taq polymerase, and 50 ng
of the processed genomic DNA. The reaction mixture was subjected
to 35 cycles of denaturation (94°C, 30 seconds) and annealing to
extension (68°C, 8 minutes). Following PCR, the products were
subjected to electrophoresis on 0.8% agarose gels. In samples from
which a sufficient amount of DNA was extracted, PCRs were
performed in duplicate.

PLOS ONE | www.plosone.org

Results

CD3 versus CD7 profile in flow cytometry in various
clinical subtypes of patients infected with HTLV-I

The clinical profiles of the 77 cases analyzed in this study are
shown in Table 1. According to the gating procedure, as shown in
Figure S1 [17], we constructed a CD3 versus CD7 plot of CD4*
cells in PBMCs of various clinical subtypes from patients infected
with HTLV-I and normal controls. The three subpopulations
(CD3MeP D7 OD3Y™CD7%™, and CD3*™CD7") observed
are referred to as the H, D, and L subpopulations, respectively.
Representative results for each clinical subtype of HTLV-I
infection are shown in Figure 1A. Regarding the data for an
acute-type patient (no. 66), the dominant population was the L
subpopulation, in which we previously demonstrated that mono-
clonal ATL cells are enriched [17]. Regarding the AC (no. 19), the
CD3 versus CD7 profile was close to that of the normal control,
although in some AG cases, such as no. 32, the profile differed
from that of the normal control, because in contrast to case no. 19,
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Figure 3. Study of exceptional cases categorized by proportion of the CD3%™CD7%™ (D) and CD3*™CD7"" (L) subpopulations. Left:
An HTLV-I AC patient who was categorized in Group 2 in the D(%) versus L(%) plot. Middle: A patient with smoldering-type ATL who was categorized
in Group 1. Right: A patient with acute-type ATL who was categorized in Group 2.

doi:10.1371/journal.pone.0053728.g003

these cases had increased D and L subpopulations. Regarding the
data for indolent-type disease (smoldering and chronic), increases
in the D and L subpopulations were intermediate between ACs
and patients with acute-type disease. These representative flow
cytometric data suggest that continuity in the CD3 versus CD7
profile seemed to exist among the various clinical subtypes of
patients infected with HTLV-L

The proportions of D and L subpopulations in all AC cases
analyzed are shown in Figure 1B. Because the high HTLV-I
proviral load (VL) in whole PBMCs, a VL of >4%, was reported
to be a major risk indicator for progression to ATL [13], a border
line was set based on VL. Group 1, the area under the diagonal
line (D+L.=45%), included all AC cases with VLs of <4%. ACs
with VLs of >4% were distributed between Groups 1 and 2. The
proportions of D and L subpopulations in normal controls are
shown in Figure S2. In this plot, all data for normal controls were
distributed in Group 1. Data for all clinical subtypes are shown in
Figure 1C. Most data for acute-type patients were located in the
area beyond 80% of the L subpopulation and we designated this
area as Group 3. Group 2, which is located between Group 1 and
Group 3, included the majority of indolent-type (smoldering and
chronic) cases. From these results, the three groups in the D(%)
versus L(%) plot seemed to represent disease stage in each case.

Proviral load and clonality in each subpopulation in the
CD3 versus CD7 plot

To further characterize each subpopulation (H, D, and L) in the
CD3 versus CD7 plot, cells in each subpopulation were FACS-
sorted and subjected to analysis of VL to determine the percentage
of HTLV-I-infected cells in each subpopulation. Results for
representative cases are shown in Figure 2A. The VL in whole
PBMCs of an AC (no. 3) was low (0.89%). As expected, the VL in
H, the major subpopulation, was low (0.8%). However, VLs in the
D and L subpopulations were considerably higher (28.9% and

PLOS ONE | www.plosone.org

24.9%, respectively), indicating that HTLV-I-infected cells are
relatively concentrated in these subpopulations. In the cases with
high VLs in whole PBMCs (no. 32 with 25.34%; no. 34 with
16.97%), the VLs were also higher in the D and L subpopulations,
and almost all cells in the L subpopulation were HTLV-I-infected.

In HTLV-I infection, progression to ATL requires several
pathological steps, including clonal expansion [15]. To further
characterize the three subpopulations based on the CD3 versus
CD7 plot, we analyzed clonality in each subpopulation in patients
with various clinical subtypes using the inverse long PCR method.
Figure 2B shows two cases of AC. In the left case (no. 3), included
in Group 1 in the D(%) and 1{%) plot, multiple bands suggestive of
multiple small clones were detected in the three subpopulations.
However, no major band suggestive of a dominant clone was
observed. In the right case (no. 32), included in Group 2, inverse
long PCR of the FACS-sorted subpopulations suggested that the D
and L subpopulations contained a major clone (Figure 2B). The D
subpopulation had bands of the same size as those of the L
subpopulation, indicating that the two distinct subpopulations
contained a common major clone. Eleven cases of AC were
included in Group 2. All three cases analyzed by Southern blotting
(whole blood samples) were positive for clonal bands (Figure S3).
In Figure 2C, data for three smoldering cases are shown. In case
no. 46 (left), whose only manifestation was a skin eruption with few
abnormal lymphocytes (less than 5% of white blood cells) in the
peripheral blood, only faint minor bands suggestive of small clones
were observed. In contrast, in the other two cases (nos. 42 and 41),
intense bands suggestive of major clones were observed in both the
D and L subpopulations. In no. 41 (right), weak bands were not
visible, which suggested the selection of dominant clones. In
Figure 2D, data for a chronic-type case and an acute-type case are
shown. In both cases, intense bands in the L subpopulation suggest
the existence of a major clone. The series of clonality analyses
indicated that a major clone became more evident and the clinical
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Figure 4. Alteration in the CD3 versus CD7 profile by flow cytometry in accordance with disease progression. (A) Change in the CD3
versus CD7 profile in representative cases. In all three cases shown, change in clinical data (e.g., abnormal lymphocyte, LDH) resulted in progression of
the clinical subtype. (B) Change in the CD3 versus CD7 profile in a time course in the case of chronic-type ATL. Clinical data are shown in Table S1. (C)

Flow cytometric data in (B) are summarized in the D(%) versus L(%) plot.

doi:10.1371/journal.pone.0053728.g004

stage became more advanced as the D and L subpopulations
increased.

Clinical evaluation of exceptional cases categorized by
proportions of the CD39™CD74™ (D) and CD39™CD7'"
(L) subpopulations

As noted above, the D(%) versus L(%) plot generally represent-
ed disease stage in HTLV-I infection. However, we observed one
case of chronic-type disease and three cases of smoldering-type
disease in Group 1 and three cases of acute-type disease in Group
2. Furthermore, some ACs with VLs of >4% were observed in
Group 2. Representative data from these apparently exceptional
cases are shown in Figure 3. On the left, a case of AC (no. 34)
observed in Group 2 is shown. 4.7% of lymphocytes in this blood
sample were abnormal and clonality analysis by Southern blotting
showed oligoclonal bands suggestive of clones of substantial size
(Figure S3). These clinical data suggest that the disease stage would
be around the AC/smoldering borderline. In the middle, a case of
a smoldering type (no. 46) observed in Group 1 is shown. In this
case, the percentage of abnormal lymphocytes in the peripheral
blood was only 1%, but she had a histologically proven ATL lesion

PLOS ONE | www.plosone.org

in the skin and was diagnosed with smoldering-type ATL. The
other two smoldering cases categorized in Group 1 were the same
as this case. These results indicate that ATL cells in these three
smoldering cases infiltrated the skin, but not the peripheral blood.
On the right, a case of acute-type disease categorized as Group 2
(no. 64) is shown. The clinical course of this patient was relatively
indolent compared with typical acute-type disease. He had skin
infiltration of ATL cells, but no lymph node swelling. However,
LDH exceeded 1.5 times the upper limit of the normal range,
which excludes a diagnosis of smoldering-type disease. Other
acute-type cases categorized in Group 2 were diagnosed as such
according to Shimoyama’s criteria, but also had the same indolent
clinical course as case no. 64. These cases should have been
regarded as indolent ATL.

