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ABSTRACT: The direct protein-protein interaction between the phosphatase calcineurin and transcription
factor NFAT plays important roles in a number of crucial mammalian cell signaling and regulatory events,
such as activation of T cells and developmental genetic programs. In this paper, we report on the
identification of small organic molecules for the targeted disruption of the NFAT-calcineurin interaction
in Vitro. In the preceding paper (21), we devise a theoretical and procedural framework for high-throughput
fluorescence polarization screens to aid in this effort. The results presented here ground on this work and
illustrate the stringency and successful general applicability of our approach. The identified compounds
provide valuable molecular tools for probing calcineurin signaling and for the NFAT-specific inhibition
of calcineurin in cells and organisms.

The targeted manipulation of protein-protein interactions
by small molecules is rapidly gaining importance in the
development of biological tools for dissecting living pro-
cesses on a molecular level and for the discovery of
conceptually novel drugs (1-6). A particularly interesting
example, from a fundamental biological perspective and of
great medical and therapeutic significance, is the interaction
between the serine/threonine phosphatase calcineurin (Cn)1

and the nuclear factor of activated T cells (NFAT) (7-14).
The calcium- and calmodulin-mediated dephosphorylation

of NFAT by Cn triggers the nuclear translocation of
transcription factor NFAT and initiates the transcription of
crucial target genes involved in processes such as activation
of the immune system or developmental genetic programs
(7, 12). Inappropriate activation of Cn is intimately linked
to important states of disease, e.g., rejection of organ
transplants, autoimmunity, or cardiac hypertrophy (15-19).
Hence, it would be greatly significant to be able to specif-
ically manipulate this signaling pathway.

The current strategic dogma for the pharmacological
disruption of enzyme-substrate interactions is the complete
inhibition of enzymatic activity. In the case of Cn, such is

the mechanism of action of the powerful immunosuppressive
drugs cyclosporin A and FK506 (19). However, multisub-
strate enzymes such as Cn, which can act upon a diverse
array of substrates besides NFAT (depending on cell type,
intracellular localization, or signaling state), are shut down
indiscriminately by this approach (14). Moreover, it is
thought that many undesired or toxic side effects may arise
from this nonselective strategy (19).

An entirely different line of attack is to directly target and
disrupt the protein-protein interaction between the enzyme
and a specific substrate, while leaving the catalytic func-
tionality of the enzyme intact. The conceptual advantage of
such a tactic is that other classes of substrates of the given
enzyme could still be treated physiologically, since the
inhibition would be substrate-specific. We have recently
introduced this idea as substrate-selective enzyme inhibition
(SSEI) (20).

Here, we provide a detailed quantitative analysis of the
identification and validation of selective inhibitors of the
NFAT-Cn interaction. This analysis employs our theoretical
and procedural framework for protein-protein interaction
assays based on fluorescence polarization (FP), which is
described in the preceding paper (21). We apply our new
concepts to the focused identification and characterization
of small-molecule inhibitors of NFAT-Cn association
(INCAs) in Vitro, with both complete and incomplete
dissociation capabilities. The compounds are promising tools
for the study of cell signaling and can serve as lead scaffolds
for the development of conceptually novel drugs.

ASSAY DEVELOPMENT

High-throughput (HTP) FP assays are typically designed
to faithfully model protein-protein interactionsin Vitro. The
initial steps of assay development are preparation and

† Support from the NIH (Grants GM038608 and AI037581 to G.W.)
is gratefully acknowledged. Purchase and maintenance of equipment
used for this research were supported by NIH Grants RR000995 and
GM047467.

* To whom correspondence should be addressed: Department of
Biological Chemistry and Molecular Pharmacology, Building C1,
Harvard Medical School, 240 Longwood Ave., Boston, MA 02115.
E-mail: gerhard_wagner@hms.harvard.edu. Phone: (617) 432-3213.
Fax: (617) 432-4383.

‡ Harvard Medical School.
§ Harvard University.
| Brigham and Women’s Hospital.
1 Abbreviations: Cn, calcineurin; FP, fluorescence polarization; HTP,

high-throughput; NFAT, nuclear factor of activated T cells; OG, Oregon
Green.

16067Biochemistry2004,43, 16067-16075

10.1021/bi048232o CCC: $27.50 © 2004 American Chemical Society
Published on Web 11/26/2004



validation of the labeled probe. In the case of the NFAT-
Cn interaction, we used the VIVIT peptide system as a
surrogate for NFAT (22, 23) and the recombinantly produced
catalytic core of human Cn A, as previously described (20).
Variables and equations not explicitly introduced in this paper
are defined as they are in ref21. Our general strategy follows
the procedures developed in ref21. It is generally optimal
to use the fluorophore-labeled peptide at a concentration that
is at least 1 order of magnitude below theKD of the
interaction. Here, we used a concentration of 30 nM.

