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Affinity-Driven Peptide
Selection of an NFAT Inhibitor
More Selective Thamn
Cyclosporin A
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Lewis C. Cantley,* Patrick G. Hogan,>** Anjana Rao’-2*

The flow of information from calcium-mobilizing receptors to nuclear factor of
activated T cells (NFAT )-dependent genes is critically dependent on interaction
between the phosphatase calcineurin and the transcription factor NFAT. A
high-affinity calcineurin-binding peptide was selected from combinatorial pep-
tide libraries based on the calcineurin docking motif of NFAT. This peptide
potently inhibited NFAT activation and NFAT-dependent expression of endog-
enous cytokine genes in T cells, without affecting the expression of other
cytokines that require calcineurin but not NFAT. Substitution of the optimized
peptide sequence into the natural calcineurin docking site increased the cal-
cineurin responsiveness of NFAT. Compounds that interfere selectively with the
calcineurin-NFAT interaction without affecting calcineurin phosphatase activ-
ity may be useful as therapeutic agents that are less toxic than current drugs.

Transcription factors of the NFAT family
regulate immune responses as well as adap-
tive responses in heart and skeletal muscle
(1-3). Four of the five NFAT proteins
(NFAT!1/p, NFAT2/c, NFAT3, and NFAT4/
x) are cytoplasmic and are activated by stim-
ulation of cell surface receptors coupled to
Ca’™" mobilization (/). The Ca>"-activated
phosphatase calcineurin ~ dephosphorylates
these NFAT proteins, promoting their nucle-
ar translocation and activation (/, 4). Cal-
cineurin docks at a site in the conserved
NFAT regulatory domain that has the con-
sensus sequence PxIXIT (5, 6) (Fig. 1A).
Interfering with docking of calcineurin at the
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PxIXIT sequence impairs NFAT activation
and NFAT-dependent reporter gene expres-
sion (J).

To develop high-affinity NFAT inhibitors
based on the PxIXIT sequence, we constructed
combinatorial peptide libraries (7, 8) (Fig. 1).
The first library, with the sequence MA-
xxxPxIXITxxHKK (where x represents a mix-
ture of natural amino acid residues) was ran-
domized in seven residues not fully conserved
within the NFAT family (Fig. 1B). Peptides
were selected for their ability to bind a gluta-
thione S-transferase (GST) fusion protein con-
taining the calcineurin catalytic domain (8). The
peptide pool eluted from the calcineurin col-
umn showed moderate selection for glycine,
serine, and lysine at position 3; no preferred
residues at position 4; histidine or aliphatic
residues at position 5; and moderate se.ection
for polar residues (threonine, lysine, glutamine,
and glutamic acid) at position 7 (Fig. 1B).
Position 9 showed weak selection for aliphatic
residues, notably valine. Glycine and proline
were selected at positions 12 and 13, which
suggests that the NFAT binding site in cal-
cineurin imposes a turn at the COOH-terminal
end of the PxIXIT motif.

To refine the peptide selection further, we
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Fig. 1. Evolution of an optimized peptide that inhibits the NFAT-calcineurin

modulin (CaM) and

1 5 10 15
interaction. (A) Calcineurin dpcking sequences present in NFAT family pro- A mNFAT1(106 - 121) ASGPSPRIEITPSHEL
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cells expressing HA-NFAT 1, HA-NFAT2, or HA-NFAT4 (C) were incubated
with the phosphatase inhibitor sodium pyrophosphate (NaPPi, lane 1)
or with activated calcineurin (Cn+CaM+Ca?*) in the absence or
presence of peptides at the indicated micromolar concentrations. The
phosphorylation status of NFAT proteins was evaluated by protein
immunoblotting with anti-HA. The positions of phospho- and dephos-
pho-NFAT are indicated by arrows in (B). (D) Inhibition of NFAT-
dependent gene expression. (Left panel) Jurkat cells were cotransfected with
a 3xNFAT-Luc reporter plasmid and with expression plasmids encoding
murine NFAT1, GFP, GFP-SPRIEIT, or GFP-VIVIT as indicated (73). (Right
panel) Jurkat cells were cotransfected with a 3xNFAT-Luc reporter
plasmid and with expression plasmids encoding GFP, GFP-VIVIT, and
murine NFAT1, human NFAT2, and human NFAT4 as indicated (77).
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Twenty-four hours after transfection, luciferase activity induced by
endogenous NFAT (Endog) or by overexpressed NFAT proteins was
measured in unstimulated cells and in cells stimulated for 6 hours with
PMA and ionomycin. (E) Substitution of the VIVIT sequence into NFAT1
(72). CL.7W2 murine T cells were transfected with wild-type HA-NFAT1-
GFP or with the mutant HA-NFAT1[VIVIT]-GFP, in which HPVIVITGP replac-
es SPRIEITPS. Cells were stimulated with ionomycin (lono) at the concen-
trations indicated in the absence or presence of 1 wM CsA, and the
phosphorylation status of NFAT1 was assessed by protein immunoblotting
with anti-HA. (F) Localization of NFAT1 and NFAT1[VIVIT] in cells (72). Hela
cells transiently expressing wild-type HA-NFAT1-GFP or HA-NFAT1[VIVIT]-
GFP were left untreated or were treated with 10 uM CsA (for 16 hours).
NFAT1 proteins were visualized in fixed cells by GFP fluorescence.
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contained natural amino acid residues and five
additional nonnatural amino acid residues with
large aromatic or cyclic groups (8), to deter-
mine whether binding affinity could be im-
proved by substituting a large hydrophobic side
chain for the isoleucine side chain naturally
conserved at this position in NFAT proteins.
Position 10 was fixed as isoleucine, positions 9
and 11 were randomized, and the two COOH-
terminal lysines were replaced by glutamates to
prevent any bias produced by their positive