Changes in the CD3 versus CD7 profile in flow cytometry
with disease progression

In several cases, we could obtain time-sequential samples
(Figure 4). The patient (no. 54) shown on the left in Figure 4A
progressed from chronic-type to acute-type disease. In flow
cytometric analysis, decreases in the H and D subpopulations
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Figure 5. Summary of the study: the CD3 versus CD7 profile
reflects progression of disease stage in patients infected with
HTLV-L In the percentage of D (CD39™CD7%™) versus L (CD3%™
CD7"°*) plot, Group 1 includes the majority of AC cases. As disease
stage progresses, the CD3 versus CD7 profile then changes. With
downregulation of CD3 and CD7, the D and L subpopulations increase
gradually (Group 2). During this step, clones in the D and L
subpopulations increase in size. Further accumulation of genetic
alterations will result in rapid expansion of ATL clones—i.e., evolution
to acute-type ATL. In this step, the CD3 versus CD7 profile will progress
from Group 2 to 3.

doi:10.1371/journal.pone.0053728.g005

“and an increase in the L subpopulation were observed, indicating
that disease progression correlated well with the change in the
CD3 versus CD7 profile. The patients in the middle (no. 44) and
on the right (no. 40) were included in Group 2 at the AC stage and
later progressed to smoldering-type ATL. Although variation in
the change of the flow cytometric profile was seen between these
patients, the results suggest that ACs in Group 2 are at high risk of
developing ATL.

The patient in Figure 4B (no. 53) was initially diagnosed with
AC and later progressed to chronic-type ATL. Although the initial
clinical course was stable, an increase in abnormal lymphocyte
numbers was later observed, and low-dose VP-16 therapy (50 mg/
day) was initiated because of hypoxemia due to lung infiltration of
ATL cells. Table S1 and Figure 4C show summaries of the clinical
data and the flow cytometric analyses, respectively. The flow
cytometric data correlated well with disease progression.

Discussion

Findings in our previous analysis of acute-type ATL samples
prompted our analysis of various clinical subtypes of patients
infected with HTLV-I to examine whether the CD3 versus CD7
profile reflects the progression of oncogenesis in HTLV-I-infected
cells [17]. Representative flow cytometric data shown in Figure 1A
suggested that the CD3 versus CD7 profile changed during disease
progression. As the disease stage progressed, the D and L
subpopulations increased with concomitant decreases in the
CD3M¢*CD7"¢"(H) subpopulation. Figure 1C, a summary of the
flow cytometric data of all cases analyzed, reveals that the two-
dimensional plot of the proportions of the D versus L subpopu-
lations could divide all cases into three groups. Group 1, the area
under the diagonal line, equivalent to 55% of the H subpopulation
in which all normal controls were included (Figure S2), contained
the majority of HTLV-I ACs. Group 3 was the area beyond 80%
of the L subpopulation, and the majority of acute-type cases were
included in this group. Group 2, located between Groups 1 and 3
(i.e., less than 55% of the H subpopulation and 80% of the L

PLOS ONE | www.plosone.org
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subpopulation), included indolent-type (smoldering and chronic)
cases and some AC cases. These results suggest that the CD3
versus CD7 expression profile reflects disease stage. Initially, both
the D and L subpopulations gradually and simultancously
increased. However, at the clinically advanced stage, the increase
in the L subpopulation was prominent. The change is considered
to reflect the biological difference between the D and L
subpopulations, which needs to be clarified.

In HTLV-I infection, the small clones of infected cells are
considered to coexist from the AC stage [19,20]. A selected clone
from the multiple small clones then grows and progresses to the
malignant state, and the emergence of a dominant clone indicates
disease progression in ATL [19,20]. As shown in Figure 2B-D,
major bands suggesting dominant clones were evident in patients
with progressed clinical subtypes or those in the advanced group in
the CD3 versus CD7 profile, and major bands existed exclusively
in the D and L subpopulations. These data also support the idea
that increases in the D and L subpopulations correlate with the
progression of disease stage. AG cases in Group 2 had high
HTLV-I proviral loads (>4%; Figure 1B) and clear major bands
were observed by inverse long PCR in these cases (Figure 2B,
right). Sasaki ef al. reported that two cases of HTVL-I AC with
oligoclonal bands on Southern blots and high VLs (20%) had
progressed to ATL by 4 and 3.5 years later [21]. The two cases
may correspond to HTLV-I AC in Group 2 proposed in our
study. In fact, two cases of AGs in our series that were included in
Group 2 progressed to smoldering ATL (Figure 4A). AC cases in
Group 2 could be regarded as advanced carriers. Our flow
cytometric analysis could apparently discriminate high-risk AC
cases from stable ones. Follow-up analysis of these cases is
warranted to determine whether AC cases included in Group 2
progress to ATL. Flow cytometric data for these AC cases included
in Group 2 (Figure 1A and 1C) were similar to those for indolent
ATL cases in Group 2. These ACs in Group 2 can be considered
essentially the same as smoldering ATL cases. Some of the ACs
categorized according to Shimoyama’s criteria should in fact be
separated and regarded as a subtype together with at least some of
the smoldering ATL cases.

Twanaga et al. reported that high HTLV-I proviral load (>4%)
in whole PBMCs was a risk factor for progression to ATL [13]. In
Figure 1B, the ACs with VLs>4% were distributed between
Groups 1 and 2. These findings suggest that not all ACs with high
VLs are currently in an advanced stage, although they may have
the potential to develop ATL in the future.

In general, the categorization by flow cytometric profile
correlated well with the current classification of clinical subtypes,
with some exceptional cases of acute-type and smoldering-type
disease (Figure 3). The only manifestation of three smoldering
cases categorized in Group | was skin lesions; they fell into Group
1 because they showed minimal abnormalities in peripheral blood
[22]. Three acute-type ATL cases categorized in Group 2 had
indolent clinical courses. A diagnosis of acute-type disease is made
when the indolent-type and lymphoma-type are excluded,
according to Shimoyama’s criteria. The CD3 versus CD7 plot
may discriminate the cases that will follow an indolent clinical
course from the aggressive acute-type ATL.

