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The high-affinity IgE Fc receptor (FcεRI) β chain
acts as a signal amplifier through the immunorecep-
tor tyrosine-based activation motif in its C-terminal
intracellular region. Polymorphisms in FcεRI β have
been linked to atopy, asthma, and allergies. We
investigated the secondary structure, conformation,
and thermal stability of FcεRI β polymorphic (β-
L172I, β-L174V, and β-E228G) proteins. Polymor-
phisms did not affect the secondary structure and
conformation of FcεRI β. However, we calculated
Gibbs free energy of unfolding (ΔGunf) and signifi-
cant differences were observed in ΔGunf values
between the wild-type FcεRI β (β-WT) and β-
E228G. These results suggested that β-E228G
affected the thermal stability of FcεRI β. The role of
β-E228G in biological functions and its involvement
in allergic reactions have not yet been elucidated in
detail; therefore, differences in the thermal stability
of β-E228G may affect the function of FcεRI β.

Key words: high-affinity IgE Fc receptor (FcεRI) β
chain; polymorphism; Gibbs free energy;
thermal stability

Mast cells express a high-affinity receptor for IgE
(FcεRI). FcεRI has a tetrameric structure consisting of
three distinct polypeptides including the IgE-binding α
chain, fourfold membrane-spanning β chain, and disul-
fide-linked γ-γ homodimer.1–4) The aggregation of
FcεRI by the interaction of bound IgE with multivalent
antigens has been shown to induce the release of his-
tamine, leukotrienes, and inflammatory cytokines, and
plays an important role in allergic inflammation.5,6) Of
these polypeptides, the FcεRI β chain acts as a signal
amplifier in mast cell activation.7–9) Furthermore, the β
chain was previously reported to amplify early activa-
tion signals five–sevenfold through FcεRI in humans.8)

The β chain has also been suggested to function as a
stabilizer of the FcεRI complex.10) It contains an
immunoreceptor tyrosine-based activation motif
(ITAM), a conserved feature of many antigen receptors

that imparts signaling competence. The ITAM consen-
sus sequence is (D/E)XXYXXLX7–11-YXXL(L/I), in
which tyrosine residues are phosphoacceptor sites for
the actions of receptor-associated protein tyrosine
kinases.11) On the other hand, the β chain ITAM shows
a notable departure from the consensus ITAM sequence
with the presence of a third tyrosine (the middle tyro-
sine) between the two canonical tyrosine residues and a
shorter spacer region between the canonical tyrosines.
A previous study showed that the phosphorylation of
these three tyrosines played a very important role in
mast cell activation via FcεRI.12)

Several studies on the genetic background of atopy
by genome-wide screening for polymorphisms and
linkage analyses identified a number of candidate genes
likely to contribute to the pathogenesis of allergies.13–
15) Of these, a significant role for polymorphisms in the
FcεRI β chain in the manifestation of the phenotype
has been suggested. Genetic linkage studies demon-
strated that a locus in chromosome 11q12-13 encom-
passing the β chain gene was linked to various allergic
disorders and high levels of serum IgE.16–19) Three
polymorphisms in the β chain gene, which result in the
amino acid changes of Leu181→Ile and Leu183→Val in
the fourth transmembrane domain and of Glu237→Gly
in the C-terminal intracellular domain, have so far been
identified.20–22) A strong relationship was found
between these polymorphisms and atopy in various
populations.21,23) The human variant (Leu181→Ile,
Leu183→Val, Glu237→Gly) is known to correspond to
the mouse β chain (Leu172→Ile: β-L172I, Leu174→Val:
β-L174V, Glu228→Gly: β-E228G).7) A previous study
reported that no significant differences existed in skin
prick tests and in histamine release from peripheral
basophils among atopic patients with or without the
L181I polymorphism.24) An evaluation of the mouse β-
E228G or human β-E237G variant has provided con-
flicting findings as to whether this variant is involved
in allergic reactions. In humans, β-E237G may be
associated with measures of atopy and asthma.21,25)

Kim et al. showed that E237G was associated with a
positive rate of airway hyperresponsiveness, but not
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with either a positive skin prick test or total serum IgE
levels.26) On the other hand, Furumoto et al. demon-
strated that β-E228G in the FcεRI β chain in mice did
not affect FcεRI-mediated mast cell activation, such as
β-hexosaminidase release, cytokine production, and leu-
kotriene secretion in vitro.27) Therefore, the role of β-
E228G in biological functions and its involvement in
allergic reactions have not yet been clarified.