used an affinity-driven peptide evolution tech-
nique (7). A second degenerate peptide library,
MAGxHP[T/x][z/x]xIxGPHEE (where z repre-
sents a set of nonnatural residues) was synthe-
sized, locking in some of the residues selected
in the first screening while randomizing other
positions that had been previously fixed (8)
(Fig. 1C). Positions 3 and 5 were fixed as
glycine and histidine; positions 12 and 13 were
fixed as glycine and proline to favor the puta-
tive turn. Position 7 was biased to contain 50%

threonine and 50% all other residues. Position 8  charge.
A B 3xNFAT-Luc 2xNF-xB-Luc
¢ hosph y 20 150.
o 0 a0 60 € (Unstim. CUnstim.
® 15 HEPMA+iono HEPMA+iono
No addition a 1
SPRIEIT 100 H
SPAIAIA 100 g !
s
VIVIT 10 S
VIVIT 100 S
0
CsA/Cyp GFP-VIVIT. 0 0.08 0.25 0.50 0.75 0 0.08 0.25 0.50 0.75
GFP: 0.75 0.67 0.50 0.25 0 0.75 0.67 0.50 0.25 0
c D IL-2 promoter TNFa promoter
€ g OXNFAT-Luc 2xNF-xB-Luc -4 60 CUnstim
* ] 50 HPMA+iono
2. 40 %3 SCD3+CD28
g 30 2 a0
3 4 §
g 20 5 2 30
£2 10 3 20
g ol o g 10
Prim  + 4+ + =+ + + + 0 0
CsA(nM): 0 0 05 5 100 0 0 05 5100 GFP GFP-VIVIT GFP GFP-VIVIT

Fig. 3. The VIVIT peptide selectively inhibits NFAT activation but not calcineurin activity. (A) The
VIVIT peptide did not inhibit calcineurin phosphatase activity, assayed as radiolabel released
(counts per minute X 1073) from 32P-phospho-RIl peptide (9). The numbers next to each peptide
label indicate peptide concentrations (micromolar). CsA/CypA complexes were used at 10 wM. (B)
Selective inhibition of NFAT reporter activity (77). Jurkat cells were cotransfected with 3xNFAT-Luc
(left panel) or 2xNF-kB-Luc (right panel) reporter plasmid, and with GFP and GFP-VIVIT expression
plasmids as indicated (measured in micrograms of plasmid per 10° cells). Twenty-four hours after
transfection, cells were left untreated (open bars) or were stimulated for 6 hours with PMA and
ionomycin (solid bars). (C) Calcineurin dependence of NFAT and NF-kB reporter activity in T cells
(77). Jurkat cells were transfected with 3xNFAT-Luc (left panel) or 2xNF-kB-Luc (right panel)
reporter plasmid. Twenty-four hours after transfection, cells were left unstimulated or were
stimulated for 6 hours with PMA and ionomycin (P+I) in the absence or presence of CsA. (D)
Inhibition of NFAT-dependent activation of the IL-2 and TNF-a promoters (77). Jurkat cells were
cotransfected with GFP or GFP-VIVIT expression plasmids and with luciferase reporter plasmids
driven either by the human IL-2 promoter (left panel) or by the human TNF-a promoter (right
panel). Twenty-four hours after transfection, cells were left unstimulated (open bars) or were
stimulated for 6 hours with PMA and ionomycin (solid bars) or with anti-CD3 and anti-CD28
(hatched bars).

