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The Ca2�/calmodulin-dependent protein phosphatase cal-
cineurin is a key mediator in antigen-specific T cell activation.
Thus, inhibitors of calcineurin, such as cyclosporin A or FK506,
can block T cell activation and are used as immunosuppressive
drugs to prevent graft-versus-host reactions and autoimmune
diseases. In this study we describe the identification of 2,6-
diaryl-substituted pyrimidine derivatives as a new class of cal-
cineurin inhibitors, obtainedby screeningof a substance library.
By rational design of the parent compoundwe have attained the
derivative 6-(3,4-dichloro-phenyl)-4-(N,N-dimethylaminoeth-
ylthio)-2-phenyl-pyrimidine (CN585) that noncompetitively
and reversibly inhibits calcineurin activity with a Ki value of 3.8
�M. This derivative specifically inhibits calcineurin without
affecting other Ser/Thr protein phosphatases or peptidyl prolyl
cis/trans isomerases. CN585 shows potent immunosuppressive
effects by inhibiting NFAT nuclear translocation and transacti-
vation, cytokine production, and T cell proliferation.Moreover,
the calcineurin inhibitor exhibits no cytotoxicity in the effec-
tive concentration range. Therefore, calcineurin inhibition
by CN585 may represent a novel promising strategy for
immune intervention.

The activation and the precise interplay between signaling
pathways are crucial for the successful initiation and progres-
sion of the immune response as a reaction of an antigen contact.
In T cells the stimulation of the T cell receptor by a specific
antigen leads to a calcium release from the intracellular stores
and to a calcium release-activated Ca2�channel-mediated cal-
cium influx into the cytoplasm which activates calmodulin and
thereby the Ser/Thr-protein phosphatase calcineurin (1). Con-
sequently, calcineurin represents a bottleneck in T cell receptor
signaling and allows the modulation of T cell activation by low
molecular compounds, such as cyclosporin A (CsA)2 or tacroli-
mus (FK506) (2). The cyclic undecapeptide CsA and the mac-
rolid FK506 bind to and inhibit the phosphatase activity of cal-
cineurin only after interaction with their respective peptidyl

prolyl cis/trans isomerases (PPIases), cyclophilins (Cyp), and
FK506-binding proteins (FKBP) through a gain-of-function
mechanism (3, 4). Based on their particular characteristic to
bind the immunosuppressive drugs CsA and FK506, members
of the Cyp and FKBP family of PPIases were also termed immu-
nophilins (5). Among themany known PPIases, themost abun-
dant isoforms, Cyp18 and FKBP12, were identified as major
intracellular acceptor proteins forCsA and FK506, respectively.
The PPIase activity of both enzymes is strongly inhibited by the
immunosuppressive drugs (6), leading to many of serious side
effects (e.g. nephrotoxicity, neurotoxicity, hypertension, fibro-
sis) that were observed in the prevention and therapy of graft-
versus-host reactions or autoimmune diseases (7–10). There-
fore, CsA derivatives, such as [DAT-Sar]3CsA, were
synthesized to obtain cyclophilin-independent calcineurin
inhibitors (11). However, [DAT-Sar]3CsA still inhibited PPIase
activity of Cyp18 in the nanomolar concentration range, albeit
the [DAT-Sar]3CsA�Cyp18 complex did not exhibit immunosup-
pressive properties. Furthermore, there are some CsA deriva-
tives, such as [MeVal]4CsA, that exclusively inhibit cyclophil-
ins without affecting calcineurin or suppressing the immune
response. Besides the intracellular calcium level, the enzymatic
activity of calcineurin is regulated by other proteins or oli-
gopeptides, such as DSCR1/2 (12), Cain/Cabin (13, 14), CHP
(15), Carabin (16), AKAP79 (17), and the autoinhibitory
domain of calcineurin itself (18). However, these endogenous
inhibitors and A238L, a protein from African swine fever virus
(19), do not penetrate the cell membrane and exhibit only a
limited proteolytic stability. Both circumstances exclude their
possible application as drugs in a clinical therapy. The natural
compounds okadaic acid andmicrocystin LRwere identified by
screening tests as potent inhibitors of protein phosphatase 1
(PP1) and protein phosphatase 2A (PP2A) and weak inhibitors
of calcineurin (20, 21). Moreover, chemical modification of
known protein phosphatase 1 and 2A inhibitors, such as can-
tharidin and endothall, resulted in derivatives with higher spec-
ificity for calcineurin (22). Nevertheless, all synthesized com-
pounds were still able to inhibit the PP1 and PP2A and,
therefore,many signal transduction pathways in the cell.More-
over, pyrethroid insecticides were described in the literature as
potent calcineurin inhibitors, but recent studies are at variance,
showing no calcineurin inhibition of this class of compounds
(23). Tyrosine kinase inhibitors from tyrphostin type exhibit a
calcineurin inactivating potency in the lowermicromolar range
but lack calcineurin specificity as well (24). In addition to the
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anti-HIV-1 replication inhibitory properties of ring-substituted
benzothiophen-2-carboxamides, a significant reduction of cal-
cineurin activity was measured (25). For the dihydroisobenzo-
furan dibefurin, a microbial metabolite of the strain AB 1650I-
759, an IC50 of 46�Mwas determined for calcineurin inhibition
(26). Although this natural compound has shown an influence
in the mixed lymphocyte reaction assay, the specificity of inhi-
bition remains unknown. The polyphenolic aldehyde gossypol
from cotton seed was identified by screening of a substance
library inhibiting calcineurin activity with an IC50 value of 15
�M (27). However, this compound also inactivates other cellu-
lar enzymes, such as dehydrogenases, protein kinases, steroido-
genic adrenal enzymes, cathepsin L, and topoisomerase II.
Recently, the natural flavonol kaempferol was identified in vitro
as a noncompetitive calcineurin inhibitor with an IC50 value of
52 �M (28).
In this study we describe the identification of 2,6-diphenyl-

substituted pyrimidine derivatives as a new class of calcineurin
inhibitors by screening of a compound library. The directed
side chain modification of the parent compound led to a deriv-
ative, CN585, exhibiting potent calcineurin inhibition and no
cytotoxic side effects. Accordingly, CN585 does not inhibit
other Ser/Thr protein phosphatases or PPIases. Furthermore,
the inhibitor showed strong immunosuppressive activity in
peripheral bloodmononuclear cells (PBMC) and Jurkat cells by
inhibiting calcineurin-dependent dephosphorylation of NFAT
(nuclear factor of activated T cells), intracellular cytokine pro-
duction, and T cell proliferation.