The VL in each subpopulation indicated that HTLV-I-infected
cells were relatively concentrated in the D and L subpopulations
(representative data are shown in Figure 2A). These data are
consistent with downregulation of CD3 and CD7 being relevant to
HTLV-I infection, although cells without HTLV-I infection may
also contribute to this change to some extent, as a substantial
subpopulation of T cells has been reported to be CD7-deficient
under physiological [23,24] and certain pathological conditions,
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including autoimmune disorders and viral infection [25-29]. To
more precisely analyze phenotypic changes in HTLV-I-infected
cells, markers that indicate HTLV-I infection should be incorpo-
rated in future studies.

A summary of this study is shown in Figure 5. In the CD3 versus
CD7 profile, most AC cases were included in Group 1, in which
the D and L subpopulations were relatively small. Consistent with
disease progression to smoldering- and chronic-type ATL, a
decrease in the H subpopulation and increases in the D and L
subpopulations occur (Group 2). In this step, increases in the sizes
of clones in the D and L subpopulations are observed. Further
expansion of the leukemic clone results in progression to acute-
type ATL in which the L subpopulation has expanded (Group 3).
According to a study by Yamaguchi et al., the natural course of
ATL is to progress from the HTLV-I carrier state through the
intermediate state, smoldering ATL, and chronic ATL, and finally
to the acute ATL, indicating a process of multistage leukemogen-
esis [19]. We consider this study to successfully link the progressive
clinical status and phenotypic changes in HTLV-I-infected cells.
However, the way in which this profile reflects multistep
oncogenesis in HTVL-I infection at the molecular level remains
unclear. Further molecular analyses of the three subpopulations
will help in understanding the mechanism(s).

Supporting Information

Figure S1 Representative flow cytometric analysis of an
HTLV-I asymptomatic carrier (patient no. 32). The CD3
versus CD7 plot of CD4" cells was constructed according to the
gating procedure shown in this figure. In the plot, we designated
three subpopulations: H (CD3™"CD7"¢") D (CD3“™CD7%4™),
and L (CD3™CD7").

(PPTX)
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Figure 82 A two-dimensional plot of 10 normal controls
showing the percentage of the D and L subpopulations.
(PPTX)

Figure 83 Southern blot analysis of clonal integration of
the HTLV-I provirus. Representative data (AC, No. 34) are
shown. In EcoRI or Psil digestion, a band indicated by a red arrow
represents the monoclonal integration of the provirus. The band
pattern indicates that two major clones coexist. This analysis was
performed by a commercial laboratory (SRL, Tokyo, Japan).
(PPTX)

Table S1 Clinical data in a case of chromic-type ATL
(No. 53). Proportion of abonormal lymphocytes in the preipheral
blood WBC were evaluated by morphological exmanination.
LDH: Lactate dehydrogenase (normal range, 120-240 U/L) sIL-
2R soluble interleukin-2 receptor (normal range, 122-496 U/ml).

(XLSX)
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Abstract: The defining property of core streptavidin (cSA) is not only its high binding affinity for
biotin but also its pronounced thermal and chemical stability. Although potential applications of
these properties including therapeutic methods have prompted much biological research, the high
immunogenicity of this bacterial protein is a key obstacle to its clinical use. To this end, we have
successfully constructed hypoimmunogenic cSA muteins in a previous report. However, the effects
of these mutations on the physicochemical properties of muteins were still unclear. These
mutations retained the similar electrostatic charges to those of wild-type (WT) ¢SA, and functional
moieties with similar hydrogen bond pattern. Herein, we performed isothermal titration calorimetry,
differential scanning calorimetry, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis
to gain insight into the physicochemical properties and functions of these modified versions of
cSA. The results indicated that the hypoimmunogenic muteins retained the biotin-binding function
and the tetramer structure of WT cSA. In addition, we discuss the potential mechanisms underlying
the success of these mutations in achieving both immune evasion and retention of function; these
mechanisms might be incorporated into a new strategy for constructing hypoimmunogenic
proteins.

Keywords: streptavidin; low immunogenicity; protein engineering; thermodynamic analysis;
isothermal titration calorimetry; differential scanning calorimetry; therapeutic protein

Introduction

Core streptavidin (¢SA), a protein from Streptomyces avidinii, is well known to have an extremely strong
binding affinity to biotin (Kp ~ 107*M).? ¢SA is also highly resistant to heat,®* denaturants,® and proteoly-
sis.>” Because of its unique properties, cSA has been put to practical use in various areas, including biochem-
istry,® and shows therapeutic potential. One possible therapeutic use is in a pretargeting system for drug
delivery.’ However, the immunogenicity of this bacteria-derived protein is an obstacle to its clinical

Abbreviations: cSA, core streptavidin, DSC, differential scanning calorimetry; FFF-MALS, field-flow fractionation—muttiangle light scat-
tering; ITC, isothermal titration calorimetry; SDS-PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis; WT, wild-type.
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Figure 1. The crystal structure and mutated residues of cSA. (A) Tetrameric structure of cSA WT (from Ref. 20). (B) Mutated
residues are indicated as stick forms in a monomeric subunit. All mutations were induced at surface residues not directly

involved in either biotin binding or tetramerization.
application.’®?? One of the most successful
approaches for reducing immunogenicity'®'* is that
used for humanizing antibodies.'® Although grafting
sequences from the human homolog into a target
protein can reduce the immunogenicity of the result-
ing hybrid molecule, this strategy cannot be applied
to ¢SA because its human counterpart has not yet
been found.

Site-directed mutagenesis is another strategy
for reducing the immunogenicity of nonhuman pro-
teins.'®17 Previous reports have suggested that the
immunogenicity of nonhuman proteins was
decreased through the elimination of charged or aro-
matic residues on B-cell epitopes by the replacement
of these residues mainly with alanine.!'®!” This
mutagenesis strategy has been applied successfully
to ¢SA.'® Because charged and aromatic residues on
the protein surface are considered to be important
for immune recognition of proteins including cSA,
these residues not directly involved in biotin binding
or tetramerization were mutated.’® This method
diminished the immunoreactivity of the mutated
¢SA to murine and human antistreptavidins,
because some of these mutations, especially those at
Y83, involved key epitopes for immune recognition.®
However, the mutations also increased the dissocia-
tion rate from biotin,'® suggesting that the biotin-
binding function was reduced. The relationship
between the structure and function of cSA seems to
be strict,'® and some mutations reportedly have
led to dimerization, destabilization, and decreased
binding activity of ¢SA.?® Therefore, strategies for
mutagenesis of ¢cSA should be considered carefully
in regard to both the target residues and those to be
substituted.