As a basis for the analysis of FP data, one needs to
investigate whether the association of Oregon Green (OG)-
labeled VIVIT with Cn influences the detected total fluo-
rescence intensity (quantum yield) of the fluorophore. This
influence can generally be identified asQ, the IB/IF ratio of
fluorescence intensities of bound (IB) and free (IF) labeled
species measured under the same experimental conditions
(21). We performed a direct binding experiment and devised
a statistical approach to evaluating such potential bias (Figure
1A). Using 30 nM OG-VIVIT, we estimatedIF andIB to be
(9.0 ( 0.5) × 106 and (9.6( 0.7) × 106 cps, respectively.
The Cn concentration (ranging from 0 to 20µM) and
fluorescence intensity were statistically uncorrelated (P )
0.66) with a Pearson correlation coefficient,r, of only 0.064

(Figure 1A) (24). Hence, we concluded thatQ was not
significantly different from unity and used aQ of 1
throughout our subsequent analysis. A rational approach to
an estimate ofQ is desirable, since biological systems have
been described in whichQ deviates significantly from unity,
leading to potentially significant misinterpretation of FP data
(25).

To determine the equilibrium dissociation constantKD1

for binding of the labeled peptide to Cn, we measured the
fluorescence anisotropy as a function of total Cn concentra-
tion (Figure 1B). The experimentally observed anisotropies,
AOBS, were globally fitted to eqs 6 and 39 from ref21. We
determined completely bound,AB, and free,AF, anisotropies
of 0.1596( 0.0011 and 0.0429( 0.0015, respectively. For
the dissociation constantKD1 between OG-VIVIT and Cn,
we obtained a nonlinear least-squares estimate of 0.50(
0.03 µM.

A potential general problem for any binding and competi-
tion experiment is nonspecific interaction of binding partners.
Therefore, we examined whether the anisotropies observed
in the direct binding experiment were consistent with a
specific direct binding model, or whether potential nonspe-
cific binding effects would have to be attributed. In FP, the
observed anisotropy,A, of a specific molecular species can
be expressed as in eq 1 (21).

whereτF is the fluorescence lifetime of the fluorophore (∼4
ns for OG),τC denotes the rotational correlation time of the
observed species,κ corresponds to the angle between
absorption and emission transition dipoles, andλ represents
the angle associated with the local motion of the fluorescent
moiety. The product of the two trigonometric terms in eq 1
is known as the limiting anisotropy,A0 (21). We defineτC

≡ τCB in the bound state andτC ≡ τCF in the free state. The
value ofκ has been determined to be∼10.3° for fluorescein-
based fluorophores such as OG (26). Using eq 37 from ref
21, we estimatedτCB of the bound OG-VIVIT-Cn complex
to be approximately 16.3 ns (M ) 39 631 Da). Knowledge
aboutAB, τF, τCB, andκ allowed us to estimateλ as∼34.4°.
We interpret this result as an indication that the OG label
attached to VIVIT retains a certain degree of independent
local mobility, a finding consistent with the functional
observations that (i) fluorescence intensity was not influenced
by VIVIT -Cn binding and (ii) the fluorophore did not affect
competition with unlabeled VIVIT (Vide infra). Similarly,
τCF of free OG-VIVIT was estimated to be∼1.1 ns (M )
1874 Da) assuming an approximate prolate ellipsoid geom-
etry (see section 1 of the Appendix). Using our estimates of
τF, τCF, κ, andλ permitted an independent and quasi-ab initio
calculation ofAF, yielding anAF of 0.0434 via eq 1. The
prediction is in excellent agreement with the experimentally
measured value ofAF (0.0429 ( 0.0015, Vide supra),
indicating that the direct binding between OG-VIVIT and
Cn was consistent with a purely specific model without
significant nonspecific binding to Cn or other components
of the system (21). Alternative approaches to such estimates
are available but yield essentially similar results (27).