From a structural aspect, previous studies reported
that the C-terminal intracellular region of FcεRI β was
dominated by an α-helical structure.28,29) FcεRI β of
cytoplasmic and extracellular regions without the C-ter-
minal region also has an α-helical structure.30) How-
ever, its conformation and thermal stability remain
unknown even for the wild type (β-WT) protein. There-
fore, we herein examined the secondary structure, con-
formation, and thermal stability of FcεRI β-WT, β-
L172I, β-L174V, and β-E228G proteins.

Materials and methods
Reagents. Taq DNA polymerase, restriction

enzymes (EcoRI and BamHI), and isopropyl-β-D-thio-
galactopyranoside (IPTG) were purchased from Takara
Bio Inc. (Kyoto, Japan). The pGEX-6P-1 vector was
from GE Healthcare (Tokyo, Japan). E. coli BL21
(DE3) was from Stratagene (La Jolla, CA). Protein
Extraction Reagent, Benzonase nuclease, and rLyso-
zyme solution were from Novagen (Madison, WI). The
chemicals used in the present study were of analytical
grade.

Construct, bacterial expression, and purification of
fusion-proteins. The mouse β chains of the WT,
L172I, L174V, and E228G coding sequences in the
pMX-puro vector27) were used as templates. PCR
amplification was performed using the plasmid DNAs
described above as templates with the following pri-
mers and cycling conditions: forward, 5,-CCGGATC-
CAATCTGACCAATAACTTCGC-3, reverse, 5,-
GGGAATTCTTATGAATCAACTGGAGAAG-3, 94 °C
for 1 min, 55 °C for 1 min, and 72 °C for 1 min with
35 cycles. The amplified DNAs including the β chain
C-terminal intracellular domain, transmembrane
domain, and extracellular domain (amino acids 143-
235) were digested by BamHI and EcoRI, and were
cloned into the pGEX-6P-1 vector downstream of the
glutathione S-transferase (GST) gene. The integrities of
β-WT, β-L172I, β-L174V, and β-E228G were con-
firmed by a sequence analysis using a capillary sequen-
cer. E. coli BL21 (DE3) competent cells were
transformed with recombinant plasmids and grown in
LB medium containing 100 μg/mL ampicillin. After
cell density reached 0.4–0.6 OD600 nm, IPTG at a final
concentration of 2 mM was added to induce GST-fused
β-WT, β-L172I, β-L174V, and β-E228G protein frag-
ments. After a 4-6-h induction at 30 °C cells were col-
lected by centrifugation at 6000 rpm for 10 min, and
lysed using Protein Extraction Reagent with Benzonase
nuclease and rLysozyme solution. They were subjected
to centrifugation at 15,000 rpm for 20 min at 4 °C. The
supernatant was rotated for 2 h at 4 °C with glu-
tathione-sepharose beads. Cleavage solution (50 mM

Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM DTT,
pH 7.5) with Prescission Protease was added and incu-
bated end-over-end overnight at 4 °C, and the super-
natant was then collected. They were dialyzed in
phosphate-buffered saline solution. The amino acid
sequences encoded by the β chain C-terminal intracel-
lular domain, transmembrane domain, and extracellular
domain (amino acids 143-235) of β-WT β-L172I, β-
L174V, and β-E228G are shown in Fig. 1. These pro-
teins were used for CD spectroscopy. This study was
approved by the Experimental Committee of Gifu
University (approval number: 23-2-56).

CD measurements. CD spectra were recorded on a
Jasco J-820 spectropolarimeter (Jasco Corp. Tokyo,
Japan) with a Jasco PTC-423L Peltier-type thermostatic
cell holder with an error of approximately 0.2 °C.
Regarding protein measurements, far-UV and near-UV
CD spectra were recorded at 200–250 and 250–
350 nm, respectively, by collecting data at 0.1-nm inter-
vals. Quartz cuvettes with an optical path length of 1
and 10 mm were used for far-UV and near-UV CD
measurements, respectively. Each spectrum was the
average of eight consecutively acquired spectra. The
final concentration of the protein was 0.25 mg/mL for
far-UV CD measurements and 0.5 mg/mL for near-UV
CD. The buffer spectrum was measured and subtracted
from sample spectra.
CD spectra obtained were subjected to 15 point Sav-