We also previously performed site-directed mu-
tagenesis of various charged and aromatic residues
of ¢cSA that were proposed to be involved in its
immune recognition (Fig. 1)?° and designed the
hypoimmunogenic muteins. The immunoreactivities
of these muteins against crab-eating monkey antise-
rum were evaluated by surface plasmon resonance
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(Table I and Supporting Information Fig. S1).2%%2

The immunogenicity analyses about T-cell epitope
were performed in silico model (Supporting Informa-
tion Table S1).22-?® Some muteins had exceedingly
low immunoreactivities and the number of T-cell
epitope was decreased. However, the effects of these
mutations on the physicochemical properties and
functions of the resulting ¢SA muteins had not been
studied enough previously. Furthermore, mutations
induced here are different from alanine. These
mutations, except for E116N and E116Q, are consid-
ered to retain similar electrostatic charges to those
of the wild-type (WT) residues and have functional
moieties that form similar hydrogen bonds (Table
).22 Here, we performed thermodynamic analyses to
reveal the functions of these c¢SA muteins and the
effects of mutations from a biophysical viewpoint.
We evaluated the interaction with biotin by using
isothermal titration calorimetry (ITC) and assessed
thermodynamic stability by using differential scan-
ning calorimetry (DSC) and sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE).
Our results showed that all of the eight muteins we
tested bound biotin in the same manner as does WT
¢SA, and all muteins maintained the thermodynamic

Table I. Mutated Residues and the Immunoreactivities
of the Resulting Muteins®

Relative
immunoreactivity

Mutein Mutated residue(s) to wild-type cSA (%)
072 Y833 17
001 R84K 61
083 E116N 126
091 E116Q 113
030 Y838, R84K, E116N 11
040 Y83S, R84K, E116Q 7

Y228, Y83S, R84K, E101D,
314 R103K, E116N 1

Y228, Y83S, R84K, E101D,
414 R103K, E116Q 1

2 From Ref. 22.
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stabilities of the WT form. The present results
suggest that the strategy of mutating surface target
sites by preserving electrostatic charge and
functional moieties prevents immune recognition
while maintaining the structure and function of
¢SA. This strategy may offer an innovative method
for constructing hypoimmunogenic muteins of other
proteins for therapeutic applications.

Resulis

Asymmetric field-flow fractionation-multiangle
light scattering analyses of mutant cSAs
Recombinant ¢SA WT and the muteins listed in Table
I were expressed in Escherichia coli Rosetta2 (DE3)
cells as insoluble forms and were refolded to obtain
¢SA tetramers by using stepwise dialysis as described
previously, with slight modification.® Size-exclusion
chromatography showed single peaks for all of these
proteins except mutein 083, which had a shoulder
peak (Supporting Information Fig. S2); this shoulder
peak was collected as mutein 083'. Field-flow fractio-
nation-multiangle light scattering (FFF-MALS) anal-
yses to evaluate the molecular sizes and weights of
the various ¢SAs showed that the main peaks identi-
fied on size-exclusion chromatography had molecular
weights consistent with that of tetrameric ¢SA WT
and that, compared with ¢SA WT, muteins 314 and
414 might have larger molecular radii in the absence
of biotin (Supporting Information Fig. S3).

ITC analyses of cSAs

Because biotin-binding activity is a primary, charac-
teristic property of ¢SA, we used ITC to measure the
thermodynamics of biotin-binding among the hypo-
immune muteins [Fig. 2(A)]. The WT form and all of
the ¢SA muteins had very strong binding constants
(K, > 10 M™Y) that exceeded the measurement
limit of ITC. We note that the values of stoichiome-
try N were found in the range 1.0-1.2 in all the con-
structs examined, except that of mutein 083’ (N =
0.8) [Fig. 2(B)]. The binding enthalpies (AHpings)
were similar among ¢SA WT and all muteins (Table
II). Therefore, the ITC analyses implied that all
muteins other than 083’ had the same biotin-binding
characteristics as those of ¢SA WT.

DSC analyses of cSAs

Thermal stability is an important factor for therapeu-
tic proteins, such as the antibody fragment single-
chain Fv.2" To investigate the thermal stabilities of
various ¢SAs, DSC analyses were carried out. The
denaturation temperature (Ty) was estimated as the
peak top of heat capacity curves. Accordingly, the
Twis of ¢SA WT and the hypoimmunogenic muteins
were higher when biotin was bound than in its
absence [Fig. 3(A)]. The Tys of muteins 314 and 414
were lower than that of WT in both the absence and

Yumura et al.

presence of Dbiotin. In comparison, the Tys of
muteins 083, 030, and 314, which all contain the
mutation E116N, were greatly decreased compared
with that of ¢SA WT, whereas those of muteins 001
and 091 were increased (Table III). Only mutein
083" yielded multiple peaks on DSC analysis
[Fig. 3(B)], indicating that its components contained
several tetrameric structures. Although the Tys of
the hypoimmunogenic muteins were lower than that
of ¢SA WT (Table III), destabilization was negligible,
and all muteins demonstrated sufficient thermal
stability under the biological condition.

SDS-PAGE analyses of cSAs
To analyze the thermal and chemical stabilities of
the hypoimmunogenic muteins in more detail, we
performed SDS-PAGE analyses of the various cSAs
with stepwise heating from 45 to 95 °C.2%2° Strepta-
vidin retains its tetrameric structure even during
SDS-PAGE after heating of samples at low tempera-
ture.?®2° The tetrameric band in SDS-PAGE dissoci-
ates to a monomeric band only after heating samples
at high temperatures thus indicating the thermal
stability of streptavidin.?®2°

Stepwise increases in the sample-heating
temperature were associated with progressive
migration from high- to low-molecular-weight bands
(Fig. 4). The temperatures at which this migration
began coincided well with the denaturation temper-
ature determined from the DSC data [Fig. 4(A) and
Supporting Information Fig. S6]. Unlike ¢SA WT
and all other muteins, mutein 083’ showed multiple
bands at low temperatures [Fig. 4(B)], indicating
that this sample may contain several different
oligomeric assemblies. The ease with which the
high-molecular-weight bands and their migration
temperatures could be appreciated indicated that
the ¢SA muteins had sufficient thermal and chemi-
cal stability for this analysis, thus indicating the
considerable stabilities of c¢SAs. However, all
muteins except ¢SA WT, mutein 001, and mutein
091 yielded faint low-molecular-weight bands at
low temperatures [Fig. 4(A) and Supporting
Information Fig. S6), suggesting that the induced
mutations slightly decreased the muteins’ chemical
stability to the denaturant SDS.

Discussion

Few previous studies have investigated the biophysi-
cal properties of ¢SA muteins in detail. Here, we
assessed the thermodynamic properties of several
¢SA muteins that have low immunoreactivities.

ITC implied that biotin-binding activity was
similar among ¢SA WT and all of the muteins we
evaluated (Table II). The migrations of Ty due to
biotin binding were consistent with those of previous
reports (Table IID).** SDS-PAGE analysis showed
considerable stabilities (Fig. 4). Because c¢SA
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Figure 2. Results of ITC. K, exceeded the measurement limit of ITC, and AS could not be calculated. (A) cSA WT (left);

mutein 314 (middle); and mutein 414 (right). (B) 083'.

requires a strict tetrameric structure for high biotin-
binding affinity,'® we concluded that the induced
mutations do not disrupt the conformational rela-
tionships required for biotin binding. While the R841
mutation has been reported to cause decreased
biotin-binding activity compared with that of cSA
WT,1® the R84K variation (mutein 001) did not
radically affect K, or AHping in the current study.
This difference may reflect differences in electro-
static charge and functional moieties between isoleu-
cine and lysine. Lysine is similar in electrostatic
charge to arginine and likewise carries N—H bonds
in its side chain, which enables it to form similar
hydrogen bonds. In contrast, isoleucine is apparently
unable to form hydrogen bonds because it carries
only C—H bonds in its side chain.