FIGURE 1: (A) Total fluorescence intensity of 30 nM OG-VIVIT
as a function of Cn concentration (counts per second). Each dot
denotes an individual, independent measurement. The fraction of
bound OG-VIVIT ranges from 0% (0µM Cn) to >97.5% (20µM
Cn). The solid and dashed lines denote the linear regression and
its 95% confidence interval, respectively. Note that the abscissa is
plotted logarithmically. The Cn concentration and fluorescence
intensity are statistically not correlated (P ) 0.66). (B) Direct
binding experiment with 30 nM OG-VIVIT. Data fitting using eqs
6 and 39 from ref21 yielded the red curve with the following
parameters:KD1 ) 0.50( 0.03µM, AB ) 0.1596( 0.0011, and
AF ) 0.0429( 0.0015.
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Knowledge about the molecular masses and, hence,
appoximate rotational correlation times of free and bound
species also allowed us to define the expected dynamic range
of FP anisotropy (Figure 2A). For the specific regime of OG-
VIVIT and Cn, a short fluorophore lifetime of∼4 ns is
superior to both much shorter or longer lifetimes (see section
2 of the Appendix). In fact, the figure of merit,Φ, has a
global optimum atτF ) 4.3 ns, which means that, under the
given conditions, the chosen fluorophore was expected to
provide nearly maximal discriminative power and sensitivity
(Figure 2B). This approach toΦ is generally applicable and
can be a guide in optimal fluorophore selection.

We next performed competitive binding assays using both
labeled OG-VIVIT and unlabeled VIVIT (Figure 3A).
Combining experimental data using five different Cn con-
centrations (0.125-1.2 µM) and globally fitting the data to
eqs 17 and 39 from ref21, we determined dissociation
constantKD2 for unlabeled VIVIT and Cn to be 0.48( 0.05
µM. This value is in excellent agreement with dissociation

constantKD1 of OG-VIVIT (Vide supra), corroborating that
the fluorophore is functionally inert with respect to the
interaction.

The sequence of the VIVIT peptide had originally been
identified by combinatorial optimization of Cn binding
affinity, starting from the corresponding wild-type sequence
motif of NFAT (SPRIEIT peptide) (22, 23). However, neither
the affinity of the wild-type NFAT-Cn interaction nor the
degree of optimization that had been achieved was quanti-
tatively known. We tested the SPRIEIT peptide in the
competitive assay and obtained a dissociation constant of
27.3 ( 1.4 µM (Figure 3B). Even though this value was
obtained for an isolated peptide-protein interaction, one may
expect that the physiologic dissociation constant of the
NFAT-Cn interaction is similar in terms of the order of
magnitude. This is because the SPRIEIT peptide by itself
can dissociate the complete NFAT-Cn complex (22),
indicating that overall binding contributions outside the
SPRIEIT interface are comparatively small. The degree of
affinity improvement from SPRIEIT to VIVIT is hence∼55-
fold, corresponding to a decrease of the free energy of
binding of approximately-9.8 kJ/mol. This improvement

FIGURE 2: (A) Ratio of anisotropy,A, and limiting anisotropy,A0,
as a function of the approximate molecular mass of the labeled
species and fluorescence lifetime,τF. The dotted lines and the blue
curve indicate the situation for free OG-VIVIT and the OG-VIVIT-
Cn complex, respectively. The figure of merit,Φ, is close to optimal
under these conditions. The top abscissa indicates roughly corre-
sponding rotational correlation times. Examples of fluorophores
represented by the curves are fluorescein, rhodamine, and OG (all
∼4 ns), AEDANS (20 ns), and ruthenium tris(2,2′-bipyridyl) (500
ns). (B) Figure of merit,Φ, as a function of fluorescence lifetime,
τF, of the fluorophore for the interaction between OG-VIVIT and
Cn. An optimum is reached whenτF ) 4.3 ns (dotted lines).

FIGURE 3: (A) Competitive displacement analysis of the OG-
VIVIT -Cn complex by unlabeled VIVIT for various Cn concentra-
tions (see the inset). Either 30 nM (red curve) or 60 nM (all others)
OG-VIVIT was used. Nonlinear least-squares fitting yielded aKD2
of 0.48( 0.05µM. At 0 µM on the abscissa (not shown because
of the logarithmic scale), the respective ordinate value is defined
asAU (21). (B) Comparison of competitive displacement by VIVIT
and SPRIEIT. The VIVIT curve (blue) is the same as in panel A
and is shown for reference. Fitting the SPRIEIT curve (red) yielded
a dissociation constant of 27.3( 1.4 µM. In both experiments,
0.60 µM Cn and 60 nM OG-VIVIT were used.

Small-Molecule Inhibitors of NFAT-Calcineurin Biochemistry, Vol. 43, No. 51, 200416069



is particularly adventageous for HTP small-molecule screen-
ing, as described later.

During assay development, we established that (i) OG-
VIVIT fluorescence intensity was not influenced by Cn
binding, (ii) experimentally measured anisotropy values
supported a purely specific binding behavior of OG-VIVIT,
and (iii) dissociation constants of the labeled and unlabeled
VIVIT peptide were virtually identical. The latter argument
also implied that the interaction between unlabeled VIVIT
and Cn was specific. Taken together, these findings set the
stage for the subsequent high-throughput (HTP) competition
assay for the identification of inhibitors of the VIVIT-Cn
interaction.

