
A novel peptide exerts potent immunosuppression by
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The calcineurin/nuclear factor of activated T cell (CN/NFAT)
signaling pathway plays a critical role in the immune response.
Therefore, inhibition of the CN/NFAT pathway is an important
target for inflammatory disease. The conserved PXIXIT and
LXVP motifs of CN substrates and targeting proteins have been
recognized. Based on the affinity ability and inhibitory effect of
these docking sequences on CN, we designed a bioactive peptide
(named pep3) against the CN/NFAT interaction, which has two
binding sites derived from the RCAN1-PXIXIT motif and the
NFATc1-LXVP motif. The shortest linker between the two
binding sites in pep3 is derived from A238L, a physiological
binding partner of CN. Microscale thermophoresis revealed
that pep3 has two docking sites on CN. Pep3 also has the most
potent inhibitory effect on CN. It is suggested that pep3 contains
an NFATc1-LXVP–substrate recognition motif and RCAN1-
PXIXIT–mediated anchoring to CN. Expression of this peptide
significantly suppresses CN/NFAT signaling. Cell-permeable
11-arginine–modified pep3 (11R-pep3) blocks the NFAT down-
stream signaling pathway. Intranasal administration of the 11R-
pep3 peptide inhibits airway inflammation in an ovalbumin-
induced asthma model. Our results suggest that pep3 is
promising as an immunosuppressive agent and can be used in
topical remedies.

Calcineurin (CN)5 is a serine/threonine phosphatase that is
activated by calcium/calmodulin (Ca2�/CaM). CN is a het-

erodimer composed of a catalytic subunit called calcineurin A
(CNA, �61 kDa) and a regulatory subunit (CNB, �19 kDa). CN
plays important roles in the immune response, learning and
memory, and cardiac hypertrophy (1). To carry out its biologi-
cal functions, it interacts with multiple substrates and targeting
proteins, such as nuclear factor of activated T cells (NFAT) (2),
endogenous regulator of calcineurin 1 (RCAN1) (3), transcrip-
tion factor EB (TFEB) (4), and dynamin-related protein 1
(Drp1) (5). NFAT has been the center of attention in studies on
CN-substrate interactions. In resting cells, the hyperphosphor-
ylated NFAT proteins reside in the cytoplasm (NFAT cytoplas-
mic 1– 4, NFATc1-c4). Upon activation, CN dephosphorylates
these proteins, which translocate to the nucleus. They regulate
gene transcription via interaction with other transcription fac-
tors in the nucleus. The highly conserved PXIXIT motif
(PALESPRIEITSCLGL, 16 aa, NFATc1-PXIXIT motif) was
identified by Aramburu et al. (6). They developed a high-affin-
ity PVIVIT peptide (MAGPHPVIVITGPHEE, PVIVIT peptide)
based on the PXIXIT docking motif (7). This peptide potently
inhibited NFAT activation (NFATc1-c3) and NFAT-depend-
ent gene expression in T cells without affecting CN activity.
Recently, the second motif (DQYLAVPQHPYQWAK, 15 aa,
NFATc1-LXVP motif) in NFATc1 has attracted new attention
(8 –10). The LXVP motif binds to a hydrophobic pocket at the
interface of the CNA and CNB subunits. LXVP-containing
sequences have a similar mechanism of action as the two immu-
nosuppressant-immunophilin complexes, cyclosporin A-cy-
clophilin (CsA-CyP) and FK506-FKBP (11). The DQY-
LAVPQHPYQWAK peptide derived from NFATc1-LXVP
inhibits not only CN activity directly but also NFAT-dependent
transcription regulation. It is well-known that the T cell recep-
tor (TcR)/Ca2�/CN signaling pathway plays a critical role in T
cell activation. The NFAT family of proteins are important
transcription factors that promote the expression of a panel of
genes required for activation. The above peptides blocking the
interaction between CN and NFAT, similar to CsA, could be
targeted to alter the transcriptional program, thereby modulat-
ing immune responses.

Subsequently, researchers found binding motifs in RCAN1
(12). RCAN1 also has the PXIXIT motif, and the LXVP motif
closely matches the two motifs of NFAT. Our previous study
demonstrated that the binding between CN and the RCAN1-
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LXVP motifs is weaker than that between CN and the NFATc1-
LXVP motifs (13–15). However, the RCAN1-PXIXIT motif has
a strong binding affinity for CN. It is worth noting that the
RCAN1-PXIXIT motif in many studies refers to two indepen-
dent and closely connected CN-interacting motifs: a PXIXIT-
like site (208TPSVVVHVCES218, also called the E-motif), which
resembles the PXIXIT motif from NFAT, located near the C
terminus, and the more N-terminal CIC (calcineurin-inhibitor
CALP1) motif (195PGEKYELHAATDT207, also called the
V-motif). Replacement of the hydrophobic residues in the
RCAN V-motif with the polar amino acid glutamine eliminated
the interaction of the EV-motif with CN. Alanine substitution
of the two conserved glutamic acid residues found in the E-mo-
tif reduced CN binding but did not abolish it. Therefore, it is
suggested that the E-motif contributes to binding of the EV-
motif to CN and that the major determinant lies within the
hydrophobic PSVVVH motif. More importantly, only the syn-
thetic peptide derived from the whole EV-motif (195PGEKYEL-
HAATDTTPSVVVHVCES218) in RCAN1 could suppress CN-
mediated NFAT-dependent cytokine gene expression in
human T cells (16). Carme Mulero et al. (17) developed an
optimized in vitro high-throughput fluorescence polarization
assay based on the disruption of the interaction between the
RCAN1-PXIXIT motif and CNA for identifying molecules with
immunosuppressant potential.