EXPERIMENTAL PROCEDURES

Materials—The expression of human calcineurin in Esche-
richia coli and the following purification procedure were per-
formed as described (29). Recombinant PP1 (rabbit muscle
�-isoform) and calmodulin were purchased fromMERCK, and
PP2C (human �-isoform) was from Biomol. PP2A was isolated
from porcine brain and purified to homogeneity as published
(30). The recombinant protein kinase A from bovine was pur-
chased from New England Biolabs. Human Cyp18, FKBP12,
and Pin1 were prepared as described elsewhere (31, 32). The
biotinylated and non-biotinylated RII peptide were synthesized
by solid peptide synthesis. All cell culture media and supple-
ments were purchased from BioWest.
Compound Library—For the identification of new cal-

cineurin inhibitors, a lead discovery library from Hans-Knöll
Institut (Jena, Germany) with 3000 synthetic, semisynthetic,
and natural compounds was screened. The screening was per-
formed in a 96-well format using a scintillation proximity assay
(27). For increasing the inhibitory potency and decreasing the
toxicity of the initial lead, a lead optimization library with 32
pyrimidine derivatives was synthesized. Identity and purity of
all compounds were controlled by high performance liquid
chromatography, mass spectrometry, and 1H NMR.
Phosphorylation and Purification of RII Peptide—The biotin-

ylated and nonbiotinylated 19-mer RII peptides derived from
the regulatory subunit RII of bovine protein kinase A (DLD-
VPIPGRFDRRVSVAAE-OH) were phosphorylated at the ser-
ine residue using the catalytic subunit of protein kinase A. The
reactionmixture for the phosphorylation of the biotinylatedRII

peptide contained 600 �M RII peptide, 100 �Ci of [�-33P]ATP,
650 �M ATP, and 17.5 kilounits of protein kinase A in a final
volume of 30 �l of buffer A (50 mM Tris/HCl, pH 7.5, 20 mM

MgCl2, 1 mM dithiothreitol). The mixture was incubated at
30 °C for 6 h. The nonbiotinylated RII peptide was phosphor-
ylated using 1 mM RII peptide, 1 mM ATP, and 50 kilounits of
protein kinase A in a final volume of 100 �l buffer A. The
mixture was incubated at 30 °C for 6 h. Complete stoichio-
metric phosphorylation was verified by mass spectrometry.
Both peptides were separated from ATP by a 1 ml of RP-C2

clean-up extraction column (Amchro). The column was equil-
ibrated using 1 ml of 70% (v/v) ethanol, 1 ml 70% (v/v) acetoni-
trile followed by 3 ml of H2O. After application of the phos-
phorylationmixture, the columnwas washed with 3ml of H2O,
and the peptide was eluted with 500 �l of 70% (v/v) acetonitrile
then lyophilized and dissolved in H2O before use.
Calcineurin Phosphatase Assay Using 33P-Labeled RII

Phosphopeptide—Calcineurin activity was measured using the
scintillation proximity assay as described previously (33, 34). In
brief, 300 nM calmodulin and 14 nM calcineurin were preincu-
bated in buffer B (40mMTris/HCl, pH 7.5, 100mMNaCl, 6 mM

MgCl2, 1 mM CaCl2, 500 �M Tris-(2-carboxyethyl)-phosphin-
hydrochloride (TCEP), 100 �g/ml bovine serum albumin) for
10 min at room temperature in a 96-well microtiter plate
(Costar). After this, 10 pmol of 33P-labeled RII phosphopeptide
was added to each well in a total assay volume of 100 �l and
incubated for different time periods at 30 °C. Then 90 �l of the
reaction mixture were transferred into a scintillation well
coated with streptavidin (PerkinElmer Life Sciences), and the
biotinylated RII peptide was allowed to bind onto streptavidin
for 20 min at room temperature. The wells were washed twice,
and RII peptide-associated 33P was measured in a MicroBeta
top counter (Wallac). Initial rates were calculated from the lin-
ear plots of the concentration of the dephosphorylated peptide
against incubation time. To ensure initial kinetics, dephosphor-
ylation was followed only 10% toward completion.
To determine the inhibition mode of inhibitors, biotinylated

RII phosphopeptide was used at constant concentrations of 100
nM, whereas the nonbiotinylated RII phosphopeptide was
added in the concentration range between 2.0 and 20 �M. This
RII phosphopeptide mixture exhibits a Km value of 20 �M as
determined by a Lineweaver-Burk plot (27). The calcineurin
used exhibits a kcat/Km value for RII phosphopeptide of 19.7
mM�1 s�1 (35). Initial rates of calcineurin activity were deter-
mined at varying RII phosphopeptide concentrations in the
presence of different inhibitor concentrations (0–20 �M). The
inhibitionmode and theKi value of the inhibitor were obtained
from Dixon Plot.
The reversibility was tested by plotting Vmax versus the con-

centration of calcineurin. Therefore, various calcineurin con-
centrations (4–28 nM)were incubatedwith 300 nM calmodulin,
1–10 �M inhibitor, and 100 nM 33P-labeled RII phosphopeptide
at 30 °C. The inhibitor acts reversible when all straight lines
exhibit a common point of intersection. An alternative
approach was the removal of inhibitor from enzyme-inhibitor
complex by dialysis. A preincubated mixture of 15 nM cal-
cineurin and 40 �M CN585 in assay buffer containing 100 nM
calmodulin was preincubated for 30 min. The mixture and a
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non-inhibited calcineurin control were placed in 3-kDa
MicroDialyzer (Pierce) and dialyzed against buffer B at 4 °C.
Phosphatase activities of the dialyzed enzyme or enzyme-
CN585 complex were determined using RII phosphopeptide
substrate.
The putative calcineurin binding site for CN585 was identi-