HTP ASSAY

As shown in the preceding paper (21), HTP FP assays
can be optimized for certain sets ofa priori known or
expected parameter values. Here, we desired to identify
small-molecule inhibitors of the VIVIT-Cn interaction. The
potency of a potential hit compound will depend on its
specific dissociation constant for dissociation from Cn,KD2.
Using eqs 43 and 46 from ref21, we calculated the optimal
initial fraction of bound OG-VIVIT and the corresponding
optimal Cn concentration for various target values ofKD2

(Table 1). The objective of a good HTP FP assay regime is
to reliably separate low-affinity and/or nonspecific com-
pounds on one hand from high-affinity, specific hit com-
pounds on the other. We wanted to be able to distinguish
dissociation constants with values ofg10 µM optimally
(shaded columns of Table 1). During initial screening, we
deemed it less important to extract precise values for
compounds with dissociation constants with values of<10
µM because such very active hits would, in any case, be
later characterized individually in optimized titration experi-
ments. Both goals could be accomplished by choosing a Cn
concentration of 0.5µM for the HTP assay.

A complementary approach to HTP assay design is the
analysis of statistical quality parameters, such as the signal-
to-noise ratio (S/N) andZ′ factor (28). We determined both
parameters for various concentrations of Cn and 30 nM OG-
VIVIT (Table 2). Typically, an assay in which 0.5e Z′ e
1 is considered excellent because of a large separation band
and dynamic range. These findings together with the preced-
ing optimization result corroborated the decision to use 0.50
µM Cn.

At this point, it was possible to predict expected FP
response curves as a function of both screening concentration
and dissociation constantKD2 of a potential small-molecule
inhibitor (Figure 4). Qualitatively, it can be seen that, at
actually screened compound concentrations (shaded area in
Figure 4), compounds with dissociation constants of ap-
proximatelye1 µM would lead to the virtually complete
reduction of anisotropy to the free baseline value, compounds
with dissociation constants of∼10 µM would show a
significant reduction, and compounds with dissociation
constants of approximatelyg100 µM would have a small
or negligible influence on anisotropy. These results illustrate
how we tuned assay parameters and screened compound
concentrations to identify inhibitors for whichKD2 e 100
µM.

Analogous calculations using the SPRIEIT peptide as a
hypothetical probe revealed two major advantages of VIVIT
affinity optimization (22, 23) before embarking on an HTP
FP assay: (i) A screen based on SPRIEIT would require
∼26.5 µM or 53 times more Cn to achieve similar signal-
to-noise andZ′ values. (ii) Compounds that were to be
screened at effective concentrations near or below 26.5µM

Table 1: Optimal Fraction of Bound OG-VIVIT (FSB) and Corresponding Optimal Cn Concentration for Various Projected Target Values of the
Compound Dissociation Constant,KD2 (21)a

KD2 (µM) ∞ 100 10 5 2.5 1 0.5 0.1 0.05 0.01

optimalFSB 0.51 0.50 0.49 0.47 0.44 0.39 0.34 0.22 0.17 0.09
optimal [Cn] (µM) 0.53 0.52 0.49 0.45 0.41 0.33 0.27 0.15 0.11 0.05
a An OG-VIVIT concentration of 30 nM and aKD1 of 0.5 µM were assumed. For the HTP assay, a Cn concentration of 0.50µM was chosen so

that the assay had optimal discriminative power for the accurate estimation of dissociation constants with values ofg10 µM (shaded columns).
Compounds with dissociation constants with values of<10 µM would be identified as hits; however, the precision of estimatingKD2 would not be
optimal. For accurate follow-up titration experiments with high-affinity compounds, the Cn concentration was lowered accordingly.

Table 2: Signal-to-Noise Ratios (S/N) andZ′ Factors Calculated for 30 nM OG-VIVIT and Cn Concentrations Ranging from 0.01 to 20µMa

0.01µM Cn 0.10µM Cn 0.20µM Cn 0.50µM Cn 1.0µM Cn 2.0µM Cn 5.0µM Cn 10µM Cn 20µM Cn

S/N 0.2 5.2 5.9 13.0 19.2 23.1 22.1 26.2 29.1
Z′ <0 0.41 0.29 0.68 0.79 0.83 0.81 0.85 0.89

a The actual condition used in the HTP FP assay is shaded.