The protein inhibitor A238L from African swine fever
virus is a physiological binding partner of CN. Grigoriu et al.
(18) used X-ray crystallography to investigate the structure
of the A238L-CN complex and identified two binding motifs
in A238L similar to those in NFAT. A238L (residues 200 –
239) binds CN in a largely extended conformation, stretch-
ing from the A238L-PXIXIT– binding site to the CNA/CNB
interface and then looping back along the CNA/CNB inter-
face to occupy the A238L-LXVP– binding pocket. They fur-
ther summarized the features of the 10 CN substrates and

regulators. The 17-aa GCEDNVYEKLPEQNSN sequence in
A238L is the shortest linker in these CN-targeting proteins.
The distance between the A238L-PXIXIT motif and the
A238L-LXVP motif is 45 Å. By comparison, the linker
between the two motifs in NFAT is 263 aa, as well as 54 aa in
RCAN1.

Based on our previous investigation of the two conserved
motifs in CN substrates and targeting proteins, we designed a
short polypeptide (Fig. 1A). The sequence of the peptide is con-
structed from three different substrates of CN: PGEKYEL-
HAATDTTPSVVVH derived from the RCAN1-PXIXIT motif
(pep1), GCEDNVYEKLPEQNSN derived from the A238L
(linker), and YLAVPQHPYQWAK derived from the NFATc1-
LXVP motif (pep2). We named the peptide pep3 and investi-
gated the effects of pep3 in vitro and in vivo.

Results

The binding ability of pep3 and CNA is stronger than that of
each independent fragment with CNA

We constructed plasmids encoding peptides fused to GST
and compared the binding ability of pep1, pep2, linker, and
pep3 with CNA in lysates of the mouse brain as a source of CN.
CN normally consists of one catalytic subunit of CNA and a
tightly bound regulatory subunit of CNB. This anti-CNA anti-
body used in our experiments could detect endogenous levels of
CNA. We used an equivalent amount of input CNA in the GST
pulldown assays. Anti-CNA immunoblotting showed that a
GST control did not interact with CNA and that GST-pep3
pulled down more CNA than GST-pep1, GST-pep2, and GST-
linker (Fig. 1B). Our pulldown data shows that A238L-linker
and CNA have no obvious combination. Accordingly, the ratios
of bound CNA to GST proteins were calculated (Fig. 1C). Com-
pared with pep1 or pep2, pep3 has a stronger binding capacity
with CNA.

Figure 1. The binding capacity between CNA and pep3 is more potent in mouse brain lysates. A, schematic representation of pep1, pep2, linker, and pep3.
B, pep3 binds CNA in mouse brain lysates in GST pulldown assays. Bound CNA was visualized by Western blotting via monoclonal anti-CNA antibody, shown
in the upper blot; the input is shown in the middle panel. The GST fusion proteins were shown in the bottom blot. C, CNA bound by pep1, pep2, and pep3 was
densitometrically quantified, and histograms illustrate the relative intensity units of bound CN. Data are presented as the mean � S.E. (n � 3), **, p � 0.01; ***,
p � 0.001 compared with the pep3 group.
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Pep3 presents two binding phases with CN and potently
inhibits CN activity

To quantitatively define the interaction between CN and
pep3, we resorted to MST. MST is a sensitive and versatile
biophysical technique for protein-peptide interaction studies.
We mixed 31.3 nM fluorescently labeled pep3 with serial dilu-
tions of CN (25 �M to 0.8 nM). The experiment was conducted
in PBS. The result of the MST is shown in Fig. 2, A and B. The
titration of CN yielded a biphasic MST signal. We performed an
SDS denaturation test (SD-Test) to analyze the ligand-induced
fluorescence changes. This test helps to distinguish between
fluorescence changes caused by an interaction and changes
caused by nonspecific effects, such as loss of protein due to
aggregation or adsorption to labware. Our SD-Test results
showed that the specific binding of ligand induced the fluores-
cence change. Then, we quantified the high-affinity binding
from the first half of the data points, which yielded a dissocia-
tion constant Kd � 8.6 � 0.3 nM. Fitting the low-affinity binding
yielded a dissociation constant Kd � 1.6 � 0.2 �M. The MST
results demonstrate two binding phases between pep3 and CN.
Pep3 binds CN with high affinity. In a previous study, Seidel et
al. (19) extensively characterized the binding between a short
peptide and a protein. Their study shows that MST can yield Kd
data that are very comparable with those obtained by other
well-established biophysical methods, including fluorescence
polarization (FP) as a solution-based and surface plasmon res-
onance as a solid-phase technique. A more specific aspect of
this system is the observation of a second binding phase that
was identified in both the MST and surface plasmon resonance
techniques.