fied by kinetic measurements and curve simulation. Two theo-
retical binding curves were calculated by using DynaFit soft-
ware (36) according to a model of identical binding sites and a
model of different binding sites for CN585 andCyp18�CsA. The
simulated curves were compared with the measured simulta-
neous inhibition of calcineurin by CN585 and Cyp18�CsA.
Calcineurin Phosphatase Assay Using p-Nitrophenyl Phos-

phate (pNPP)—200 nM calcineurin were preincubated with dif-
ferent concentrations of CN585 or DMSO as controls for 15
min in buffer C (50 mM Tris/HCl, pH 8.0, 30 mM MgCl2, 5 mM

CaCl2, 100 �g/ml bovine serum albumin, 0.5 mM dithiothrei-
tol). The reaction was initiated by the addition of 10 mM pNPP.
The release of p-nitrophenolate caused by calcineurin-cata-
lyzed hydrolysis of pNPPwasmeasured at 405 nm by a Dynatec
MR7000 microtiter plate reader (Chantilly) at room tempera-
ture for 30 min. Initial slope k values of the reactions were
determined by linear regression and compared with DMSO
control.
Measurement of Other Ser/Thr-Protein Phosphatases—The

activities for the protein phosphatases PP2A and PP2C were
measured with RII phosphopeptide, as described for cal-
cineurin. To determine PP2C activity, 30mMMgCl2 was added
in buffer B. PP1was assayed by using 32P-labeled phosphorylase
a as substrate. The protein phosphatase activities were adjusted
to 20% dephosphorylation of the substrates.
Measurement of PPIase Activity—PPIase activity was deter-

mined with oligopeptide substrates using the protease-coupled
assay as described elsewhere (6). Typically, experiments were
performedwith PPIase concentrations in the lownM range. The
effect of the compounds on the PPIase activity was calculated
from the remaining activity after preincubation of the enzymes
and the compounds for 30 min at 22 °C.
Coprecipitation Experiments Using CN778 Affinity Matrix—

For preparation of the affinity matrix, 1 mg of CN778 was pre-
incubated with 400 �l of streptavidin-Sepharose (GE Health-
care) overnight at 25 °C under gentle agitation. The beads were
washed 5 times, resuspended in PBS, and incubatedwith 2�g of
calcineurin, calcineurin subunits, or 150 �l of Jurkat cell lysate
(5 mg/ml) in the presence or absence of 5 �M CsA�Cyp18 or
FK506�FKBP12 complexes for 3 h at 4 °C. Subsequently the
beads were washed with PBS, boiled in SDS sample buffer, and
separated by SDS-PAGE. The separated proteins were blotted
onto nitrocellulose membrane and probed with anti-cal-
cineurin antibody (Sigma).
Cell Culturing—Jurkat cells were obtained from DSMZ

Braunschweig (Germany) and cultured in RPMI 1640 supple-
mentedwith 10% (v/v) fetal calf serum and 2mM L-glutamine in
a humidified incubator at 37 °C and 5% (v/v) CO2. Stock solu-
tions of all compounds were in DMSO and added to a final
concentration of 0.5% (v/v) DMSO per sample.
Cytotoxicity Measurements—To test the cytotoxicity of the

2,6-diaryl pyrimidine derivatives, 5 � 106 Jurkat cells/ml were

incubated for 24 h with 20 �M concentrations of each com-
pound. Additionally, DMSO treated samples were used as con-
trols. The cytotoxicity was determined by flow cytometry using
the Guava ViaCount Kit (Guava Technologies, Hayward, CA).
NFAT-Luciferase Reporter Gene Assay—Jurkat cells were

transfected with a NFAT-luciferase reporter plasmid (Strat-
agene) by electroporation and cultured for 16 h. The cells were
preincubated with the compounds for 30 min and then stimu-
lated with 2 �M ionomycin and 100 nM PMA for 5 h. After cell
lysis, the level of extracted luciferase was determined by biolu-
minescence measurement using the luciferase assay system
(Promega). Additionally, pcDNA-lacZ was cotransfected, and
�-galactosidase activity was measured as the internal standard.
Intracellular Cytokine Production—Human PBMC from

healthy volunteers were isolated by Ficoll density gradient cen-
trifugation (37). For the experiments 5 � 106 cells/ml were
preincubated with different concentrations of CN585, 15 �M

CN675, 1 �M [MeVal]4CsA, or 1 �M CsA at 37 °C for 30 min in
a 24-well plate. The cells were stimulated with 2 �M ionomycin
and 100 nM PMA for 5 h with 5 �g/ml brefeldin A for the last
3 h. PBMC were fixed in PBS with 2% (m/v) paraformalde-
hyde for 20 min, permeabilized with 0.5% (m/v) saponin in
PBS supplemented with 1% (v/v) fetal calf serum, incubated
with anti- interleukin-2 (IL-2) fluorescein isothiocyanate-
conjugated antibody, and analyzed by flow cytometry (FACSort,
BD Biosciences).
Green Fluorescent Protein-NFAT Translocation Assay—

HeLa cells were transfected with a pEGFP-NFAT2–421 plasmid
by electroporation (Amaxa). Ten hours after the transfection
procedure, the cells were incubated for 45 min with CN585,
CN675, and CsA as the positive control and [MeVal]4CsA as
the negative control. The cells were stimulated by the addition
of 2 �M ionomycin, 100 nM PMA for 1 h, paraformaldehyde-
fixed, and stained with 4�,6-diamidino-2-phenylindole. All
fluorescence images were recorded with a cooled CCD camera
upon Nikon TE200 fluorescence microscope and analyzed by
analySIS software (Soft Imaging System) (38).
Proliferation of PBMC—Human PBMC were labeled with 5

�M 5,6-carboxyfluorescein diacetate succinimidyl ester and
incubated with the compounds as indicated 20 min at 37 °C.
Afterward the PMBC (2 � 106 cells/ml) were stimulated with
plate-bound anti-CD3 plus anti-CD28 antibodies (BD Pharm-
ingen) and cultured for 5 days. All samples were directly ana-
lyzed on viable cells by flow cytometry (FACSort). The portion
of proliferating cells was determined by using ModfitLT soft-
ware (Verity Software).