FIGURE 4: Predicted anisotropy values for competitive FP experi-
ments with 0.5µM Cn, 30 nM OG-VIVIT, and aKD1 of 0.5 µM.
Curves for inhibitor-Cn dissociation constants (KD2) ranging from
0.001 to 100µM are plotted as functions of the small-molecule
inhibitor concentration. Chemical libraries were screened at a
constant mass per volume by adding 40 nL of 5 mg/mL stock
solutions to 10µL samples. This resulted in an effective concentra-
tion range of 28.5-126.7µM (shaded area) with a median of 61.8
µM (dotted line).
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(e.g., because of low aqueous solubility or higher molecular
mass when used at a constant mass per volume) may be
falsely identified as inactive (see also the leend of Figure
4). This false-negative effect would constitute a severe
shortcoming of the assay, since it becomes more pronounced
as the affinity of a potential hit increases. In contrast, the
analogous threshold for VIVIT is∼0.5µM and hence much
below actual compound screening concentrations.

We subsequently screened 16 320 small molecules semi-
robotically in the HTP FP assay for their ability to disrupt
the VIVIT-Cn interaction, as described elsewhere in more
detail (20). Ranking parametersR1-R4 were calculated for
every measurement (21). Table 3 lists the 20 most active

compounds sorted by their single-point predicted dissociation
constants (R3) together with two examples of inactive
compounds. SinceR3 is based on a measurement at a single
compound concentration, the parameter is associated with a
considerable degree of uncertainty. This is why absolute
values ofR3 can only be expected to correlate roughly with
precise parameter estimates from detailed titration experi-
ments. The chemical structures of compounds that were
subsequently characterized in detailed competitive titration
analyses (INCA compounds and inactive controls) are
depicted in Figure 5. Hit compounds vary in mass from 217.2
to 544.5 Da and have mostly high, i.e., druglike, Lipinski
scores of 3 or 4 (29). Inspection of theR4 parameter indicated

Table 3: Twenty Most Active Hit Compounds from the HTP FP Assay with 16 320 Compounds and Two Examples of Functionally Inactive
Compounds (N-1 and N-2)a

rank acronym chemical formula mass (Da) Lipinski R1 (%) R2 R3 (µM) R4 (%)

1 INCA-1 C20H13ClO6 384.8 4 -99.3 -17.7 0.15 -2.9
2 INCA-2 C16H9Cl2NO3S 366.2 4 -95.6 -17.0 1.1 -8.0
3 INCA-3 C14H15N3O2 257.3 4 -95.4 -17.0 1.6 -8.7
4 - C8N16O4 384.2 3 -85.1 -15.2 3.9 +2.9
5 INCA-6 C20H12O2 284.3 4 -83.0 -14.8 6.2 +2.9
6 INCA-5 C16H22N6O 314.4 4 -80.7 -14.4 6.5 +4.0
7 INCA-7 C11H15BrO9 371.1 4 -74.0 -13.2 8.1 -1.1
8 INCA-8 C16H17BrClNO3S2 450.8 3 -68.1 -12.1 8.9 +4.9
9 INCA-9 C14H17Br3N2O2 485.0 4 -58.8 -10.5 12.4 +4.0

10 - C10H7BrCl3NO4 391.4 4 -59.7 -10.6 14.8 +5.8
11 - C31H16N2O8 544.5 2 -51.1 -9.1 15.1 +6.8
12 - C12H7N3O6 289.2 4 -64.6 -11.5 16.3 -14.2
13 INCA-12 C11H7NO4 217.2 4 -70.9 -12.6 16.3 -3.1
14 - C13H13ClN2O2S 296.8 4 -63.8 -11.4 16.5 +8.8
15 - C14H12N2O4S 304.3 4 -62.5 -11.1 17.0 -3.6
16 INCA-10 C15H13N3O2S 299.4 4 -62.5 -11.1 17.3 -14.4
17 INCA-19 C11H17NO3S 243.3 4 -66.3 -11.8 18.0 -0.2
18 - C8H6N6O8 314.2 3 -59.7 -10.6 18.6 -3.1
19 - C13H12N2O2S 260.3 4 -62.1 -11.1 20.2 -4.5
20 - C14H16N2O2S 276.4 4 -60.2 -10.7 20.7 +8.0

N-1 C15H16O3 244.3 4 not active +0.6
N-2 C17H13BrN2O2 357.2 4 not active +3.6

a Hits were sorted by theR3 ranking parameter. Ranking parameters were defined according to ref21. In brief, R1 is a linearized change of
anisotropy model,R2 is a σ deviation model,R3 is a single-point estimate ofKD2, andR4 is a total fluorescence change control parameter. The
Lipinski score can range from 0 to 4, with 4 denoting most druglike compounds (29).

FIGURE 5: Chemical structures of selected INCA compounds that were characterized in detailed titration competition experiments. N-1 and
N-2 are examples of inactive compounds.
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no systematic influence of compound activity on emitted
fluorescence intensity (21).