Fig. 4. The VIVIT pep- A B mCD4

Screening with the second library yielded
strongly preferred residues at most of the
randomized positions (Fig. 1C). The polar
residues that occur naturally at the variable
residues of the PxIXIT sequence in NFAT1-4
(R/S at position 7; E/R/Q at position 9) were
not highly selected; rather, bulky or
B-branched hydrophobic residues (valine,
isoleucine, and leucine) were preferred. Pro-
line was preferred at position 4, echoing its
occurrence at this position of NFAT1 (but not
NFAT2-4) (Fig. 1A). Isoleucine was strin-
gently preferred at position 8, with lesser
selection for other hydrophobic amino acids
and no selection for the nonnatural amino
acids, which is consistent with the invariance
of isoleucine at this position of the PxIXIT
sequence in all four NFAT proteins (Fig. 1A).
Finally, there was strong selection for the
conserved threonine at position 11 of the
PxIXIT sequence, with a weaker preference
for serine.

We synthesized the predicted optimal
peptidle MAGPHPVIVITGPHEE (6) (Fig.
1D) and examined its effect on the interaction
of calcineurin with NFAT (9) (Fig. 2). This
peptide (referred to hereafter as VIVIT) was
about 25 times more effective than the orig-
inal SPRIEIT peptide (5) at inhibiting the
binding of activated calcineurin to GST-
NFATI1 (Fig. 2A). The VIVIT peptide was
also superior at inhibiting calcineurin-medi-
ated dephosphorylation of NFAT1, NFAT2,
and NFAT4 in cell extracts (Fig. 2, B and C).
When expressed as a fusion protein with
green fluorescent protein (GFP), the VIVIT
peptide efficiently inhibited calcineurin-de-
pendent nuclear translocation of NFAT1 (10)
as well as activation of an NFAT-AP-1 re-
porter by endogenous or overexpressed
NFATI1, NFAT2, and NFAT4 (1) (Fig. 2D).
Thus, iterative peptide selection based on
calcineurin binding yielded a highly inhibito-
ry peptide, capable of disrupting all aspects of
NFAT activation by calcineurin much more
effectively than peptides spanning the natural
calcineurin docking sequences of NFAT.

We asked whether substituting the high-

& mCD4

. o e . mCD4 mCD4 mCD4 mCD4
tide distinguishes NFAT- Untransfected  GFP  GFP-VIVIT mCD4 GFP GFP-VIVIT mCD4 Mock transfected GFP _ GFP-VIVIT
dependent and NFAT- CsA - P+l - P+l - P4l CsA
independent categories — P4 CSAPH — P+l - P#l - P4l i i B s ~ P4+l CsA P+l - Pel_— P4l
of cyclosporin-sensitive - - - . L2 = - oty - : . 8 = # -
genes. The expression of - - % —IL-13 4 Z GM-CSF - w - S -LTP
cytokine  mRNAs by - - MIP-1c ,_ : it
Jurkat T cells expressing b B ® b-132 ! % g TNF
mCD4 and GFP or GFP- ’ ' ! ‘ ’ il $ dceon & o . ~L32 2
VIVIT as indicated is TS S RS R R m e e g ! 8 8 -caron . ‘
shown (73). Cells were L —— . . —GAPDH
left unstimulated (dash-

g o S g

es) or were stimulated
for 3 hours with PMA
and ionomycin (P+1) in the presence or absence of CsA, and levels of cytokine
mRNAs were analyzed by RNase protection assay. RNA loading is indicated by
the intensity of housekeeping transcripts 132 and GAPDH. (A and B) NFAT-
dependent expression of IL-2, IL-13, IL-3, TNF-o,, GM-CSF, and MIP-1oc mRNAs.
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Autoradiogram exposure times were 24 hours (A) and 12 hours (B) for the upper
panel and 4 hours (A) and 2 hours (B) for the lower panel. (C) NFAT-independent
but CsA-sensitive expression of TNF-f3 and LT-8 mRNAs. Exposure times were 36
hours for the upper panel and 12 hours for the lower panel
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affinity VIVIT sequence into a wild-type
NFAT protein would increase its responsive-
ness to calcineurin. Compared to wild-type
NFATI1, a mutant NFATI[VIVIT] protein
with the sequence SPRIEITPS replaced by
HPVIVITGP (12) was significantly dephos-
phorylated even in resting cells and required
lower concentrations of ionomycin to be fully
dephosphorylated (Fig. 2E). Dephosphoryl-
ation of NFAT1[VIVIT] was calcineurin-de-
pendent because it was blocked by cyclospor-
in A (CsA). Further, whereas wild-type
NFAT1 was cytoplasmic in resting cells (Fig.
2F, left), NFAT1[VIVIT] consistently showed
partial nuclear accumulation, which was pre-
vented by CsA (Fig. 2F, right).