RESULTS

CN585 Potently Inhibits Calcineurin Activity—To identify
new calcineurin inhibitors that can act as potent immunosup-
pressive drugs, a compound library of synthetic low molecular
mass compoundswas screenedby determining the inhibition of
calcineurin-catalyzed dephosphorylation of RII phosphopep-
tide. In the first screening round we identified 4-(N,N-dimeth-
ylamino-propylamino)-2,6-diphenyl-pyrimidine (CN391) as a
potential calcineurin inhibitor, with an IC50 value of 30 �M.
Based on this compound, several derivatives were synthesized
and tested for their inhibitory efficacy in the RII phosphopep-
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tide-based calcineurin activity assay (Table 1).With the applied
synthesis strategy several derivatives were obtained with an
improved inhibitory potency against calcineurin. However,
some derivatives exhibited no (CN675 and CN448) or a weaker
(CN676) calcineurin inhibition comparedwith the parent com-
pound CN391. Thus, derivatives possessing chlorine atoms as
R4 and R5 and sulfur and nitrogen as R1 (CN584, CN585)
showed an improved calcineurin inhibitory potency, whereas
an oxygen atom at position R1 did not increase inhibitory effi-
cacy (CN392). Furthermore, compounds lacking a tertiary
amino group at position R2 exhibit higher IC50 values.

To develop novel immunosuppressive drugs on the basis of
calcineurin inhibition that exhibit no adverse effects, cytotox-
icity of the synthesized pyrimidine derivatives was tested in
Jurkat cells using the Guava ViaCount assay kit. In comparison
to CN391, CN585 showed no significant cytotoxic effect with a
survival rate of 94� 10% but was still able to inhibit calcineurin
activity with an IC50 of 3.5 �M. Because CN585 exhibited the
best inhibition/cytotoxicity ratio, the compound was selected
for further characterization.
In addition to the standard phosphatase assay with RII phos-

phopeptide (Fig. 1A), the influence of CN585 on calcineurin
was measured using the small artificial substrate pNPP (Fig.
1B). In contrast to the RII phosphopeptide assay, CN585
showed only minor inhibition of calcineurin-catalyzed hydro-

lysis of pNPP. Moreover, the same extent of decrease was
observed for CN675, which was used as negative control in all
inhibition and cell experiments, as CN675 does not inhibit cal-
cineurin activity against RII phosphopeptide and has exhibited
no cytotoxicity.
Calcineurin Inhibition by CN585 Is Calmodulin-indepen-

dent, Reversible, and Non-competitive—To test whether the
calcineurin inhibition byCN585 ismediated by interferingwith
the Ca2�/calmodulin-dependent activation, the calcineurin
activity was monitored in the presence of CN585 and various
concentrations of calmodulin. As shown in Fig. 2, calmodulin
concentrations in the range of 50–200 nM had no influence on
the IC50 value of calcineurin inhibition.

To exclude an irreversible inhibition of calcineurin by an
inhibitor-induced covalent chemical modifications or protein
denaturation, a dialysis experiment was performed. A preincu-
bated mixture of calcineurin and CN585 was dialyzed in a
MicroDialyzer with a 3-kDa cutoff membrane against buffer A
at 4 °C. Aliquots of dialyzed samples were assayed using RII

FIGURE 1. Influence of CN585 and CN675 on calcineurin phosphatase
activity. Calcineurin activity was measured in phosphatase assays using 33P-
labeled RII phosphopeptide (A) or pNPP (B) as substrates in the presence of
increasing concentrations of CN585 (closed circle) or CN675 (open circle). The
data presented are the percent activity of a DMSO-containing control as
means � S.D. of three independent measurements.

TABLE 1
Structures of the synthesised 2,6-diaryl-substituted pyrimidine
derivatives

1 Phosphatase assay with RII phosphopeptide as substrate (S.D. � 10%).
2 Cytotoxicity of the 20 �M compound against Jurkat cells after 24 h of incuba-
tion (propidium iodide-permeable cells, DMSO as control; S.D. � 10% of
triplicates).

3 n.i., measured calcineurin inhibition at 20 �M was �3%.
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phosphopeptide substrate. Moreover, reference activity was
determined in a calcineurin sample treated similarly but lacking
CN585. As shown in Fig. 3A, the inhibition was completely
reversible. Additionally, a kinetic analysis using different con-
centrations of calcineurin and CN585 was performed (Fig. 3B).
Therefore, Vmax was plotted versus calcineurin concentration
for each CN585 concentration. As revealed, the straight lines
have a common point of intersection, and the slopes of the lines
decrease with increasing CN585 concentration, indicating a
reversible inhibition type.
To determine theKi value and themode of inhibition, a series

of kinetic experiments with a mixture of biotinylated and non-
biotinylated RII phosphopeptide was performed (Fig. 4). TheKi
value of 3.8 � 0.3 �M obtained from the Dixon plot was similar
to the determined IC50 value of 3.5 � 0.4 �M at 100 nM sub-
strate, as shown in Fig. 1A. Furthermore, a non-competitive
type of inhibition can be inferred from the Dixon plot (Fig. 4A)
(66). To clearly distinguish between the non-competitive and
the mixed, uncompetitive, and competitive inhibition type, we
additionally plotted [S]/v against the inhibitor concentration as
described by Cornish-Bowden (39). Also in this plot (Fig. 4B),
the intersection point occurs on the abscissa, indicating a sim-
ple non-competitive inhibition.
CN585 Binding onto Calcineurin—To encircle the putative