Based on our experimental data, we propose that pep3 binds
CN at two major binding sites, a similar binding pattern to that
between A238L and CN. Thus, the pep3-CN complex structure
was modeled based on the crystal structure of the A238L-CN
complex (PDB ID 4F0Z). A molecular dynamics (MD) simula-
tion initiated from the model structure suggests that the two
CN-binding motifs YLAVP and PSVVVH dock at the binding
sites (Fig. 2C), which are highly similar to the LXVP- and
PXIXIT-binding motifs in A238L and other peptide inhibitors.

We also assayed the inhibition of the purified CN by pep3.
Pep3 had a potent inhibitory effect on CN activity (Fig. 2D). The
IC50 value for pep3 was 400 nM. We further determined the CN
activity in lysates of Jurkat T cells in the presence of various
concentrations of pep3. The IC50 value of pep3 for CN was 11
nM (Fig. 2E). Our results show that pep3 is a very strong inhib-
itor of CN.

Expression of pep3 suppresses the CN/NFAT signaling
pathway

We also tested the CN-pep3 interaction in live cells in copre-
cipitation experiments in HEK293 cells. Compared with the
DMSO control group, CNA was clearly pulled down after
transfection of 2 �g of pep3 (Fig. 3A).

We also examined the in vivo effect of pep3 on the CN/NFAT
signaling pathway. Fig. 3, B and C, show that transfection of
pep3 could prevent the ionomycin-triggered nuclear import of
GFP-NFATc3 in HeLa cells. Using luciferase reporter gene

assays, we found that pep3 also inhibited NFAT-driven pro-
moters (Fig. 3D). Our experimental results show that expres-
sion of pep3 effectively inhibits the CN/NFAT signaling
pathway.

A cell-permeable 11R-pep3 blocks NFAT dephosphorylation
and downstream signaling

11-Arginine has been developed for the delivery of bioactive
peptides into eukaryotic cells (20 –22). We synthesized an 11R-
modified pep3 and investigated the polypeptide transduction
efficiency. We used FITC-pep3 as a control peptide. Jurkat cells
were treated with FITC-conjugated 11R-pep3. To examine the
intracellular localization of 11R-pep3, Jurkat cells were incu-
bated with 1, 2, 5, and 10 �M FITC-conjugated 11R-pep3 for 20
min, and the FITC fluorescence was analyzed by fluorescence
microscopy. Twenty minutes after transduction, only FITC-
11R-pep3 was observed as a fluorescent signal in all living Jurkat
cells. FITC fluorescence was visualized in the cytoplasm (Fig.
4A). FITC-11R-pep3 was transduced in a concentration-de-
pendent manner (Fig. 4B). We also examined the effect of 11R-
pep3 on the phosphorylation of endogenous NFAT1. Com-
pared with the ionomycin group, incubation with 11R-pep3
resulted in a significant increase of NFAT1 in cytoplasm (Fig.
4C) and a decrease in the nuclear fraction (Fig. 4D). Our data
suggests that the cell-permeable peptide prevented the dephos-
phorylation of NFAT induced by ionomycin stimulation.

To test the effect of 11R-pep3 on endogenous interleukin-2
transcription, we treated Jurkat cells with 11R-pep3 or CsA for
1 h and then treated them with PMA � ionomycin for an addi-
tional 6 h. We examined the IL-2 mRNA expression. Compared
with the ionomycin group, IL-2 transcription in the cells
treated with 11R-pep3 was significantly inhibited. As a positive
control, CsA inhibited the expression of IL-2 mRNA (Fig. 4D).
ELISA experiments further confirmed the effects of 11R-pep3
at the IL-2 protein level (Fig. 4E).

Intranasal administration of 11R-pep3 inhibited airway
inflammation and hyperresponsiveness

To evaluate the functional effects of pep3 in vivo, we intra-
nasally administered 11R-pep3 in an animal model of asthma.
CsA was used as a positive control. Some articles have reported
the inhibitory effects of T cells in OVA-induced asthma murine
model by CsA (23, 24). We used the OVA-induced experimen-
tal asthma model. Before the OVA challenge, 200 �g of 11R-
pep3 or CsA was administered intranasally.