Inhibition of NFAT activation by the VIVIT
peptide did not reflect inhibition at the cal-
cineurin active site, because the peptide, at a
concentration (100 wM) that effectively inhib-
ited NFAT1-calcineurin binding and NFAT1
dephosphorylation (Fig. 2, A through C), did
not inhibit calcineurin phosphatase activity to-
ward the RII phosphopeptide (Fig. 3A). In the
same experiment, CsA—cyclophilin A complex-
es (10 wM) inhibited calcineurin phosphatase
activity by ~95% (Fig. 3A). Consistent with
this observation, expression of the GFP-VIVIT
fusion protein inhibited activation of an NFAT
reporter but not of an NF-«B reporter (Fig. 3B),
although both reporters were equivalently sen-
sitive to inhibition of calcineurin with CsA (Fig.
3C). Thus, the VIVIT peptide selectively inhib-
its NFAT activation without disrupting other
calcineurin-dependent pathways. GFP-VIVIT,
but not GFP, inhibited reporter gene expression
driven by the interleukin-2 (IL-2) and tumor
necrosis factor o (TNF-ar) promoters in T cells
stimulated with phorbol ester (PMA) plus iono-
mycin or with antibody to CD3 (anti-CD3) plus
anti-CD28 (Fig. 3D).

We tested the ability of the VIVIT peptide
to inhibit expression of endogenous NFAT-
dependent genes (Fig. 4). Jurkat cells highly
enriched for expression of GFP-VIVIT or GFP
(13) were stimulated and analyzed for cytokine
expression by ribonuclease (RNase) protection
assay. GFP-VIVIT inhibited the inducible ex-
pression of IL-2, IL-13, IL-3, TNF-a, granulo-
cyte-macrophage colony-stimulating  factor
(GM-CSF) and macrophage inflammatory pro-
tein la (MIP-1o) (Fig. 4, A and B), thus estab-
lishing these genes as NFAT-dependent genes
and confirming earlier reporter assays indicat-
ing the presence of functional NFAT sites in
their promoter-enhancer regions (/). In con-
trast, GFP-VIVIT did not affect CsA-sensitive
expression of TNF-f3 and lymphotoxin-B (LT-
B) (Fig. 4C), establishing that there are CsA-
sensitive (presumably calcineurin-dependent)
genes that are not controlled by NFAT.

Our studies extend the range of experi-
mental approaches for probing NFAT func-
tion in vivo. In addition to their established
role in the immune response (1), NFAT and
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calcineurin have been implicated in cardiac
and skeletal muscle hypertrophy (2, 3), in
slow fiber differentiation in skeletal muscle
(3), in cardiac valve development (/4), and in
differentiation of a preadipocyte cell line to
adipocytes in culture (15). These conclusions
have relied on analysis of mouse models,
identification of plausible NFAT sites in gene
regulatory regions, expression of modified
NFATSs and calcineurins, and the use of CsA
and FK506. The VIVIT peptide constitutes a
highly selective inhibitor of NFAT, which
can now be used for direct identification of
NFAT target genes in these various cell
types.

Substitution of the VIVIT sequence, a
high-affinity calcineurin docking site, into
wild-type NFATI causes it to be dephospho-
rylated and activated even in resting cells,
which have low basal calcineurin activity.
Evidently evolution has selected for an
NFAT-calcineurin interaction of low to mod-
erate affinity that precludes NFAT activation
in resting cells. Our results call attention to
the general point that many protein-protein
interactions, especially those involving en-
zyme-substrate interactions or transient dock-
ing interactions (/6), may be constrained to a
range of low or moderate affinities in order to
facilitate information transfer from one intra-
cellular location to another, to ensure revers-
ibility, and to prevent inappropriate activa-
tion at subthreshold levels of stimulus. The
protein-protein interfaces involved in these
reversible interactions would lend themselves
to the design of small peptide or nonpeptide
inhibitors.