itzky-Golay smoothing on Spectra Manager for Win-
dows 95/NT ver 1.5301 software (Jasco Corp. Tokyo,
Japan). Ellipticity was reported as the mean residue
molar ellipticity ([θ], deg cm2 dmol−1) calculated from

h½ � ¼ h½ �obs mrwð Þ
10cL

(1)

where [θ]obs is ellipticity measured in degrees, mrw
is the mean residue molecular weight, c is the protein
concentration (in grams per milliliter), and L is the
optical path length of the cell (in centimeters).
In thermal unfolding studies, CD spectra were mea-

sured as the temperature was elevated from 20 to
90 °C at intervals of 2 °C. A CD spectrum at each tem-
perature was obtained by equilibrating the sample for
5 min prior to data collection. Buffer spectra were mea-
sured in the same temperature region, and were sub-
tracted from sample spectra at the corresponding
temperature. Transition curves for the thermal denatura-
tion of β-WT, β-L172I, β-L174V, and β-E228G proteins
were obtained from ellipticity at 222 nm.

Analysis of Gibbs free energy of unfolding (ΔGunf).
In thermal denaturation experiments, the thermal stabil-
ities of β-WT, β-L172I, β-L174V, and β-E228G pro-
teins were calculated assuming a two-state denaturation
process.31,32) The fraction of the unfolded protein, Fu,
was calculated using the equation below

Fu ¼ h½ �obs� h½ �f
h½ �u� h½ �f

(2)

2 T. Terada et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
di

 R
om

a 
T

or
 V

er
ga

ta
] 

at
 0

5:
20

 0
9 

M
ar

ch
 2

01
6 



where [θ]obs, [θ]u, and [θ]f represent the CD signals
at a particular temperature, completely unfolded state,
and completely folded state, respectively.

The apparent equilibrium constant of unfolding (K)
and corresponding ΔGunf were calculated using Equa-
tions (3) and (4)

K ¼ Fu

1� Fu
(3)

DG ¼ �RT ln Kð Þ (4)

where R is the gas constant and T is the absolute
temperature. We here calculated ΔGunf at 25 °C
(T = 298 K).

Statistical analyses. Statistical analyses were per-
formed using Stat View 5.0 (Hulinks, Tokyo, Japan).
Results are presented as the mean and SD, and differ-
ences were considered significant at p < 0.05. A one-
way factorial ANOVA was performed to determine
overall differences among ΔGunf of β-WT, β-L172I, β-
L174V, and β-E228G proteins and, if significant differ-
ences existed, post hoc analysis tests (Fisher’s PLSD)
were performed.

Results
β-L172I, β-L174V, and β-E228G proteins were

indicative of α-helical structure and did not change the
secondary structure of FcεRI β

In order to investigate the effects of β-L172I, β-
L174V, and β-E228G on the secondary structure of
FcεRI β, we measured the far-UV CD spectra of β-WT,
β-L172I, β-L174V, and β-E228G proteins at an ambient
temperature. Fig. 2 shows the far-UV CD spectra of β-
WT, β-L172I, β-L174V, and β-E228G proteins, respec-
tively. The CD spectra of β-WT, β-L172I, β-L174V,
and β-E228G proteins had negative maxima at 208 and
222 nm. No significant differences were observed
between β-WT and β-L172I, β-L174V, and β-E228G
proteins. The far-UV CD spectra of β-WT and β-L172I,
β-L174V, and β-E228G proteins were indicative of an
α-helical structure and β-L172I, β-L174V, and β-E228G
proteins did not show any loss or collapse in the α-heli-
cal content, suggesting that β-L172I, β-L174V, and

β-E228G did not change the secondary structure of
FcεRI β.

β-E228G affected the thermal stability of FcεRI β
The thermal stability of the secondary structure was

investigated using a CD intensity at 222 nm in a tem-
perature range between 20 and 90 °C. Fig. 3 shows the
transition curve for the thermal denaturation of β-WT,
β-L172I, β-L174V, and β-E228G proteins, respectively.
The characteristics of their transition curves for thermal
denaturation were considered to be different. These
results suggest that β-L172I, β-L174V, and β-E228G
may affect temperature-induced structural changes in
FcεRI β.