CN585 binding site, the calcineurin activity was measured in
the simultaneous presence of 3 �M CN585 and 10 �M CsA at
varying Cyp18 concentrations (Fig. 4B). These conditions
allowed testing whether the inhibitors bind to either identical
or independent binding sites. Calcineurin was inhibited more
efficiently in the presence of both compounds compared with
Cyp18�CsA alone. However, the residual calcineurin activity
should be different for both inhibition models where a lower
degree of inhibition can be expected for competition at identi-
cal binding sites (Fig. 4C, long dash) compared with indepen-
dent binding sites (dash-dot-dot). Therefore, both curves were
simulated using DynaFit software and compared with the

experimental data. A close fit of the experimental data and the
calculated curve for identical binding sites can be observed,
indicating that CN585 and Cyp18�CsA share similar or the
same calcineurin binding site. Next, we were interested in
whether the regulatory B subunit of calcineurin is necessary for
CN585 binding. Therefore we performed binding assays with
the isolated catalytic subunit, calcineurin A, and the regulatory
subunit calcineurin B. These experiments revealed that the
inhibitor matrix interacts predominantly with the calcineurin
A/calcineurin B heterodimer and the isolated catalytic subunit
of calcineurin (Fig. 5B). The B subunit shows only very weak
interaction. Moreover, the Cyp18�CsA complex, but not the
FKBP12�FK506 complex, interferes with calcineurin binding to
thematrix, indicating that theCyp18�CsAcomplex shares com-
mon or overlapping binding sites on the catalytic subunit of
calcineurin (Fig. 5C).

FIGURE 2. Effect of calmodulin on CN585-mediated calcineurin inhibi-
tion. Calcineurin inhibition by various CN585 concentrations was measured
in the presence of 50 nM (square), 100 nM (diamond), and 200 nM (triangle)
calmodulin using the RII phosphopeptide substrate. Initial rates of calcineurin
activity were plotted against the inhibitor concentration. The data presented
are the means � S.D. of three independent experiments.

FIGURE 3. Calcineurin inhibition by CN585 is reversible. A, a preincubated
mixture of 15 nM calcineurin and 40 �M CN585 in assay buffer containing 100
nM calmodulin was used to examine the reversibility of inhibition in a dialysis
experiments. The mixture and a non-inhibited calcineurin control were
placed in a 3-kDa MicroDialyzer and dialyzed. Initial rates of calcineurin activ-
ity of the dialyzed enzyme or CN585-enzyme complex were determined
using RII phosphopeptide substrate. B, additionally, initial rates of 4 –28 nM

calcineurin preincubated with calmodulin, 1–10 �M CN585, and 33P-labeled
RII phosphopeptide were measured at 30 °C. Vmax was plotted versus the con-
centration of calcineurin. In the case of a reversible inhibitor, all straight lines
have a common point of intersection. The data shown are the means � S.D. of
three independent experiments.

Calcineurin Inhibition by CN585

1892 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 3 • JANUARY 15, 2010



CN585 Specifically Inhibits Calcineurin Activity—All four
main Ser/Thr protein phosphatases (PP1, PP2A, PP2B, and
PP2C) exhibit a high degree of sequence homology and share
common structural features in the active site (21). Therefore,
the inhibition of the four protein phosphatases by CN585
was tested in phosphatase assays with specific substrates
(Table 2). It is noteworthy that CN585 inhibits calcineurin
exclusively, whereas no other phosphatase was affected by
the inhibitor.
Because calcineurin inhibition by the immunosuppressive

drugs FK506 and CsA is mediated by prior binding to cellular
PPIases, we analyzed whether the CN-compound influences
the PPIase activity of Cyp18, FKBP12, and Pin1 that represents
the prototypic members of the three human PPIase families
(40). In contrast to CsA or FK506, the small compound CN585
did not inhibit one of the PPIases (Table 3).
To test the capability of CN585 to interact with endoge-

nous calcineurin, CN778, a biotinylated derivative of CN585,
was synthesized and immobilized onto streptavidin-Sepha-
rose. The CN778 affinity matrix was incubated with recom-
binant calcineurin or with Jurkat cell lysate in the presence of
CN585 or CN675. Subsequently, the proteins bound to the
matrix were analyzed by SDS-PAGE and Western blot using
an anti-calcineurin antibody. The evaluation of the blot (Fig.
5A) revealed that recombinant and authentic calcineurin
bind to the CN778 matrix. The addition of CN585 to the
sample significantly reduced the amount of bound cal-
cineurin. In contrast, CN675 had no influence on the cal-
cineurin/CN778 interaction.
CN585 Exhibits Potent Immunosuppressive Activity—The

determination of calcineurin activity in cells is difficult
because other Ser/Thr protein phosphatases and alkaline
phosphatase are present and interfere with the calcineurin
phosphatase assays. Nevertheless, the transcription factor
NFAT represents the only substrate that is specifically
dephosphorylated by calcineurin (41). The phosphorylated
NFAT is localized in the cytosol and undergoes conforma-
tional changes upon calcineurin-mediated dephosphoryla-
tion. Thereby a nuclear localization sequence becomes
accessible, and the affinity to specific DNA sequences
increases. Furthermore, NFAT translocates into the nucleus
and activates the transcription of genes, such as interleu-
kin-2. To visualize calcineurin activity in cells, HeLa cells
were transfected with a NFAT2–417-green fluorescent pro-
tein expression plasmid and stimulated with PMA and iono-
mycin. HeLa cells have a higher cytosol/nucleus ratio and
were used instead of T cells in this experiment. As shown in
Fig. 6, the truncated NFAT migrated into the nucleus in
response to the stimuli. In contrast to the non-immunosup-
pressive [MeVal]4CsA, the immunosuppressant CsA pre-
vented NFAT translocation. CN585 exhibited a comparable
effect on nuclear translocation, whereas CN675, which does
not inhibit calcineurin activity, had no influence on NFAT
localization.