The immunosuppressants CsA and FK506,
used clinically to prevent transplant rejection,
inhibit the phosphatase activity of calcineurin
toward all its protein substrates, including
NFAT (/). Although these drugs have revolu-
tionized transplant therapy, their use is associ-
ated with progressive loss of renal function,
hypertension, neurotoxicity, and increased risk
of malignancy (/7). It is not yet clear to what
extent these toxicities are due to inhibition of
NFAT, to interference with dephosphorylation
of other calcineurin substrates, or to a potential-
ly non—calcineurin-dependent up-regulation of
TGF-B. Selective NFAT inhibitors will allow
us to address these questions directly. NFAT
inhibitors with less toxicity than CsA and
FK506 could be useful in treating chronic ail-
ments such as myocardial hypertrophy, allergy,
arthritis, and autoimmune disease.
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Identification of an RNA-Protein
Bridge Spanning the Ribosomal
Subunit Interface

Gloria M. Culver,* Jamie H. Cate, G. Zh. Yusupova,
Marat M. Yusupov, Harry F. Noller}

The 7.8 angstrom crystal structure of the 70S ribosome reveals a discrete
double-helical bridge (B4) that projects from the 50S subunit, making contact
with the 30S subunit. Preliminary modeling studies localized its contact site,
near the bottom of the platform, to the binding site for ribosomal protein S15.
Directed hydroxyl radical probing from iron(ll) tethered to S15 specifically
cleaved nucleotides in the 715 loop of domain Il of 23S ribosomal RNA, one of
the known sites in 23S ribosomal RNA that are footprinted by the 30S subunit.
Reconstitution studies show that protection of the 715 loop, but none of the
other 30S-dependent protections, is correlated with the presence of S15 in the
30S subunit. The 715 loop is specifically protected by binding free S15 to 505
subunits. Moreover, the previously determined structure of a homologous
stem-loop from U2 small nuclear RNA fits closely to the electron density of the

bridge.

Ribosomes are large ribonucleoprotein com-
plexes that are responsible for the fundamen-
tal process of protein synthesis. They are
composed of two asymmetric subunits, each
of which contributes to specific functions
during translation. The interface between
these subunits allows for the coordination of
these discrete functions and also provides the
binding surfaces for many substrates and li-
gands. Thus, the identification of specific
molecular interactions between the two sub-
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units is of great importance. Numerous ex-
periments have identified RNA and protein
elements that potentially contribute to this
subunit-subunit interface (/-3). However, in
the absence of high-resolution structural in-
formation, identification of the molecular
components comprising specific subunit-sub-
unit interactions has been difficult.

The 7.8 A x-ray crystal structure of the
Thermus thermophilus 708 ribosome (4)
shows that the two ribosomal subunits are
connected by a complex network of molec-
ular interactions. One of these (bridge B4)
can be identified as a double-stranded RNA
stem-loop that is continuous with the 508
subunit and makes contact with the bottom
of the platform of the 30S subunit (Fig. 1).
Immunoelectron microscopy and prelimi-
nary modeling studies of the 30S subunit
based on extensive biochemical, biophysi-
cal, and phylogenetic evidence localize the
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binding site for protein S15 to this region of
the 30S subunit (5). Additionally, evidence
for the placement of S15 at the subunit
interface has come from intersubunit cross-
linking studies (2) and a temperature-sen-
sitive S15 mutant that is defective in sub-
unit association (6).

To test the possible proximity of S15 to
23S ribosomal RNA (rRNA), we performed
directed hydroxyl radical probing (7). Iron(II)
was tethered by a linker, 1-(p-bromoacet-
amidobenzyl)-EDTA (BABE) (8), to unique
cysteine (C) residues on the surface of S15
at amino acid positions 12, 36, 46, and 70
by directed mutagenesis (9), using the pub-
lished solution and crystal structures of S15
as a guide (/0). The Fe(Il)-derivatized pro-
teins were incorporated into 30S subunits
by in vitro reconstitution (//) and associ-
ated with 508 subunits to form 708 ribo-
somes, which were then purified by sucrose
gradient centrifugation. The 30S subunits
containing S15 derivatized at position 70
failed to associate with 50S subunits, al-
though they appeared to be normally as-

Fig. 1. Electron density from the 7.8 A crystal
structure of the T. thermophilus 70S ribosome
(4) showing interaction of a discrete RNA fea-
ture of the 50S subunit (white) with the bot-
tom of the platform of the 30S subunit (blue).
Electron density is contoured at 1.10.
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