As expected, the OVA group of mice showed obvious airway
hyperresponsiveness. Inhalation of methacholine (MCh) in-
creased the values of RI in mice. Compared with animals with
experimental allergic asthma, 11R-pep3–treated animals re-
vealed a significant improvement in reactivity toward inhaled
MCh (Fig. 5A). Furthermore, 11R-pep3 treatment inhibited
allergic airway inflammation with significantly decreased num-
bers of eosinophils in bronchoalveolar lavage fluid (Fig. 5, B and
C). The histological examination by H&E staining showed that
the OVA challenge induced obvious infiltration of inflamma-
tory cells around the trachea and interstitium, thickening of the
tracheal wall, and exuberant secretion of tracheal mucosal
epithelium and eosinophil cells (Fig. 5D). Remarkably, in the
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Figure 2. Pep3 binds to purified recombinant CN and inhibits its activity. A and B, titrating CN to a constant FAM-labeled pep3 system yielded a
biphasic MST signal. Fitting the high affinity phase (A) reveals a Kd � 8.6 � 0.3 nM, and fitting the low affinity phase (B) yields a Kd � 1.6 � 0.2 �M. The
inset panels in A and B show the isotherm derived from the raw data, fitted to a sigmoidal dose-response curve, and the raw thermophoresis data were
recorded at 20 °C using 20% LED power and 20% MST power. C, the modeled structure of the pep3-CN complex. CNA (blue), CNB (red), and pep3 (orange)
are shown in cartoon presentation, and the two critical CN-binding motifs YLAVP and PSVVVH are shown as sticks. The complex structure is stable during
the 100-ns MD simulation. D, inhibition of purified recombinant CN activity by pep3. E, inhibition of CN activity in the lysates of Jurkat cells. All data are
expressed as the mean � S.E. of phosphatase activity in three duplicable experiments.
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11R-pep3–treated group, a small amount of inflammatory cells
infiltrated, and no significant tracheal wall thickening or eosin-
ophils were observed. Our PAS staining shows that OVA treat-
ment also resulted in goblet cell metaplasia. The treatment of
11R-pep3 can significantly improve the histopathological phe-
nomenon induced by OVA (Fig. 5E). Subsequently, inflamma-
tory changes were graded by histopathological assessment. A
relatively high grade was observed in the OVA challenge group.
The grade was decreased significantly in the treatment of 11R-
pep3 (Fig. 5F). Our results suggest that the intranasal adminis-
tration of 11R-pep3 strongly suppressed allergic airway inflam-
mation as an efficient immunosuppressant.

Discussion

Protein-protein interactions play important regulatory roles
in pathological and physiological processes and are closely
related to human diseases. NFAT has been the focus of studies
of CN-substrate interactions (25, 26). Recently, the PXIXIT-
type motif and the LXVP-type motif in other CN substrates and
targeting proteins have been the subject of in-depth study (18).

We previously reported that two LXVP-type peptides
derived from RCAN1 and TFEB could bind to CN and inhibit
its phosphatase activity (13–15). However, among the studied
LXVP-type peptides in our experiments, the DQYLAVPQH-
PYQWAK peptide derived from NFATc1 shows a very strong
binding ability with CN and potent inhibition of CN activity.

The hydrophobic Leu and Val residues for targeting substrates
to CN are very important, and the aromatic residue Tyr acts as
a binding strength enhancer. Substitutions of the Tyr, Leu, and
Val residues weakened the interactions between CN and LXVP-
type motifs, such as YLAVP to HLAPP in the RCAN1-LXVP
motif. We confirmed the results by experiments with GST pull-
down and CN activity assays. We also found that the proline
(YLAVP or HLAPP) residues in the LXVP motif were very
important. Amino acids vary in their ability to form the various
secondary structure elements. In natural proteins and peptides,
proline is the most efficient helix breaking residue because it
conflicts sterically with the helical conformation and, addition-
ally, because its nitrogen cannot engage in hydrogen bonding.
For example, Lys232 of A238L, which is a noncanonical residue
in the LXVP motif because it has a “Lys” instead of the expected
“Pro,” does not interact with CN and is thus not important for
CN recognition by A238L. Therefore, the NFATc1-LXVP
sequence was adopted in our design.

Mulero et al. (27) reported that expression of the peptide
derived from the RCAN1-PXIXIT motif (195PGEKYELH-
AATDTTPSVVVHVCES218) in COS-7 cells could inhibit
CN/NFATc2 signaling in vivo. The synthesized RCAN1-PX-
IXIT peptide binds to CN with high affinity. The Kd value
between the carboxyfluorescein (FAM)-labeled RCAN1-PX-
IXIT peptide and CN was �1.25 �M in the FP experiment. We