FIGURE 4. Analysis of the inhibition type and putative calcineurin binding
site. Inhibition type of CN585 was evaluated using substrate concentration
from 2.1 to 20.1 �M RII phosphopeptide mixture containing 100 nM biotiny-
lated and 0.5–20 �M nonbiotinylated RII phosphopeptide. The inhibition
mode and the Ki value of CN585 were determined by plotting 1/v against
CN585 (Dixon plot) (A) and by plotting [S]/v against CN585 (B). C, to obtain
indications about the CN585 binding site on calcineurin, the phosphatase
was simultaneously inhibited with CN585 and increasing concentrations of
the Cyp18�CsA complex. Measurements were performed using 33P-labeled RII
phosphopeptide, 3 �M CN585, 10 �M CsA, and various Cyp18 concentrations.
Because of the high affinity between Cyp18 and CsA, the concentration of
the Cyp18�CsA complex is identical to the applied Cyp18 concentration.
Moreover, by using DynaFit software, two theoretical binding curves were
calculated according to a model of identical binding sites (long dash) and
a model of different binding sites (dash-dot-dot) of CN585 and Cyp18�CsA.
The shape of the measured curves (solid line) clearly indicates a binding on
identical or overlapping binding sites of both inhibitors. Moreover, the

concentration-dependent inhibition of calcineurin by Cyp18�CsA and CN585
alone is also displayed in the figure. All experimental data presented are the
means � S.D. of three independent experiments.
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Moreover, the NFAT transactivation activity was investi-
gated in a luciferase reporter gene assay. As shown in Fig. 7A,
CN585 decreased NFAT reporter gene activity in a concen-
tration-dependent manner with an IC50 value of 10 � 3 �M. In

contrast, in the presence of CN675, no effects on luciferase level
can be observed. Furthermore, a similar behavior was observed
for the control [MeVal]4CsA (data not shown).
Additionally, the influence of CN585 on IL-2 production inT

cells was determined after stimulation of PBMC with PMA/
ionomycin. The following flow cytometric analysis of intracel-
lular cytokine production allows the discrimination between
IL-2-producing and non-producing T cells (42). As shown in
Fig. 7B, CsA as well as CN585 application significantly reduced
the number of IL-2-producing cells. Moreover, the inhibition
by CN585 was concentration-dependent with an IC50 value of
13 � 2 �M. The control compounds CN675 and [MeVal]4CsA
were ineffective in this assay.
The proliferation of T cells as a result of increased cytokine

production is an important process in immune response. There-
fore, we testedwhether CN585 is able to block the proliferation of
anti-CD3/CD28-stimulated T cells. In this experiment human
PBMCwere labeledwith 5,6-carboxyfluorescein diacetate succin-
imidyl-ester, allowing thediscriminationanddeterminationof cell
numbers in individual generations of proliferating T cells by flow
cytometry (Fig. 8) (43). Therewithal, CN585 decreased the num-
ber of proliferatingTcells after stimulationwithplate-boundanti-
CD3/CD28 antibodies in a concentration-dependent manner
with an IC50 value of 9.4 � 1.1 �M.

DISCUSSION

Besides the potent immunosuppressive drugs CsA and
FK506, glucocorticoids and cytotoxic compounds, such as
azathioprine or mycophenolate mofetil, are widely used in
the prevention of graft-versus-host reactions and in the ther-
apy of serious autoimmune diseases (44). However, these
immunosuppressive agents have many serious side effects
such as nephrotoxicity (7), hypertension (45), hyperlipid-
emia (46), neuropathies (47), and an increased risk for dia-
betes mellitus type II (48). Therefore, the development of
new strategies and safer immunosuppressive drugs is abso-
lutely necessary.
Our study describes the development of an immunosuppres-

sive drug that, in contrast to CsA and FK506, only exhibits

FIGURE 5. Coprecipitation of recombinant and endogenous calcineurin
using CN778 affinity matrix. A, biotinylated CN585 derivative, CN778, was
immobilized onto streptavidin-Sepharose. Beads were incubated with re-
combinant calcineurin or Jurkat cell lysate in the presence and absence of
CN585 or CN675 for 3 h at 4 °C. Recombinant calcineurin (CaN) and endoge-
nous calcineurin of Jurkat cells interacts with the affinity matrix. CN585 inter-
feres with calcineurin binding, whereas the non-inhibitory compound CN675
has no effect on calcineurin interaction. B, binding of calcineurin subunits
onto the CN778 matrix is shown. The catalytic subunit of calcineurin A (CaN A)
and the regulatory subunit B (CaN B) were incubated separately or together
with the immobilized CN778. The regulatory subunit shows no interaction
with the inhibitor, whereas the catalytic subunit interacts with the inhibitor
matrix. C, shown is competition of calcineurin interaction to CN585 by
CsA�Cyp18 and FK506�FKBP12 complexes. CN778 affinity matrix was incu-
bated with Jurkat cell lysate, and after several washing steps, CsA�Cyp18 and
FK506�FKBP12 complexes were added. In the case of CsA�Cyp18, calcineurin
binding to the beads was strongly diminished, whereas the FK506�FKBP12
had no effect on calcineurin interaction. Biotin-saturated streptavidin-Sepha-
rose was used as control. Subsequently, the matrix was washed with PBS and
boiled in SDS sample buffer, and bound proteins were separated by SDS-
PAGE. The proteins were blotted onto nitrocellulose membrane, probed with
anti-calcineurin antibody, and analyzed by ECL reaction.