The mutation E116N (mutein 083) greatly desta-
bilized the resulting ¢SA protein in stability analyses
(Table III), and mutein 083’ showed depression of bind-

216 PROTEINSCIENCE.ORG

ing stoichiometry and tetramerization [Figs. 2(B),
3(B), and 4(B)]. In contrast, the mutation E116Q
(mutein 091) stabilized the protein (Table IIT and Sup-
porting Information Fig. S6). This pronounced differ-
ence between mutations at E116 and other mutations
also seems to reflect the differences in electrostatic

Table IL. Results of ITC

Mutein Stoichiometry (IV) AHping (keal mol™?)
WT 1.0 -26.7
072 1.1 —27.3
001 1.0 -25.3
083 1.1 -25.2
083’ 0.8 -25.4
091 1.1 -26.8
030 1.2 -26.2
040 1.1 -27.8
314 1.0 -26.6
414 1.0 -26.0
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Figure 3. Results of DSC analysis in the absence and presence of biotin. The denaturation temperature was increased in the
presence of biotin. (A) cSA WT, mutein 314, and mutein 414. (B) Mutein 083’, which showed multiple peaks.

charge and functional moiety (carbamoyl group,
—CONHoy) from those of the WT residue, glutamic acid
(carboxyl group, —COOH). Our analysis of crystal
structural data indicated that the loop and helix near
E116 contacts two interfaces of the ¢SA tetramer (Fig.
5), and mutation of W120 on this helix to lysine was
reported to cause dimerization of ¢SA.3° Although the
mutations E116N and E116Q apparently maintain the
conformational structure of ¢SA, changes in electro-
static charge and functional moieties in this region
may alter the thermodynamic stability and tetrameri-
zation of the resulting mutein. Therefore, our data
regarding R84 and E116 strongly suggest that
mutations that preserve the electrostatic charge of the
original residues and their functional moieties for
hydrogen bonds maintain the functions and structures
of the proteins for therapeutic application.

Although the ¢SA muteins seemed to maintain
the tetrameric structure of c¢SA, the Tys of e¢SA
muteins decreased in DSC analyses [Fig. 3(C)], and
monomer bands appeared even at low sample-heat-
ing temperatures in SDS-PAGE analyses (Fig. 4 and
Supporting Information Fig. S6) except for muteins
001 (R84K) and 091 (E116Q). This indicated that
each of these mutations slightly decreased the ther-
mal and chemical stabilities of the resulting
muteins. However, the decreased tetramerization
ability of mutein 083 (E116N only) at refolding was
rescued by inducing additional mutations (mutein
030; Y83S, R84K, and E116N) (data not shown). The
key for successful refolding is achieving a balance
between structural collapse and flexibility of
unfolded structures during treatment with denatur-
ant.®! Our current results suggest that the various
mutations we induced in ¢SA did not totally disrupt
its tetrameric structure but instead likely “loosened”
it. Although this looseness slightly decreases the
thermal and chemical stabilities of the resulting

Yumura et al.

mutein, it may increase the flexibility of unfolded
structures during exposure to denaturants and
improve the refolding efficiency. The FFF-MALS
analyses of muteins 314 and 414 indicated larger
molecular radii in the absence of biotin (Supporting
Information Fig. 83), in support of our hypothesis of
increased structural looseness in our ¢SA muteins.
We constructed ¢SA muteins that had decreased
immunoreactivity but that preserved the tetrameric
structures and biotin-binding functions of the WT
protein. Previous reports have suggested that
human and murine immune systems recognize cSA
through a conformational epitope.’® The mutations
induced here were expected to maintain the higher-
order structures of cSA; however, these mutations
probably also changed the residual structures of side
chains exposed on the protein surface. These
changes might disrupt the conformation of the ¢SA
epitope and thus achieve immune evasion. In this
regard, a low-immunogenicity recombinant of staph-
ylokinase (K354, E65Q, K74R, D82A, S84A, T90A,
E99D, T101S, E108A, K109A, K130T, K135R) had
several similar mutations (underlined)*® to those of

Table IIlI. Results of DSC Analysis

T (°C)
Mutein Biotin (-) Biotin (+)
WwT 74.9 109.5
072 73.7 107.8
001 75.7 108.9
083 70.2 109.2
091 76.9 1111
030 68.2 104.9
040 74.9 107.0
314 66.7 101.0
414 72.9 104.2
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our hypoimmunogenic ¢SA muteins. In contrast, the
single mutations E116N and E116Q (muteins 083
and 091) increased the immune response to these
cSAs (Table I), perhaps due to unexpected effects of
structural or thermodynamic changes.

The increased immunoreactivities of muteins
083 and 091 were ameliorated by inducing addi-
tional mutations (those in muteins 030, 040, 314,
and 414) (Table I). This outcome indicates that loose-
ness of the tetrameric structure might also contrib-
ute to increasing immune evasion. This looseness we
allude to may generate mobility in the epitope and
increase the energy loss associated with antibody
binding to prevent immune recognition. Further-
more, the looseness may also contribute to the
immunoreactivity correlated to T-cell epitope. It is
reported that the high resistance to the lysosomal
proteolysis controlled the amount of T-cell epitope
and favored its presentation to antigen-presenting
cells for longer period, resulting the enhanced immu-
nogenicity of the antigen.3?3* The decreased stabil-
ity of cSAs we discussed here may weaken the
immunoreactivity of T-cells. However, in this view
point, the immunogenicity in vivo animal models
should be considered, because cSAs become substan-
tially stable in the presence of biotin.

The current study showed that all of our
muteins maintained the tetramic structure and func-
tions of ¢cSA WT. We propose that mutein 314 and
414 are the candidates for therapeutic applications.
Furthermore, in at least ¢SAs, our findings also
might suggest a new strategy for constructing
hypoimmunogenic muteins, in which mutations are
induced at charged or aromatic residues on the sur-
face of the target protein; the mutations induced
should preserve the electrostatic charge and func-
tional moieties of the WT residues. Consequently,
these mutations maintain high-order structures and

218 PROTEINSCIENCE.ORG

functions while modifying the residual structures on
the surface and generating structural looseness in
the resulting protein that leads to immune evasion.
Viruses such as picornaviruses are known to escape
antibody recognition through substitutions of
surface-exposed residues;*® this scenario may be
somewhat analogous to the strategy we propose
here. Unlike previous strategies such as the con-
struction of chimeric antibodies,'® our current design
does not require knowledge of the human counter-
part to a target protein. For therapeutics including
pretargeting method, we expect that this design will
be applied to the other biotin-binding protein such
as rhizavidin, the dimeric avidin,®® or other various
proteins, and that the immunogenicity of those
designed proteins will be evaluated using animal
models.

Contacts with two
interfaces

Figure 5. The loop and helix (magenta) near cSA E116 (from
Ref. 20) on the interfaces of the tetramer (blue and cyan).
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To date, site-directed mutageneses have been
performed only to eliminate B-cell epitopes mainly
by using alanine,’®'? and there are no reliable
methodologic guidelines for retaining function and
structure in the mutated protein. Our current strat-
egy warrants confirmation through its application to
other nonhuman proteins with therapeutic potential.

Materials and Methods

Materials

pET28b vector was obtained from Novagen
(Darmstadt, Germany). Tetramethylethylenedi-
amine, bromophenol blue, and 30% (w/v)-acrylamide/
bis (37.5:1) mixed Solution was purchased from
Nacalai Tesque (Kyoto, Japan). Other chemicals
including biotin were purchased from Wako (Osaka,
Japan). Primers were synthesized by Operon (Tokyo,
Japan).