Figure 3. Expression of pep3 suppresses CN-NFAT signaling pathway. A, Western blotting was utilized to detect CNA pulled down by an anti-DDK (flag)
antibody in pep3-flag–transfected HEK293 cells. B, GFP-NFATc3 (3– 407) plasmids were transfected into HeLa cells. Representative images shows that trans-
fection of pep3-flag blocks ionomycin-induced GFP-NFATc3 translocation. Scale bar, 10 �m. C, bar graph shows the percentages of NFAT nuclear translocation
in HeLa cells. Data were presented as mean � S.E. of four independent experiments with n � 100 cells per experiment, ###, p � 0.001 compared with the
control group; ***, p � 0.001 compared with the ionomycin group. D, pep3 inhibits NFAT-driven gene expression. HEK293 cells were transiently transfected
with pep3-flag, together with pGL3-NFAT luciferase. pRL-null-Renilla-luc (7.5 ng) was used as an internal transfection control. Cells were stimulated with
ionomycin � PMA for 1.5 h. Control values were taken as 100%. All data are expressed as the mean � S.E. of three separate experiments. #, p � 0.001 compared
with the control group; *, p � 0.05 compared with the ionomycin � PMA group.
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Figure 4. A cell-permeable 11R-pep3 blocks NFAT dephosphorylation and downstream signaling. A, FITC-11R-pep3 was visualized in the cytoplasm.
Jurkat cells were prepared for fluorescence microscopy. Scale bar, 10 �m. B, FITC-pep3 or FITC-11R-pep3 was incubated with Jurkat cells at different concen-
trations. Intracellular fluorescent levels were analyzed by flow cytometry. C and D, the preincubated cells were stimulated with ionomycin (1 �M). CsA was used
as a positive control. Western blotting detection of NFAT1 in the cytoplasmic and nuclear fractions in Jurkat cells. The �-actin (cytoplasmic) and lamin B
(nuclear) expression levels were used as the loading control. The histograms represent the quantification of cytoplasmic and nuclear NFAT1 corrected by the
loading control. All histograms in C and D represent values as a percentage compared with the control group. Data are presented as mean � S.E. (n � 4). ##, p �
0.01; ###, p � 0.001 compared with the control group, *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with the ionomycin (iono) group. E, 11R-pep3 inhibits
NFAT-driven gene expression in Jurkat cells. Total mRNA was extracted 6 h after stimulation with ionomycin (1 �M) � PMA (50 ng/ml). The mRNA levels of IL-2
were quantified by quantitative RT-PCR. The mRNA levels of the control group were set at 100%. The data are shown as the mean � S.E. of three independent
experiments. ###, p � 0.001 compared with the control group; *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with the ionomycin � PMA group. F, 11R-pep3
inhibits IL-2 protein expression induced by ionomycin � PMA. IL-2 protein expression (pg/ml) in Jurkat cells was determined by ELISA experiments. The data
are shown as the mean � S.E. of three independent experiments. ###, p � 0.001 compared with the control group; ***, p � 0.001 compared with the ionomycin
� PMA group.
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repeated the FP experiment and obtained similar results in our
laboratory (data not shown). The FAM-labeled RCAN1-PX-
IXIT peptide is very suitable for binding experiments. Marti-
nez-Martinez et al. (16) discussed the RCAN1-PXIXIT motif in
detail. The full-length RCAN1-PXIXIT sequence includes two
motifs, one containing the ELHA sequence (E-motif) and
another the valine-rich sequence PSVVVH (V-motif). The
integrity of the motif is necessary for targeting RCAN1 to CN
because peptides of the individual E-motif or V-motif could not
pull CN down in GST pulldown experiments. The E-motif con-

tributes to the binding of the RCAN1-PXIXIT motif with CN,
and the major deciding factor lies within the hydrophobic PSV-
VVH motif. Therefore, the conserved and important residues
in the RCAN1-PXIXIT motif were fully incorporated into the
sequence of pep3.

Abrams et al. (28) reported that the purified A238L fragment
(residues 157–238, 82 aa) acted as a potent inhibitor of CN in
vitro with an IC50 of �70 nM. The protein derived from A238L
was tagged with His. The CN phosphatase activity was mea-
sured by release of [32P]phosphate from the 32P-labeled sub-

Figure 5. Intranasal administration of 11R-pep3 inhibits airway inflammation and hyperresponsiveness. A, airway reactivity was assessed by MCh
provocation testing. The mean � S.E. is presented for each group (n � 6). *, p � 0.05 compared with the OVA group. B, total numbers of eosinophils in
leukocytes of BAL fluids. Bar graph depicts the numbers of eosinophils in leukocytes of BAL fluids for each group. Data are presented as the mean � S.E. for each
group (n � 6). ###, p � 0.001 compared with the control group; *, p � 0.05; **, p � 0.01 compared with the OVA group. C, representative results of flow
cytometry methods. We defined eosinophils in leukocytes as CD45�CD11b�SiglecF�. D, lung tissue was prepared for histological analysis, including morphol-
ogy and the infiltration of inflammatory cells by H&E staining. Representative results of H&E staining in four groups are shown. Scale bars, 200 �m (top) and 10
�m (bottom). E, lung tissue was prepared for histological analysis. PAS-stained airway cross-sections of each group are shown. Scale bar, 10 �m. F, inflammatory
changes were graded by histopathological assessment using a semiquantitative scale of 0 –5. The results are presented as the mean � S.E. for each
group (n � 6).

Pep3 is a calcineurin inhibitor and an immunosuppressant

2766 J. Biol. Chem. (2020) 295(9) 2760 –2770



strate peptide. It is well-known that the radioactive isotope
method is more sensitive. Grigoriu et al. (18) used the ITC
method to determine the thermodynamic parameters and dis-
sociation (Kd) between CN and A238L (residues 200 –239). The
Kd is �4 � 1 nM. In our MST experiment, the high affinity of
pep3 with CN is �8 nm. The method of measuring CN activ-
ity that we used is a colorimetric experiment. The IC50 value
for pep3 on purified CN or lysates of the Jurkat T cell line was
400 or 11 nM. Pep3 contains an NFATc1-LXVP substrate
recognition motif and requires RCAN1-PXIXIT–mediated
anchoring to CN. We have reported that the IC50 value for
the NFATc1-LXVP peptide is 9 �M (15). Therefore, addition
of the RCAN1-PXIXIT sequence in pep3 enhanced its inhib-
itory effect on CN. Therefore, the two sequences contribute
to reducing CN-mediated dephosphorylation of the RII
phosphopeptide.