FOLLOW-UP TITRATION EXPERIMENTS WITH
HIT COMPOUNDS

In analogy to experiments with VIVIT and SPRIEIT
(Figure 3), detailed competitive FP titrations were carried
out with each INCA compound and with N-1 and N-2. As
expected, the negative control compounds N-1 and N-2 did
not affect anisotropy and hence the OG-VIVIT-Cn complex
up to concentrations of at least 1 mM. All 11 tested INCA
compounds were found to be active upon detailed reexami-
nation and reduced anisotropy significantly in a dose-
dependent manner. The absence of false positives indicates
high specificity and stringency of assay conditions and data
ranking. This more quantitative follow-up analysis integrates
many data points for each compound and, therefore, yields
more accurate dissociation constant estimates than the initial
crude single-point HTP ranking estimates (compare Tables
3 and 4).

INCA compounds fell into two classes, i.e., compounds
that were able to dissociate the OG-VIVIT-Cn complex
completely (INCA-1, INCA-2, and INCA-6), and compounds
that afforded significant but partial dissociation (other INCAs,
Figure 6). Some biophysical and functional aspects of the
first class have been described elsewhere (20). The behavior
of the second class is intriguing. One explanation could be
that the compounds had reached their solubility limits.
However, this was not true for at least the majority of our
compounds (20). Further possibilities may include incomplete
covalent modification or interference with VIVIT or the
fluorophore. However, we did not detect any significant
changes in fluorescence intensity in the presence of INCA
compounds. An alternative model, which can explain the
experimental findings, is the simple extension of a three-
state competitive model to a four-state anticooperative model
(21).

In the four-state model, a ternary inhibitor-OG-VIVIT-
Cn complex is introduced as an additional permitted state.
The model is described by three independent dissociation
constants, of whichKD1 andKD2 have identical significance
as in the three-state model.KD3 describes the dissociation
of OG-VIVIT from the ternary complex and allows for
mutual ligand affinity modulation.

We have previously shown that ifKD3 > KD1, the model
predicts that OG-VIVIT will dissociate more readily from

ternary than from binary complexes; i.e., a small-molecule
inhibitor will exert an anticooperative modulatory influence.
However, complete dissociation of OG-VIVIT will not occur,
even in the presence of an increasingly high inhibitor
concentration (see eq 28 from ref21). These predictions
reflect precisely our experimental findings (Figure 6 and
Table 4). It can be readily seen that a smaller value ofKD3

(i.e., closer toKD1 ) 0.5 µM) corresponds to a smaller
achievable reduction of anisotropy. This means that some
compounds, such as INCA-12, may have an intrinsically high
affinity for Cn, but only slightly affect VIVIT binding.
Physical interpretations of this scenario could be that the
compound and peptide bind to neighboring sites and mutually
alter binding site geometry, or that the binding sites are
partially overlapping, allowing VIVIT access to only a subset
of its normal binding interface.

The finding may be practically significant, since the
identification of compounds with neighboring binding epitopes
is gaining increasing pharmacologic attention for the design
of high-affinity ligands through a linked-fragment strategy
(30). Our analysis provides an FP approach to such com-
pounds, which would otherwise likely be discarded. One
could envision that one or several of the incompletely
competing INCAs might be combined to improve binding

Table 4: Quantitative Analysis of INCA Binding Affinitiesa

acronym KD2 (µM) KD3 (µM)

INCA-1 0.50( 0.09 -
INCA-2 0.12( 0.03 -
INCA-3 2.31( 0.59 7.71( 1.02
INCA-5 4.45( 0.55 11.77( 1.18
INCA-6 0.80( 0.11 -
INCA-7 0.32( 0.08 14.24( 2.35
INCA-8 2.33( 0.44 6.62( 0.59
INCA-9 11.88( 1.79 4.42( 0.29
INCA-10 4.09( 0.31 8.76( 0.46
INCA-12 0.44( 0.10 3.06( 0.14
INCA-19 29.52( 9.54 3.92( 0.70

a INCA-1, INCA-2, and INCA-6 completely displace VIVIT from
Cn, whereas other INCAs have partial displacement capability.

FIGURE 6: Incomplete competitive behavior of certain INCA
compounds. This behavior can be explained by an anticooperative
four-state model (21). (A) INCA-3 and INCA-7 and (B) INCA-8,
INCA-10, and INCA-19 are grouped together to minimize data
overlap. INCA-5, INCA-9, and INCA-12 exhibit similar curves,
but have been omitted for clarity. Note that the compounds do not
reduce fluorescence anisotropy to the free OG-VIVIT baseline
(dotted lines).
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affinity and to enlarge the repertoire of structures for the
disruption of the NFAT-Cn interaction.