Cloning, expression, and purification of
recombinant proteins

¢SA (residues 13-139 of streptavidin) WT and its
muteins were cloned into pET28b vector by using
forward primer 5-GCGGAAGCTGGTATCACTG-3
and reverse primer 5-GCTAGCAGCAGAAGGCTT
AAC-3. A Hisg-tag was fused to the C-terminus.
E. coli Rosetta2 (DE3) cells were transformed with
¢SA plasmids (WT and muteins) and grown at 28 °C
in 2 x YT Broth containing 50 pg mL~! kanamyecin.
Expression was induced with 1.0 mM Isopropyl
B-D-1-thiogalactopyranoside at O.D.goo = 0.8 and
then the cells were cultured at 37 °C. Cells were
harvested 18 h later by centrifugation (7000 x g,
10 min, 4 °C) and suspended in a buffer comprising
500 mM NaCl and 20 mM Tris-HCI (pH 8.0 at 4 °C).
The suspension was sonicated (model UD-201,
TOMY, Tokyo, Japan) followed by centrifugation
(6000 x g, 30 min, 4 °C). The pellet containing inclu-
sion bodies was washed with wash buffer (2% Triton
X-100 and 50 mM Tris-HCI pH 8.0 at 4 °C), acetone,
and water purified by reverse osmosis. The pellet
then was suspended in buffer A (6 M guanidinium
HCL, 500 mM NaCl, 20 mM Tris-HClL; pH 7.9 at
4 °C) containing 5 mM imidazole, followed by shak-
ing overnight at 4 °C. The supernatant was collected
by centrifugation (40,000 x g, 30 min, 4 °C) and
loaded onto a Ni-NTA resin (Qiagen, Valencia, CA)
equilibrated with buffer A containing 5 mM imidaz-
ole. Then, the resin was washed with buffer A con-
taining 5 mM imidazole and then buffer A contain-
ing 30 mM imidazole. ¢SA (WT and muteins) were
eluted by using buffer A containing 50 mM imidaz-
ole and buffer A containing 300 mM imidazole. Elu-
ates were dialyzed against buffer B (200 mM NaCl,
50 mM Tris-HCl, 1 mM EDTA; pH 8.0 at 4 °C) con-
taining 6 M guanidinium HCI for 12 h followed by
dialyses against buffer B containing 3 M guanidi-

Yumura et al.

nium HCI and 2 M guanidinium HCI for 6 h each
and buffer B with 0.4 M L-arginine containing 1 M
guanidinium HCl and 0.5 M guanidinium HC] for 12
h each. Then the dialysate was dialyzed three times
against buffer B for more than 4 h each, followed by
centrifugation (6000 x g, 30 min, 4 °C) and filtration
over Millex-GP (0.22 um, PES, 33 mm, sterile; Milli-
pore, Bedford, MA). The supernatant was concen-
trated by using Amicon Ultra-15 (Millipore, Bedford,
MA) and loaded onto a 26/60 Superdex column (GE
Healthcare, Piscataway, NJ) equilibrated with buffer
B. Eluate fractions were analyzed by using SDS-
PAGE, pooled and stored at 4 °C.

FFF-MALS analyses of cSAs

FFF-MALS analyses for the estimation of protein
size and weight were done in a Wyatt Eclipse sepa-
ration system (Wyatt Technology, Santa Barbara,
CA). This instrument was equipped with refractive
index and MALS detectors. Protein samples were
concentrated to 1.8 mg mL™! and supplemented
with excess biotin, when needed. The focused flow
rate was 3 mL min~’. Separation was performed by
using a cellulose membrane with a nominal molecu-
lar weight cutoff of 5 kDa. At the elution step, the
channel flow was kept at a constant rate of 1 mL
min~! and the cross-flow decreased linearly from 3
to 0 mL min™! in 15 min. Buffer B was used for
these analyses. The eluted peaks were detected with
a refractive index detector, and the molecular
weights of these peaks were calculated by using
MALS measurement. Data were analyzed with the
program ASTRA ver. 5.3 (Wyatt Technology, Santa
Barbara, CA) to determine molecular weights.

ITC analyses of cSAs

The thermodynamics of biotin binding were meas-
ured by using a iT'Cyqp instrument (MicroCal, North-
ampton, MA). Purified ¢SAs were dialyzed against
PBS overnight. Biotin was dissolved in the same
buffer as that of the ¢SAs to obtain a 500 pM stock
solution. This stock solution was adjusted to a con-
centration tenfold higher than that of each mutein
tested. In a calorimeter cell, 9-20 pM cSAs was
titrated with biotin solution at 25 °C. Thermography
data were analyzed by using the software package
ORIGIN (Light Stone, Tokyo, Japan), and titration
curves were fitted to a one-site binding isotherm.

DSC analyses of cSAs

Heat capacity curves were measured by using a VP-
DSC ultrasensitive scanning calorimeter (MicroCal,
Northampton, MA). The heating rate was 1 K min™%.
The sample cell was filled with approximately 0.4 mL
of PBS containing 20-50 pM ¢SA or its muteins.
When necessary, samples were supplemented with
excess biotin. The data were analyzed by using the

software package ORIGIN. The buffer baseline was
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subtracted from the raw data, which were normalized
by protein concentration to obtain thermodynamic
parameters and then fitted to two-state thermal
transition models.

SDS-PAGE analyses of cSAs

SDS-PAGE analyses were performed as described
previously with slight modification.?®?° Samples of
¢SAs were prepared as 6 pL aliquots of 9-12 pM
PBS solutions and then heated for 3 min at the indi-
cated temperature by using a GeneAmp 9700 PCR
system (Applied Biosystems, Tokyo, Japan). Immedi-
ately thereafter, 12 pl. of sample buffer (80 mM
SDS, 62.5 mM Tris-HCI, 8% glycerol; pH 6.8 at room
temperature) and 2 pL of 1 mg mL™! bromophenol
blue solution containing 10% glycerol were added to
the heated samples. The samples were placed on ice
and then loaded onto a 15% polyacrylamide gel
containing 0.1% SDS. Electrophoresis was performed
at 150 V for 80 min. Gels were stained with 0.5%
Coomassie brilliant blue R-250, 50% methanol, and
10% acetic acid for more than 10 min and destained
with water.
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Human P-cadherin is a promising therapeutic target against
cancer. However, its characterization at the molecular level is
still lacking. We report that human P-cadherin associated
irreversibly in a distinct dimer configuration. Unexpectedly,
the divalent cation Ca®" was not necessary for dimerization,
although it greatly stabilized the protein—protein complex.