Polypeptides are not able to easily enter cells. Many studies
have focused on the delivery of bioactive peptides into cells.
Based on the NFAT-PXIXIT motif, Aramburu et al. (7) devel-
oped a MAGPHPVIVITGPHEE peptide that selectively inter-
feres with the CN/NFAT interaction without affecting CN
phosphatase activity and may be useful as a therapeutic agent
that is less toxic than CsA. Subsequently, Noguchi et al. (20)
modified the MAGPHPVIVITGPHEE peptide at the N termi-
nus with an 11-arginine transduction domain and a 3-glycine
linker sequence. The cell-permeable 11R-PVIVIT peptide
(RRRRRRRRRRR-GGG-MAGPHPVIVITGPHEE) could pre-
vent the activation and proliferation of T cells both in vitro and
in vivo. The 11R-PVIVIT peptide is effective at providing
immunosuppression in a murine islet xenograft model without
CN inhibition. However, 11R-PVIVIT affected cell viability in
vitro when used at higher concentrations. Noguchi et al. (21)
developed the RCAN1–11R peptide, which could selectively
interfere with the CN/NFAT interaction without affecting cell
viability even when it was used at a higher concentration. We
modified pep3 with an 11-arginine transduction domain. FITC-
11R-pep3 could enter the Jurkat T cell line and block the
CN/NFAT signaling pathway.

The immunosuppressant CsA, used clinically to prevent
transplant rejection, inhibits the CN activity toward all its sub-
strates and targeting proteins, including NFAT. Although CsA
has been crucial for the success of organ transplantation, its side
effects are associated with progressive loss of renal function,
hypertension, and neurotoxicity. The development of better,
less toxic immunosuppressive agents is still a long and arduous
task (29, 30).

Based on the amino acid sequences identified in the inter-
action between CN and its substrates or its targeting pro-

teins, it is of particular interest that specific disruption of the
CN/NFAT pathway has been obtained through the expres-
sion of peptides based on some of these sequences. The novel
pep3 is a potent CN peptide inhibitor and can be used in
topical remedy, such as intranasal administration in asthma
animal models. Further studies could be helpful in furthering
immunosuppressive therapy and identifying promising
immunosuppressive agents.

Materials and methods

CN phosphatase assay

The RII phosphopeptide (DLDVPIPGRFDRRVpSVAAE)
derived from the cAMP-dependent protein kinase regula-
tory subunit, Type II, was synthesized by Scilight-Peptide
Inc. (Beijing, China). Other peptides used in the experiments
were also synthesized by Scilight-Peptide Inc. and are shown
in Table 1. Cyclosporine A (CsA) and okadaic acid were pur-
chased from Sigma-Aldrich. CNA, CNB, and CaM were
expressed in Escherichia coli and purified in our laboratory
(31, 32). A colorimetric assay was used to determine the
inhibitory effects of pep3 on purified CN activity with RII
phosphopeptide (33) as a substrate and using the improved
method based on the Calcineurin Colorimetric Drug Discov-
ery Kit (AK-804, Enzo Life Sciences). We used another
improved method to determine the effects of pep3 on cell
lysates based on the Calcineurin Cellular Assay Kit (AK-816,
Enzo Life Sciences).

MST

FAM-labeled pep3 was synthesized by Scilight-Peptide Co.
The MST method has been described in detail elsewhere (19).
The Kd values for the binding of FAM-labeled pep3 to CN were
measured using a Monolith NT.115 from NanoTemper Tech-
nologies. FAM-labeled pep3 (10 �l) was added to serial dilu-
tions of CN (CNA:CNB:CaM, 1:1:2) in PBS (10 �l). The samples
were incubated at 25 °C for 20 min and loaded into silica capil-
laries (Polymicro Technologies). Measurements were per-
formed at 20 °C with 20% LED power and 20% IR-laser power.
The data were analyzed with NanoTemper Analysis software,
version 1.2.101.

Cell culture and cell transfection

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (supplemented with 4.5 g/liter of D-glucose and 5 �M

L-glutamine, Gibco) with 10% fetal calf serum. Human embry-
onic kidney 293 (HEK293) cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum. Human T

Table 1
Abbreviations and sequences of the peptides used

Abbreviation Sequence

Pep1 PGEKYELHAATDTTPSVVVH
Pep2 YLAVPQHPYQWAK
A238L-linker GCEDNVYEKLPEQNSN
Pep3 PGEKYELHAATDTTPSVVVHGCEDNVYEKLPEQNSNYLAVPQHPYQWAK
FAM-labeled pep3 5 (6)-Carboxyfluorescein-labeled pep3
11R-pep3 RRRRRRRRRRR-GGG-pep3
FITC-pep3 Fluorescein isothiocyanate-labeled pep3
FITC-11R-pep3 Fluorescein isothiocyanate-labeled 11R-pep3
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lymphocyte (Jurkat, RIKEN) cells were cultivated in RPMI 1640
medium with 10% fetal calf serum. The cells were washed with
PBS buffer (Gibco, pH 7.2) and digested with trypsin and 0.25%
EDTA. All the cells were cultivated overnight (12 h) before any
treatment and harvesting.

Plasmids encoding the pep3 peptide were fused to FLAG
through direct cloning of the overhang– double-stranded
annealed oligonucleotides into the suitable plasmid vector. The
cells were transfected with plasmid DNA (�1 �g/106) via utili-
zation of the Lipofectamine 2000 Transfection Reagent (Invit-
rogen). Ionomycin (1 �M) was used alone to stimulate the
Ca2�/CN signaling pathway. Ionomycin is commonly used in
conjunction with phorbol myristate acetate (PMA) to activate
T cells. The combination of PMA (50 ng/ml) and ionomycin
activates the transcription factors NF-�B and NFAT, leading to
the production of cytokines, such as IL-2. CsA (1 �M) was added
as a positive inhibitor of stimulation.