Significant differences were observed in ΔGunf values
between β-E228G and other β chain proteins
ΔGunf was calculated to investigate the thermal sta-

bility of β-WT, β-L172I, β-L174V, and β-E228G pro-
teins in more detail. The ΔGunf values of β-WT, β-
L172I, β-L174V, and β-E228G proteins were obtained
from a two-state denaturation model.31,32) The ΔGunf

values of β-WT, β-L172I, β-L174V, and β-E228G pro-
teins were shown in Fig. 4. Significant differences were
observed in ΔGunf values between β-WT and β-E228G

ITAM motif

NH2 COOHIC1 IC2 IC3TM1 TM2 TM3 TM4EC1 EC2

EC2 TM4 IC3

143 235

NLTNNFAYMNNCKNVTEDDGCFVASFTTEL
NLTNNFAYMNNCKNVTEDDGCFVASFTTEI
NLTNNFAYMNNCKNVTEDDGCFVASFTTEL
NLTNNFAYMNNCKNVTEDDGCFVASFTTEL

VLMMLFLTILAFCSAVLFTIYRIGQELESKKVPDDRLYEELNVYSPIYSELEDKGETSSPVDS
VLMMLFLTILAFCSAVLFTIYRIGQELESKKVPDDRLYEELNVYSPIYSELEDKGETSSPVDS
VVMMLFLTILAFCSAVLFTIYRIGQELESKKVPDDRLYEELNVYSPIYSELEDKGETSSPVDS
VLMMLFLTILAFCSAVLFTIYRIGQELESKKVPDDRLYEELNVYSPIYSELEDKGGTSSPVDS

-WT
-L172I
-L174V
-E228G 

Fig. 1. Amino acid sequences of β-WT, β-L172I, β-L174V, and β-E228G (amino acids 143-235).
Notes: The ITAM motif is shown as a double-headed arrow. Tyrosines in the ITAM are underlined. The amino acid residue 172 replacement of

Leu to Ile, 174 replacement of Leu to Val, and 228 replacement of Glu to Gly are in bold type.
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-25

-20

-15

-10

-5

0

25

Wavelength (nm)

[
]×

10
-3

(d
eg

cm
2

dm
ol

-1
)

-WT
-L172I
-L174V
-E228G

Fig. 2. Far-UV CD spectra of β-WT, β-L172I, β-L174V, and β-
E228G proteins.
Notes: The black, blue, green, and red lines indicate the β-WT, β-

L172I, β-L174V, and β-E228G spectra, respectively. One representa-
tive of three individual experiments is shown.
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(p < 0.05), between β-L172I and β-E228G (p < 0.05),
and between β-L174 V and β-E228G (p < 0.01). These
results suggested that β-E228G affected the thermal sta-
bility of FcεRI β.

β-L172I, β-L174V, and β-E228G did not affect the
conformation in the local environment around ITAM
tyrosines

In order to observe the changes affecting the envi-
ronment of aromatic amino acids in β-L172I, β-L174V,
and β-E228G proteins, CD spectra were measured in
the near-UV region. Fig. 5 shows the near-UV CD
spectra of β-WT, β-L172I, β-L174V, and β-E228G pro-
teins, respectively. The near-UV CD bands of proteins
mainly arose from the conformation asymmetrically
formed around aromatics, such as Phe, Tyr, and Trp.
The features of the near-UV CD spectra of β-L172I, β-
L174V, and β-E228G proteins were similar to that of
the β-WT protein. Conformational changes were not
observed with decreases in the band intensity in β-
L172I, β-L174V, and β-E228G. These results suggested

that β-L172I, β-L174V, and β-E228G did not affect the
conformation in the local environment around ITAM
tyrosines.