Cadherins are a large family of cell-surface membrane proteins
that mediate intercellular adhesion and maintain solid tissue.!
Classical cadherins are the largest and best characterized group.
They self-associate in a Ca®*-dependent manner during
cell-cell adhesion owing to their extracellular cadherin (EC)
domains.? Dimerization occurs at the N-terminal end by a
strand-swap mechanism that involves residues Aspl and Trp2.
P-cadherin belongs to the classical cadherin family, showing
high similarity at the primary sequence level to model proteins
E-cadherin and N-cadherin (ESIT, Fig. S1). Human P-cadherin is
weakly expressed in the basal layers of stratified epithelia where it
regulates tissue maintenance and development, and drives cell
proliferation."” Human P-cadherin is also over-expressed in
pancreatic, lung, gastric, and colorectal cancers.* Importantly,
inhibition of the adhesive properties of P-cadherin by therapeutic
antibodies suppresses the growth of primary tumors and their
metastatic progression.” Although P-cadherin is a promising
therapeutic candidate, the protein has not been yet subjected to
detailed biochemical and biophysical characterization. To
understand the adhesive mechanism of P-cadherin we prepared
recombinant forms of the first and second ectodomains (EC12).
These two domains constitute the minimum structural element
responsible for dimerization in other classical cadherins.”
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Cloning, expression, and purification of EC12 (residues 1-241) of
the mature human P-cadherin were carried out with a pET-SUMO
vector as described in ESL After purification and cleavage of the
N-terminal SUMO-tag we obtained protein >95% homogeneous
as judged by SDS-PAGE (not shown). Molecular size was
evaluated by analytical size exclusion chromatography (SEC)
and asymmetric flow-field flow-fractionation (AF4) (ESI}).
Small-angle X-ray scattering (SAXS) data were collected at
beamline BL-10C of the Photon Factory in Tsukuba (Japan)
as described previously.® Thermodynamic analysis carried out
by differential scanning calorimetry (DSC) and isothermal
titration calorimetry (ITC) is explained in ESL.¥

SEC and AF4 were employed to monitor the dimerization
state of ECI2 in the presence of Ca>* (Fig. 1A; ESI¥, Fig. S2A).
The SEC profile showed a single and well-resolved peak centered
at 11.2 ml. The position of this peak contrasted with that of the
mutein EC12-W2A (12.3 ml), a monomeric variant lacking the
key residue Trp2 necessary for the dimerization of cadherins.”
The molecular weight of EC12 was determined by AF4 because
the elongated shape of cadherins prevents accurate determination
by SEC. The value obtained by AF4 was 43 kDa, a figure
compatible with the predicted size of the dimer (53 kDa).

SAXS further revealed the dimeric nature of P-cadherin in
solution (Fig. 1B). We found that the experimental SAXS
profile of EC12 and the calculated curve of the strand-swap
dimer (ss-dimer) of the highly homologous human E-cadherin
(PDB entry code 2072) superimposed well. The excellent
agreement between the experimental and calculated curves
contrasted with the poor fitting when the monomeric form
of E-cadherin was used (ESIt, Fig. S3). In aggregate, SEC,
SAXS, AF4, and mutational analysis demonstrated that
P-cadherin self-associates in solution in the ss-dimer configuration
in a manner analogous to that of E- and N-cadherins.’

Ca®* is a cation intimately linked to the assembly of
classical cadherins.>® The first and second EC domains of
E- and N-cadherin bind three atoms of Ca** before triggering
protein dimerization, and this cation is also necessary for the
maintenance of the dimeric state.® To examine the effect of
Ca’®" on the adhesive properties of P-cadherin we followed
two alternative procedures. In the first approach, Ca* ions were
removed prior to the association step (before dimerization).
Because the protein is expressed with a 12 kDa Hise-SUMO-tag
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Fig. 1 Dimerization of P-cadherin. (A) SEC profile of wild-type
ECI2 (solid line) and mutein W2A (broken line). (B) Experimental
SAXS profile of P-cadherin EC12 (black) and theoretical curve of
crystallographic ss-dimer of E-cadherin (red) calculated with the
program FoXS of the Chimera suite (PDB entry code 2072).'2 Buffer
contained 3 mM Ca®*.

at the N-terminal, EC12 remains as a monomer until protease
cleavage of the SUMO-tag. This procedure mimicked the
activation route of classical cadherins in vivo.? By incubating
the samples with excess EDTA before protease cleavage, we
could study the dimerization of EC12 in the absence of Ca®>"
ions. In the second approach, Ca®>* ions were removed with
EDTA after the dimerization reaction had proceeded in the
presence of Ca®*.

SEC was employed to monitor the self-dimerization of
EC12 (Fig. 2). The chromatographic profiles of the two types
of Ca®"-depleted samples were essentially identical to each
other, and also very similar to that of dimeric EC12 in the
presence of Ca®" (see Fig. 1A). We observed a small shoulder
corresponding to the monomeric form of the protein. The
fraction of the monomeric form estimated from SEC data was
very small (<5%). The molecular weight of the major peak
determined by AF4 was 53 kDa, a value consistent with the
dimeric form of the protein (ESIt, Fig. S2B). The fluorescence
spectra of Ca®* -depleted samples indicated that the dimerization
site around Trp2 in either structure was essentially identical
(ESIt, Fig. S4). Overall, this set of experiments demonstrated
that dimerizaton of EC12 was independent of Ca®*. Thisis an
unusual observation in the cadherin family of proteins, and

Fig. 2 Dimerization of P-cadherin is largely independent of Ca**. SEC
profiles of samples of EC12 obtained after Ca>*-depletion by two different
methodologies: Ca>* was removed before (solid line), or after (broken line)
treatment with SUMO protease. Dotted line corresponds to mutein W2A.

suggested that the self-affinity of P-cadherin is higher than that
of homologous cadherins.’

The thermodynamic basis for the binding of Ca** to
P-cadherin was determined by ITC and DSC (Fig. 3). Titration
of apo-ECI2 with Ca®" gave rise to a typical sigmoidal binding
isotherm (Fig. 3A). Each molecule of apo-EC12 bound an average
of 2.7 atoms of Ca®>*. This value was consistent with the three
Ca** ions found in the crystal structures of homologous E- and
N-cadherins. This result also validated the methodology employed
to remove the Ca®* ions from the protein samples. The binding
constant (dissociation constant, Kp) obtained from the fitting
procedure was 23 + 6 uM. Binding of Ca®" to P-cadherin was
driven by both favourable enthalpy (AHy = —2.6 + 0.1 kcal mol™")
and entropy terms (—TASg = —3.6 kcal mol™). These results
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Fig. 3 Thermodynamic analysis. (A) Binding isotherm of Ca®* to

apo-ECI12. (B) Thermal stability of ECI2 in the presence of 3 mM
Ca?™* (solid line), or Ca®*-depleted samples (broken line).
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Table 1 Effect of Ca%* on the stability of P-cadherin

Ca®*  Twi (°C) AH; (kcal mol™!) T °C)  AH, (keal mol™')

Absent 49.0 £0.1 -61+0.3 29.6 £ 0.1 —16 £ 0.5
Present 554+ 0.1 —155+ 1.0 N.O4 N.O.

“ N.O., not observed.

revealed a complex thermodynamic pattern that did not fit a
simple interaction model.'® We suggest that binding of Ca?* to
P-cadherin involved various sources of stabilization, in addition
to the electrostatic interaction between Ca®* and protein.

The thermal denaturation profile of EC12 in the absence of
Ca®” also displayed a complex pattern (Fig. 3B and Table 1).
First, the thermal transition did not obey the classical two-state
equation. Instead, the Ca®*-depleted form of P-cadherin gave
rise to two separate transitions of variable enthalpy (it is tempting
to speculate that each peak could correspond to the individual
transition of each domain). The mid-point transitions occurred
at temperatures of 49 and 30 °C, respectively, although only
the second transition displayed a significant enthalpy change
(AH = —61 = 0.3 kecal mol™").