GST pulldown assay, co-immunoprecipitation, and Western
blotting

Plasmids encoding peptides fused to GST were obtained by
cloning overhang– double-stranded annealed oligonucleotides
into EcoRI � XhoI-digested pGEX-4T-1 plasmid. The GST
fusion proteins were expressed in E. coli and proteins were
quantified by the Bradford procedure. Unless otherwise speci-
fied, all pulldown experiments were performed in 50 mM Tris-
HCl, pH 7.5, 1.5 mM CaCl2, 2 �M CaM, 1.0 mM DTT, and 0.5 mM

MnCl2. GSH-agarose beads coated with GST or GST peptide
were incubated with brain lysates for 1 h at 4 °C with end-over
shaking. CN was detected by immunoblotting with anti-CNA
antibody, designated pan-calcineurin A antibody, at a 1:1000
dilution, or anti-GST antibody.

Plasmids encoding the pep3 peptide were fused to FLAG
through direct cloning of the overhang– double-stranded
annealed oligonucleotides into the pIRES2-EGFP vector. The
plasmid was transiently transfected into cells and expressed
EGFP and pep3-FLAG separately. This plasmid was kindly sup-
plied by Prof. Hailong Wang of Capital Normal University of
China. HEK293 cells transfected with the pep3-FLAG plasmid
were lysed in lysis buffer (pH 7.4, 50 mM Tris-HCl, 150 mM

NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 0.1 mM phenylmethyl-
sulfonyl fluoride, 2 mM DTT, 0.1% �-mercaptoethanol, and 1�
protease inhibitor). For immunoprecipitation, 50 �l of protein
A/G plus agarose beads (GE Healthcare) was incubated with
1:200 anti-DDDDK (anti-FLAG) tag mouse mAb (Abbkine,
Wuhan, China)/anti-mouse IgG (Abbkine) at 4 °C overnight.
After antibody additions were made to the cell lysates, the tubes
were rotated at 4 °C for 1 h. After centrifugation, the beads were
washed with PBS five times and boiled in 1� SDS Protein Load-
ing Buffer for Western blotting. The protein mixture was
loaded into the SDS-PAGE, fractionated at 80 volts for 30 min,
and then at 120 volts for 1.5 h and transferred onto polyvi-
nylidene difluoride membranes. Expressed CNA and pep3 were
detected by immunoblotting with anti-CNA antibody at a
1:1000 dilution and anti-FLAG antibody at a 1:5000 dilution.
The images were generated with a Tanon 5200 Imager.

Immunofluorescence of NFAT

HeLa cells were cultivated (37 °C, 0.05% CO2) on coverslips
clinging to the bottom of 12-well-plates over 12 h and cotrans-
fected with pep3-FLAG (p3�FLAG-CMV-10 vector) and
HA-NFATc3(3– 407)–GFP plasmids. After cultivation for
�18 –24 h, the cells were washed and fixed with pre-prepared
4% paraformaldehyde (Applygen Technologies Inc. Beijing,
China) at room temperature for 10 min and then permeated
with 0.3% Triton X-100 in PBS for 10 min. Next, 5% BSA was
diluted in PBS and incubated with cells at room temperature for
1 h. The anti-GFP mouse mAb (Abbkine, anti-GFP tag) was
diluted in 3% BSA and probed with the fusionally expressed
NFATc3-GFP at 4 °C overnight. The Alexa Fluor� 488-conju-
gated anti-mouse IgG (H�L) was applied at room temperature
for 1 h. The cell nucleus was stained with 5 mg/ml of Hoechst
33258 at room temperature for 10 min and incubated with an
antifluorescence quencher. The coverslips were observed via a
ZEISS LSM700 microscope system. The FITC image in this
study was obtained via the same procedure.

Flow cytometry

The incubated Jurkat cells were resuspended in 500 �l of PBS
and filtered using a flow cytometer tube to obtain a single cell
suspension. Then, the cells were collected, and the cells with
fluorescein (FITC)-conjugated peptide were counted by the
ACEA Flow Cytometry System (NovoCyte).

ELISA

The secreted IL-2 protein was detected by the IL-2 ELISA kit
(GeneTex Inc., San Antonio, TX). After centrifugation, 100 �l
of the cell medium and standard IL-2 were incubated in an IL-2
antibody-conjugated ELISA-specific plate at 37 °C for 90 min.
Then, 100 �l of biotin antibody, enzyme-conjugation, and
chromogenic substrate (tetramethylbenzidine) was diluted and
incubated at 37 °C, separately for 60, 30, and 15 min. The stop
solution was added, and the absorbance (OD450) of each well
was read by the Fluorescence Microplate System (Omega).