Discussion

FcεRI β acts as a signal amplifier through the ITAM
in its C-terminal region and also functions as a stabi-
lizer of the FcεRI complex.7–10) In humans, a polymor-
phism (E237G) corresponding to mouse E228G has
been linked to atopy, asthma, and allergies.20,22) On the
other hand, E237G has not been associated with either
a positive skin prick test or total serum IgE levels.26)

However, previous studies on the role of E237G in the
expression and function of FcεRI have not yielded a
clearer understanding of its effects on mast cell physi-
ology. Furthermore, the structural and conformational
aspects and thermal stability of FcεRI β remain largely
unknown. In the present study, we revealed that β-
L172I, β-L174V, and β-E228G did not affect the sec-
ondary structure or conformation of FcεRI β; however,
β-E228G affected its thermal stability.
The following reasons were suggested for why β-

E228G affected the thermal stability of FcεRI β. The
conformation of the whole main chain of the protein is
determined by two conformational angles, phi (φ) and
psi (ψ), for each amino acid, for which the plot is
called a Ramachandran plot.33,34) Gly, with only a
hydrogen atom as a side chain, has the ability to adopt
a markedly wider range of conformations than the other
residues. However, Glu is restricted in its range of con-
formations. Gly is known to play a very important role
in protein structure, and the properties of Gly may
affect the thermal stability of FcεRI β.
The cytoplasmic tail of FcεRI β in the vicinity of

amino acid residue 228 is rich in acidic amino acid
residues. The hydropathy index of Glu and Gly were
previously reported to be −3.5 and −0.4, respec-
tively.35) These findings indicate that β-E228G intro-
duces a hydrophobic change in the C-terminal region
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-E228G

Fig. 3. Transition curve for the thermal denaturation of β-WT, β-
L172I, β-L174V, and β-E228G proteins obtained from ellipticity at
222 nm.
Notes: The black, blue, green, and red lines indicate β-WT, β-

L172I, β-L174V, and β-E228G, respectively. One representative of
three individual experiments is shown.
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Fig. 4. Mean (±SD) value of ΔGunf (kJ/mol) for β-WT, β-L172I, β-
L174V, and β-E228G proteins obtained from transition curves in the
thermal denaturation experiment (three individual experiments were
performed).
Notes: Each column and bar represents the mean value and SD,

respectively. Data points with an “ asterisk” indicate a significant p
value (*p < 0.05, **p < 0.01). The ΔGunf values of β-WT, β-L172I,
β-L174V, and β-E228G proteins were 6.0 ± 1.0, 6.8 ± 1.0, 8.6 ± 2.5,
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Fig. 5. Near-UV CD spectra of β-WT, β-L172I, β-L174V, and β-
E228G proteins.
Notes: The black, blue, green, and red lines indicate the β-WT, β-

L172I, β-L174V, and β-E228G spectra, respectively. One representa-
tive of three individual experiments is shown.
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of FcεRI β. β-E228G may also change hydrogen
bonding between amino acid residues in the secondary
structure and its conformation. In β-E228G, these fac-
tors may affect the thermal stability of FcεRI β.

The Src family protein tyrosine kinase Lyn has been
shown to weakly bind to the β chain ITAM.36–38)

Changes in the thermal stability of β-E228G may affect
the protein–protein interactions of tyrosine kinases, for
example, Lyn with FcεRI β. Furthermore, we previ-
ously reported that the mutagenesis of a single C-termi-
nal Asp to Ala (β-D234A) significantly impaired the
production of IL-6, but not degranulation in mast
cells.39) These findings strongly suggest a novel signal-
ing pathway mediated by the cytoplasmic tail down-
stream of the FcεRI β ITAM. β-D234A is known to
have no effect on the secondary structure of FcεRI β.
Minami et al. also showed that no significant differ-
ences were observed in the secondary structure and
conformation of commercial plasma-derived (pHSA)
and recombinant human serum albumin (rHSA) prod-
ucts; however, significant differences were noted in
their ΔGunf values.

40) They also showed that pHSA and
rHSA products had different cell proliferation activities
for some cell types. These findings demonstrated that
β-E228G affected the thermal stability of FcεRI β, and
based on the difference in thermal stability, may also
affect the function of FcεRI β. However, we did not
use differential scanning calorimetry in the present
study because we could not purify FcεRI β proteins at
high concentrations. And we did not investigate the
structure and thermal stability using β chain proteins
with full length. In addition, β chain proteins with a
large amount of hydrophobic residues were investigated
in an aqueous solution. Furthermore, destabilization of
β chain might affect the phosphorylation of ITAM tyro-
sine of β chain, however, the mechanism such as ubiq-
uitination or other post translational modifications in
mast cell by which the thermal stability of the β-
E228G protein may affect its biological function
requires future investigations.
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