In contrast, the presence of Ca*t dramatically altered the
thermal profile of EC12. First, the thermogram showed high
cooperativity and displayed only one transition. Second, the
thermal stability Ty increased by 6 °C when Ca®® was
present. And third, the enthalpy of the transition increased
significantly under Ca®* conditions (AH = —155 kcal mol™;
AAH = —95 kcal mol™'). We note that the magnitude of AAH
is almost an order of magnitude higher than that determined
in analogous experiments with E- and N-cadherin.>'!" This
analysis thus demonstrated the key role of Ca®* in the thermal
stabilization of P-cadherin.

We summarize our results in Fig. 4. P-cadherin can adopt three
possible configurations in solution: (i) monomer, (i) flexible
dimeric state, and (iii) stable ss-dimer. The monomeric form of
P-cadherin is not favoured thermodynamically, and thus dimerizes
spontaneously even in the absence of Ca*. These observations
mark a departure from the behaviour of other members of the
classical cadherin family, and suggested stronger self-adhesive
properties of P-cadherin. We propose that these novel properties
arise from differences at the primary sequence level, in particular in
the critical N-terminal region. We also speculate that cell-cell
adhesion mediated by human P-cadherin is persistent, which could

Asp-Trp

Iflexible ss-dimer]|

Fig. 4 Model of dimerization of P-cadherin. EC12 self-associates
irreversibly in the ss-dimer configuration without the need of Ca?™,
This form of the ss-dimer can bind up to three Ca>* ions that greatly
stabilize the dimeric configuration.

[monomer|

facilitate the attachment of cancer cells expressing high levels of
this protein. We hope these results will guide the exploration of
therapeutic treatments based on human P-cadherin.

Conclusions

We found that human P-cadherin self-associates in the ss-dimer
configuration, similarly to other classical cadherin proteins.
Unexpectedly, Ca®>" was not necessary for the dimerization of
P-cadherin, although it enhanced its thermal stability. Overall,
our analysis suggested that P-cadherin possesses stronger adhesive
properties than other members of the classical cadherin family.

Abbreviations

EC Extracellular cadherin

IMAC Immobilized-metal affinity chromatography
SEC Size exclusion chromatography

AF4 Asymmetric flow-field flow-fractionation

DSC Differential scanning calorimetry
ITC Isothermal titration calorimetry

SAXS Small-angle X-ray scattering
ss-dimer  Strand-swap dimer
Acknowledgements

This work was supported by the Funding program for world-
leading Innovative R&D on Science and Technology (FIRST)
of the Japan Society for the Promotion of Science. Access to
beamline BL-10C was granted by the Photon Factory Advisory
Committee (Proposal Numbers 2011G573, 2011G145, and
2011G535).

Notes and references

1 M. Takeichi, Development, 1988, 102, 639; M. Takeichi, Annu. Rev.
Biochem., 1990, 59, 237; B. D. Angst, C. Marcozzi and A. 1. Magee,
J. Cell Sci., 2001, 114, 629.

B. Nagar, M. Overduin, M. Ikura and J. M. Rini, Nature, 1996,

380, 360; D. Haussinger, T. Ahrens, T. Aberle, J. Engel, J. Stetefeld

and S. Grzesick, EMBO J., 2004, 23, 1699; O. J. Harrison,

E. M. Corps and P. J. Kilshaw, J. Cell Sci., 2005, 118, 4123;

O. J. Harrison, F. Bahna, P. S. Katsamba, X. Jin, J. Brasch,

J. Vendome, G. Ahlsen, K. J. Carroll, S. R. Price, B. Honig and

L. Shapiro, Nat. Struct. Mol. Biol., 2010, 17, 348.

R. T. Bryan and C. Tselepis, J. Urol., 2010, 184, 423.

4'Y. Shimoyama, S. Hirohashi, S. Hirano, M. Noguchi,
Y. Shimosato, M. Takeichi and O. Abe, Cancer Res., 1989,
49, 2128; K. Imai, S. Hirata, A. Irie, S. Senju, Y. Ikuta,
K. Yokomine, M. Harao, M. Inoue, T. Tsunoda, S. Nakatsuru,
H. Nakagawa, Y. Nakamura, H. Baba and Y. Nishimura, Clin.
Cancer Res., 2008, 14, 6487.

5 C.C. Zhang, Z. Yan, Q. Zhang, K. Kuszpit, K. Zasadny, M. Qiu,
C. L. Painter, A. Wong, E. Kraynov, M. E. Arango, P. P. Mehta,
1. Popoff, G. F. Casperson, G. Los, S. Bender, K. Anderes,
J. G. Christensen and T. VanArsdale, Clin. Cancer Res., 2010,
16, 5177; H. Yoshioka, S. Yamamoto, H. Hanaoka, Y. Iida,
P. Paudyal, T. Higuchi, H. Tominaga, N. Oriuchi, H. Nakagawa,
Y. Shiba, K. Yoshida, R. Osawa, T. Katagiri, T. Tsunoda,
Y. Nakamura and K. Endo, Cancer Immunol. Immunother., 2012,
DOI: 10.1007/s00262-011-1186-0.

6 Y. Hiragi, Y. Seki, K. Ichimura and X. Soda, J. Appl. Crystallogr.,
2002, 35, 1; T. Ueki, Y. Hiragi, M. Kataoka, Y. Inoko,
Y. Amemiya, Y. Izumi, H. Tagawa and Y. Muroga, Biophys.
Chem., 1985, 23, 115.

7 K. Tamura, W.-S. Shan, W. Hendrickson, D. R. Colman and
L. Shapiro, Neuron, 1998, 20, 1153; E. Parisini, J. M. Higgins,
J.H. Liu, M. B. Brenner and J. H. Wang, J. Mol. Biol., 2007, 373, 401.

o

W)

2052 | Mol. BioSyst., 2012, 8,2050-2053

This journal is © The Royal Society of Chemistry 2012

— 163 —



View Article Online

8 C. Ciatto, F. Bahna, N. Zampieri, H. C. VanSteenhouse, 10 P. D. Ross and S. Subramanian, Biochemistry, 1981, 20, 3096.
P. S. Katsamba, G. Ahlsen, O. J. Harrison, J. Brasch, X. Jin, Il N. Vunnam and S. Pedigo, Biochemistry, 2011, 50, 8437,

S. Posy, J. Vendome, B. Ranscht, T. M. Jessell, B. Honig and N. Vunnam and S. Pedigo, Biochemistry, 2011, 50, 6959.
L. Shapiro, Nat. Struct. Mol. Biol., 2010, 17, 339; N. Vunnam and 12 D. Schneidman-Duhovny, M. Hammel and A. Sali, Nucleic Acids
S. Pedigo, Biochemistry, 2011, 50, 2973. Res., 2010, 38, W540; E. F. Pettersen, T. D. Goddard,
9 N. Vunnam, J. Flint, A. Balbo, P. Schuck and S. Pedigo, Biochemistry, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng and
2011, 50, 2951. T. E. Ferrin, J. Comput. Chem., 2004, 25, 1605.
This journal is @ The Royal Sodiety of Chemistry 2012 Mol. BioSyst,, 2012, 8,2050-2053 | 2053

— 164 —