TABLE 2
Enzymatic activity of the main Ser/Thr-protein phosphatases in the
presence of CN585

Phosphatase activity
10 �M CN585 100 �M CN585

% of untreated control (S.D. � 10%)
PP1 95 91
PP2A 98 103
PP2B (calcineurin) 14 3
PP2C 102 96

TABLE 3
PPIase activity of prototypic representatives of the three human
PPIase families after preincubation with CN585

PPIase activity
10 �M CN585 100 �M CN585

% of untreated control (S.D. � 10%)
Cyp18 104 107
FKBP12 97 93
Pin1 104 94
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calcineurin inhibitory activity but no inhibition of immunophi-
lins. Even though the contribution of cyclophilin inhibition to
toxic CsA effects is not well understood because most of the
studies donot differentiate between calcineurin and cyclophilin
inhibition, a specific calcineurin inhibitory drug should exhibit
an improved adverse effect profile. For example, it was shown
that CsA-caused nephrotoxicity is mediated by inhibition of
cyclophilin activity. Hong et al. (49) demonstrated that Cyp18
wild type but not the inactive Cyp18 R55A variant protects
nephrons for toxic effects of CsA in transgenicmice.Moreover,
it was shown that inhibition of cyclophilin activity but not cal-
cineurin activity leads to myopathies by blocking differentia-
tion and inducing apoptosis at an early stage of muscle differ-
entiation (50). Additionally, CsA-induced endothelial cell

damages are mediated by inhibition
of cyclophilin activity (51). Cara-
melo et al. (51) demonstrated that
cyclosporin derivatives (e.g.
[MeVal]4CsA) that do not inhibit
calcineurin cause similar endothe-
lial cell defects as the parent com-
poundCsA. Interstitial andmyocar-
dial fibrosis represent other serious
adverse effects of CsA that are
caused bymechanisms independent
of calcineurin inhibition (52).
Thereby, CsA treatment increased
the concentration and content of
collagen in ventricles of trans-
planted and recipient hearts. CsA-
induced gingiva hyperplasia is also
connected with increased collagen
levels due to the CsAmediated inhi-
bition of collagen phagocytosis (53).
The nephro- and myocardial toxic-
ity of CsA represents a big drawback
of the substance, as it reduces signif-
icantly the survival rates of trans-
planted organs.
To develop new low molecular

weight inhibitors of calcineurin that
can act as immunosuppressive drugs,
we screened a substance library and
identified the pyrimidine derivative
CN391 as a calcineurin inhibitory
compound. Moreover, by rational
design several derivatives were syn-
thesized with the aim of increasing
the inhibitory potency and minimiz-
ing the cytotoxicity (Table 1). The
compound CN585 exhibited the
highest inhibition/cytotoxicity ratio
andwas, therefore, further character-
ized. CN585 inhibited calcineurin
with an IC50 value of 3.5�Musing RII
phosphopeptide as the phosphatase
substrate (Fig. 1A). Moreover, a
reversible inhibition mode was dem-

onstratedbykineticanalysis anddialysis experiments (Fig. 3,Aand
B). Consequently, CN585 represents themost effective andprom-
ising direct lowmolecular weight inhibitor of calcineurin hitherto
described. Other direct calcineurin inhibitors, such as gossypol,
tyrphostin derivatives, or ring-substituted benzothiophen-2-car-
boxamides exhibit slightly weaker inhibition efficacy and lack cal-
cineurin specificity as well.
The identification of pyrimidine derivatives as calcineurin

inhibitors was completely new, as there were no previous indi-
cations for an interaction of pyrimidine derivativeswith protein
phosphatases. However, several pyrimidine derivatives were
synthesized and investigated, so far exhibiting a broad range of
biological activities. For example, N-3-substituted pyrimidino-
nes are potent AT1-selective angiotensin II receptor antago-

FIGURE 6. Influence of CN585 on NFAT translocation in HeLa cells. HeLa cells were transfected with a green
fluorescent protein-NFAT2– 417 expression plasmid by electroporation. Ten hours after transfection cells were
incubated for 45 min with CN585, CN675, or CsA as positive and [MeVal]4CsA as negative controls. Then cells
were stimulated with PMA/ionomycin for 1 h, paraformaldehyde-fixed, and 4�,6-diamidino-2-phenylindole-
stained. The fluorescence images were recorded with a CCD camera upon Nikon TE200 epifluorescence micro-
scope. The experiment was repeated two times with similar results.
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nists (54), and 2- or 4-(4-methylpiperazino) pyrimidines were
described as 5-HT2A receptor antagonists (55). The pyrrolo-
[2,3] pyrimidines are effective inhibitors of the protein-tyrosine
kinase JAK3 (56). Moreover, it was demonstrated that pyrido-
thienopyrimidinesandpyrimidineamidesareeffectiveantiallergic
compounds (57, 58). Several synthesized pyrimidine derivatives
exhibit potent antiviral and bacteriostatic properties (59, 60). Fur-
thermore, for aziridino- and acridino pyrimidines a strong cyto-
toxicity against cancer cells was described (61, 62).
In contrast to many potent protein phosphatase inhibitors,

CN585 inhibits calcineurin highly specific without affecting
other Ser/Thr protein phosphatases even though the catalytic
subunits of the PPP family members exhibit significant

sequence homology (63). This specificity for calcineurin can be
explained with an inhibitor binding site that is remote from the
active site, as shown for the Cyp18�CsA and FKBP12�FK506
complexes exhibiting strong specificity for calcineurin as well.
Moreover, in contrast to active site-directed inhibitors, such as
okadaic acid, CN585 did not inhibit the calcineurin activity
toward the small artificial substrate pNPP, which can enter the
active site evenwhen the autoinhibitory domain is bound to the
active site (Fig. 1B). It is remarkable that Cyp18�CsA and
FKBP12�FK506 complexes do not inhibit calcineurin phospha-
tase activity toward pNPP (11), as well indicating a similar bind-
ing site of CN585. Moreover, like Cyp18�CsA, CN585 inhibits
calcineurin non-competitively, also supporting the hypothesis
of CN585 binding to a site influencing or overlapping with that
of the Cyp18�CsA complex. In fact, the competition experi-
ment and curve simulations (Fig. 4B) support also the
hypothesis that both complexes exhibit similarity in the way
to block calcineurin-catalyzed dephosphorylation. Experi-
ments using CN778 affinity matrix revealed that the catalytic
subunit interacts strongly with the matrix, whereas the reg-
ulatory subunit of calcineurin exhibits only very weak bind-
ing to the immobilized inhibitor, suggesting that the B sub-
unit is not required for interaction with CN585. However, it
cannot be inferred from these results that CN585 does not
possess interaction sites on the B subunit, as in the case of
the immunophilin-immunosuppressant drug complex, the B
subunit is necessary but also not sufficient to mediate inter-
action with the Cyp18�CsA complex (64).
To exclude the possibility that calcineurin inactivation by