We next asked whether the identified compounds would
affect the enzymatic activity of the catalytic domain of Cn.
Since INCAs were identified as competitors to the VIVIT/
NFAT site on Cn and since VIVIT does not inhibit
dephosphorylation of substrates that do not require this
NFAT docking site (23), we hypothesized that the com-
pounds would not perturb the intrinsic enzymatic activity of
the catalytic domain of Cn. We found that the recombinant
catalytic domain of Cn was constitutively active toward the
RII phosphopeptide without a requirement for the B subunit
or calmodulin (Figure 7A). Furthermore, Cn dephosphory-
lated the RII phosphopeptide in the presence of excess
amounts of INCA compounds (Figure 7B). In fact, the Cn
catalytic activity with compounds was very similar to the
activity in the presence of no compound (DMSO control)
or the VIVIT peptide. We conclude that INCAs interact with
Cn in a way that does not significantly compromise the active
site. This finding illustrates a concept of substrate-selective
enzyme inhibition (SSEI), i.e., targeted inhibition of a specific

enzyme-substrate docking site while potentially preserving
catalytic activity toward other substrates.

SUMMARY

This paper discusses the optimization of conditions for
HTP FP assays and their successful application to the
identification of small organic molecules for the targeted
inhibition of the NFAT-Cn interaction. Entire protein-
protein interactions are often difficult to study in HTP
formats. To make the system amenable to HTP FP, we
reduced the problem to a peptide-protein interaction. To
this end, we introduced the idea to use an NFAT-surrogate
peptide corresponding to the primary binding epitope with
Cn. We illustrated by experiments and theoretical calculations
that a second level of optimization was crucial before
embarking on a small-molecule screen, i.e.,>55-fold in Vitro
affinity optimization of the wild-type peptide sequence
(SPRIEIT) to VIVIT peptide (Figure 3).

We showed that the quantum yield of the OG fluorophore
was not dependent on the VIVIT binding state, i.e., whether
the peptide was Cn-bound or free (Figure 1A). On the basis
of estimated rotational correlation times, we found that
experimentally observed anisotropy values were consistent
with a specific binding model (Figure 1B). We introduced
the concept of a figure of merit,Φ, for selecting optimal FP
assay conditions and demonstrated that the chosen fluoro-
phore had a nearly optimal fluorescence lifetime for the OG-
VIVIT -Cn assay (Figure 2). We devised a rational approach
to the choice of assay conditions based on (i) FP sensitivity
analysis (Table 1) and (ii) calculation of assay quality
parameters (Table 2). The concentration range of screened
compounds could then be chosen so that we could focus on
potential hits with dissociation constants ofe100µM (Figure
4). The successful tuning of assay conditions was demon-
strated by the identification of novel small-molecule inhibi-
tors of NFAT-Cn association (INCAs, Figure 5 and Table
3). INCA compounds with both complete and incomplete
dissociation capabilities were discovered (Figure 6 and Table
4). Furthermore, we demonstrated that the catalytic activity
of Cn per sewas not diminished in the presence of INCAs
(Figure 7). The compounds should be amenable to direct
lead optimization and/or synthetic exploration via linked-
fragment strategies.

Our further study established that at least one of our
compounds, INCA-6, is cell-permeable and efficiently blocks
Cn-dependent dephosphorylation of NFAT and induction of
NFAT target genes in cultured T cells, but preserves the
catalytic activity of Cnper se(20). In this context, it is,
therefore, more selective than the currently established
immunosuppressive drugs cyclosporin A and FK506.

MATERIALS AND METHODS

Experiments were carried out essentially as described
elsewhere (20). In brief, the catalytic domain of human Cn
AR was overexpressed as a GST fusion protein inEscheri-
chia coli and purified using affinity and gel filtration
columns. Final buffer conditions were 10 mM Tris-HCl (pH
7.4), 50 mM NaCl, and 1 mM CaCl2 without a reducing
agent.

The VIVIT peptide was synthesized with the sequence
NH2-GPHPVIVITGPHEE-CONH2, and the SPRIEIT peptide

FIGURE 7: (A) Release of phosphate from the pRII peptide in the
presence of 5µM Cn after incubation for the indicated times. In
this colorimetric assay, the amount of free phosphate is proportional
to the absorption at 620 nm. (B) Release of phosphate from the
pRII peptide in the presence of 5µM Cn and 50µM INCAs or
VIVIT after 30 min. Phosphate release is shown normalized to the
5% (v/v) DMSO control. In the absence of pRII, no free phosphate
was detected.

Small-Molecule Inhibitors of NFAT-Calcineurin Biochemistry, Vol. 43, No. 51, 200416073



was prepared as the sequence NH2-SGPSPRIEITPSH-
CONH2 (Tufts University, Boston, MA). The 5-succinimidyl
ester of Oregon Green (OG) 488 carboxylic acid (Molecular
Probes, Eugene, OR) was used for fluorophore coupling.