Complex structure modeling and simulation

The pep3-CN complex structure was built based on the pub-
lished crystal structure of the A238L-CN complex obtained
from the RCSB Protein Data Bank (PDB 4F0Z) (18). Pep3 was
built based on the structure of A238L by mutating the CN-
binding motif (residues 207 to 211) to “SVVVH” and the other
motif (residues 228 to 234) to “YLAVPQH.” Two additional
residues were included with the neutralized terminals at the N
and C terminals of the original structures.

A molecular dynamics simulation was performed to test the
structural stability of the CN-pep3 complex. For simulation, the
titration states of the ionizable residues (aspartate, glutamate,
lysine, arginine, histidine, and tyrosine) were assigned based on
the pKa predictions performed with PROPKA (14, 15). Almost
all the residues were in their default titration states, but only
Asp121 had to be changed to a protonation state. Using the
SOLVATE program, the system was dissolved in a box of water,
with at least 10 Å between the protein and the border of the box.
Then, 150 mM NaCl was used to neutralize the net charge of the
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system with the AUTOIONIZE plugin of Visual Molecular
Dynamics.

The simulation was performed using NAMD2, with the
CHARMM36 force field for proteins and ions, and the TIP3P
model for explicit water, using periodic boundary conditions to
perform all of the simulations with a time step of 2 fs. The
SHAKE algorithm was applied to fix the bond distances involv-
ing hydrogen atoms in the simulations. After an initial 10,000
steps of energy minimization with all the C� atoms fixed, the
system was equilibrated in an NVT ensemble (constant num-
ber, volume, and temperature) at 310 K for 500 ps. During the
process, all the protein C� atoms were restricted (k � 1 kcal/
mol/Å2) to allow the mitigation of the side chains and water. All
the following equilibrium simulations were conducted in an
NVT ensemble for 100 ns, restricting the active site to its con-
figuration in the crystal structure. The Langevin dynamics were
used to hold a constant temperature with a damping coefficient
� of 0.5 ps�1. We employed a cutoff distance of 12 Å to calculate
the short-range, nonbonded interactions, and the long-range
electrostatic forces were described by the particle mesh Ewald
(PME) method.

OVA-induced experimental asthma model

Female BALB/c mice at 6 – 8 weeks of age were maintained
under pathogen-free conditions at Beijing Normal University.
All animal experiments were performed in accordance with the
Institutional Animal Care and Use Committee guidelines. All
experimental procedures were approved by the Animal Ethics
Committee of College of Life Sciences, Beijing Normal
University.

On days 7 and 14 of the experiment, the mice were sensitized
by an intraperitoneal injection of 20 �g of OVA (Sigma-Al-
drich) absorbed in 2 mg of aluminum hydroxide (Thermo) in
normal saline. The mice were subsequently challenged four
times by intranasal administration of 1% OVA in saline every
day beginning on day 21. On each day of OVA challenge, the
mice were given 200 �g of pep3 (20 �l) or positive control CsA
(2.8 mg/ml, 20 �l) 2 h before the challenge.

Airway reactivity was assessed by MCh provocation testing
(34), whereas respiratory mechanics were recorded using inva-
sive lung function assessment (Buxco� FinePointeTM Resist-
ance and Compliance units; Data Sciences International, New
Brighton, MN). Mice were anesthetized with sodium pentobar-
bital (30 mg/kg; Sinopharm Chemical Reagent Co., Ltd.), tra-
cheotomized with a cannula, and mechanically ventilated with
140 breaths/min. Mice were allowed to stabilize for 3 min
before measurements started. MCh (acetyl-�-methylcholine
chloride; Sigma-Aldrich) provocation testing started with PBS,
followed by MCh aerosols with increasing concentrations (0,
0.78, 1.56, 3.12, 6.25, 12.50, and 25.00 mg/ml). Each aerosol
provocation lasted 30 s, followed by a 180-s incubation time.
Airflow and trans-pulmonary pressure in response to MCh
inhalation were recorded and analyzed with FinePointe Review
software (version 2.3.1.0; Data Sciences International), which
calculated airway resistance (cm H2O/ml/s). The animals were
sacrificed on day 25. The tissues were subjected to H&E stain-
ing (hematoxylin and eosin) and PAS staining (periodic acid-
Schiff) for morphometric analysis. Histopathological assess-

ment was performed in a blinded manner on randomized
sections. Inflammatory changes were graded using a semiquan-
titative scale of 0 –5 for perivascular eosinophilia and bronchio-
lar eosinophilia (35).

We repeated the experiment and next quantified the infil-
trating leukocytes in the bronchoalveolar lavage fluid
(BALF) by flow cytometry methods. The animals were sacri-
ficed on day 25, and the lungs were repeatedly washed with
PBS through a tracheal tube. Cells were stained with fluores-
cently labeled antibodies against CD45-PE/Cy7, CD11b-
FITC, and SiglecF-PE (BD Biosciences) (36). Analysis was per-
formed using a BD Flow Cytometer (FACSVantage SE). We
defined eosinophils in leukocytes as CD45�CD11b�SiglecF�.

Statistical analysis

To quantitatively assess marker protein distributions, we
used identical settings and exported them to ImageJ (NIH) to
take images for imaging analyses. The data were analyzed with
GraphPad Prism 5 using the mean � S.E. Statistical significance
was determined by comparing the means of different groups
and conditions using one-way analysis of variance (ANOVA),
followed by Tukey’s test; *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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