CN585 is mediated by disturbing the stability or formation
of the Ca2�-calmodulin-calcineurin complex, kinetic experi-
ments with different calmodulin concentrations were per-
formed (Fig. 2) revealing independence of the calcineurin inhi-
bition constant from the calmodulin concentration. In contrast
to the immunosuppressive drugs, the enzymatic activity of the
prototypic PPIases Cyp18, FKBP12, and Pin1 was not influ-
enced byCN585 (Table 3) introducing the compound as amore
specific probe for calcineurin function and finally immunosup-
pression than CsA or FK506. Further advantages of CN585
compared with peptidic or proteinaceous inhibitors are a high
cell permeability and proteolytic stability.
To study the immunosuppressive activity of CN585 in cell-

based assays, we first investigated whether CN585 binds to
endogenous calcineurin, because kinetic analyses were exclu-
sively performedusingrecombinantenzyme.Therefore,CN778, a
biotinylated derivative of CN585, was immobilized and incu-
bated with Jurkat cell lysate in the presence and absence of
CN585 or CN675. In this experiment binding of endogenous
calcineurin to the CN778 affinity matrix was demonstrated
clearly (Fig. 5). Furthermore, only the addition of CN585 inter-
fered with CN778/calcineurin interaction, indicating an iden-
tical binding site of both compounds on calcineurin.
For the purpose of evaluating immunosuppressive properties

of CN585, we investigated calcineurin inhibition in cells. The
determination of cellular calcineurin activity is difficult because
calcineurin activity in Jurkat cells is about 3% that of the total
phosphatase activity toward RII phosphopeptide (data not
shown). Therefore, we examined the immunosuppressive

FIGURE 7. CN585 decreases NFAT reporter gene activity and reduces
intracellular IL-2 production of stimulated PBMC. A, Jurkat cells were
transfected with a NFAT-luciferase reporter plasmid by electroporation. The
cells were preincubated with the compounds for 30 min and then stimulated
with PMA/ionomycin for 5 h. After cell lysis the level of extracted luciferase
was determined by using luciferase assay system. Additionally, pcDNA-lacZ
was cotransfected, and �-galactosidase activity was measured as internal
standard. B, Ficoll-isolated human PBMC (5 � 106 cells/ml) were preincubated
with various concentrations of CN585, 15 �M CN675, or 1 �M CsA at 37 °C for
30 min in a 24-well plate. Subsequently, cells were stimulated with PMA/
ionomycin (iono) for 5 h and for the last 3 h in the presence brefeldin A. PBMC
were fixed in paraformaldehyde, permeabilized with 0.5% saponin in PBS/
fetal calf serum, incubated with anti-IL-2 fluorescein isothiocyanate-conju-
gated antibody, and analyzed by flow cytometry. The data presented are the
means � S.D. of three independent experiments.
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activity of CN585 by monitoring the dephosphorylation of the
specific calcineurin substrate NFAT in cell-based assays (41).
After calcineurin-catalyzed dephosphorylation, NFAT under-
goes conformational changes leading to an accumulation in the
nucleus, increased DNA binding, and gene transcription (65).
In PMA/ionomycin-stimulated HeLa cells, CN585 reduced the
migration of green fluorescent protein-NFAT2–417 into the
nucleus significantly. A comparable effect was observed for
CsA (Fig. 6). Besides theNFAT translocation assay, a luciferase-
coupled NFAT reporter gene assay was used to study CN585
effects on NFAT activation.
This experiment revealed potent immunosuppressive prop-

erties of CN585 as well. CN585 and CsA significantly inhibited

NFAT transcriptional activation, whereas the calcineurin-
inactive compound CN675 does not (Fig. 7A). Moreover, in a
cytokine production assay using human PBMC, CN585
reduced the number of IL-2-producing cells after PMA/iono-
mycin stimulation in a concentration-dependent manner (Fig.
7B). In contrast, CN675 had no effect on intracellular IL-2 pro-
duction. CN585 also decreased the proliferation of anti-CD3/
anti-CD28 antibody-stimulated human T cells concentration-
dependently, whereas CN675 was ineffective (Fig. 8).
In this studywe describe a novel potent and specific inhibitor

of the protein phosphatase calcineurin that does not inhibit
other protein phosphatases or PPIases, is cell-permeable, and
shows no cytotoxicity against Jurkat cells. Moreover, the com-

FIGURE 8. Influence of CN585 on proliferation of stimulated PBMC. Human PBMC were prepared using Ficoll density gradient, labeled with 5,6-carboxy-
fluorescein diacetate succinimidyl ester, and incubated with 1 �M CsA, various CN585 concentrations, 7 �M CN675, or DMSO as control. Afterward, the PMBC
(2 � 106 cells/ml) were stimulated with plate-bound anti-CD3/anti-CD28 antibodies and cultured for 5 days. All samples were directly analyzed on viable cells
by flow cytometry, and individual generations were calculated using ModFitLT software. The experiment was repeated three times with similar results.
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pound exhibited potent immunosuppressive properties in dif-
ferent cell assays. Therefore, the pyrimidine derivative CN585
may have the potential to prevent graft-versus-host reactions
and suppresses autoimmune diseases.
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