Polarized fluorescence intensities were measured at 20°C
on an Analyst instrument (Molecular Devices, Sunnyvale,
CA) with excitation and observed emission wavelengths of
485 and 530 nm, respectively. Fluorescence measurements
from the two perpendicular detectors were each corrected
for background counts based on a buffer standard without a
fluorophore. G factor correction was performed using a
fluorescein standard.

High-throughput compound screening was carried out with
0.5 µM Cn, 30 nM OG-VIVIT, and 40 nL of compound (5
mg/mL in DMSO). Compounds were obtained from Chem-
Bridge (San Diego, CA), AsInEx, and Maybridge. The
fluorescence intensity of a sample was expressed asI) +
2I⊥, whereI) andI⊥ are intensities parallel and perpendicular
to the plane of polarized incident light, respectively. Lev-
enberg-Marquardt nonlinear least-squares fitting of the
complete competitive binding model described by eqs 17
and 39 from ref21 was accomplished with SigmaPlot 2001
(SPSS, Chicago, IL). Fitting of the incomplete competitive
binding model described by eqs 27 and 39 from ref21 was
accomplished with MLAB (Civilized Software, Silver Spring,
MD), which allows nonlinear least-squares fitting of implic-
itly defined functions. Parameter estimates are given( the
standard error of the mean, and fluorescence intensity
distributions are given as means( one standard deviation.

Dephosphorylation of 0.15 mM pRII peptide (Biomol,
Plymouth Meeting, PA) by the catalytic domain of Cn was
assessed at 25°C in 50 mM Tris-HCl (pH 7.4), 100 mM
NaCl, 6 mM MgCl2, 0.5 mM CaCl2, 0.025% (v/v) NP-40,
and 5% (v/v) DMSO, but without a reducing agent. The
presence of 0% up to at least 10% (v/v) DMSO had no
detectable influence on Cn activity. At given time points,
50 µL dephosphorylation reactions were terminated by
addition of 100µL of Biomol Green reagent, and the release
of free phosphate was monitored photometrically at 620 nm
after color had developed for 20 min. Freshly distilled H2O
was used. No free phosphate could be detected when either
no Cn or heat-denatured Cn was added.

APPENDIX

1. Estimation of Rotational Correlation Times.The
rotational correlation time of nonspherical particles can be
estimated on the basis of results by J. B. Perrin for prolate
and oblate ellipsoids (31). In the following, we denote with
a the long andb the short semiaxis of the ellipsoid.fa, fb,
and fSph are the observed frictional coefficients for rotation
abouta, for rotation aboutb, and of a sphere of equivalent
volume, respectively. The frictional coefficient ratios can be
expressed as eqs A1 and A2.

Equations A3 and A4 defineSandp for the case of a prolate

ellipsoid, by which we will approximate the rotational shape
of OG-VIVIT.

It can be seen that only an estimate of the ratio of the
semiaxes is required, but not knowledge about their absolute
lengths. The rotational behavior of prolate ellipsoids is further
characterized by eqs A5 and A6, whereτa, τb, andτSphdenote
the rotational correlation times abouta, aboutb, and for the
equivalent sphere, respectively.

The overall correlation time,τC, is described by eq A7.

Using this formalism, we attempted to estimatep for OG-
VIVIT. Assuming a roughlyR-helical geometry (14 amino
acid residues, neglecting the fluorophore), we estimated 2a
≈ 14 × 1.5 Å ) 21 Å and 2b ≈ 6 Å, corresponding to a
value ofp on the order of2/7. Starting from aτSph of 0.8 ns,
we concluded thatτCF ) 1.1 ns. It should be emphasized
that the preceding calculation is a very rough estimate,
designed to provide an approximation for the sole purpose
of analyzing whether the observed anisotropy data could be
explained by purely specific binding behavior, or whether
significant nonspecific binding could have occurred (21).

2. Optimal Choice of a Fluorophore Lifetime.On the basis
of eq 1, we define the figure of merit,Φ, as a function ofτF

according to eq A8 (Figure 2).

whereτCB > τCF.
The physically meaningful global maximum ofΦ is

obtained forτF
OPT as given by eq A9.

The optimum corresponds to the geometric mean of bound
and free rotational correlation times. In our particular case,
we found thatτCB ) 16.3 ns,τCF ) 1.1 ns, and henceτF

OPT

) 4.3 ns, which is very close to the OG lifetime of∼4 ns.

NOTE ADDED AFTER ASAP PUBLICATION

This paper was published prematurely 11/26/04. An author
has been removed from ref21. The correct version of the
paper was published 11/30/04.
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