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which we have recently shown is critical for CN active site substrate 
recruitment (26). In Nhe1, the TxxP motif binds CN in an identical 
manner to the previous determined autoinhibitory domain (AID), 
which blocks the CN active site (27). Upon an increase in [Ca2+], 
the AID dissociates from the catalytic site, allowing for phospha-
tase activity.

Here, using a combination of structural and biochemical meth-
ods, we determined how, at a molecular level, RCAN1 binds and 
inhibits CN. We found that RCAN1 interacts extensively with CN, 
at both the canonical PxIxIT- and LxVP-binding pockets but also 
beyond these regions, including the catalytic site. Further, we found 
that CN binding leads to a folding-upon-binding event, which creates 

Fig. 1. RCAN1 interacts extensively with CN. (A) RCAN1 domain structure showing the N-terminal RRM domain (yellow, amino acids 6 to 82; PDB ID 1WEY), the LxVP 
motif (green, amino acids 96 to 99), the SPPASPP motif (cyan, amino acids 108 to 114), the PxIxIT motif (orange, amino acids 154 to 159), and the TxxP motif (purple, 
amino acids 186 to 189). Partially populated helices 1 and 2 [gray cylinders; see (D)] and the regions that remain flexible when bound to CN [dotted circles; flex1 and 
flex2; see (C)] are also indicated. Constructs used in this study are shown below, with mutations shown in red letters. Sequence alignment of multiple RCAN1 species 
(amino acids 89 to 197), with the residues corresponding to motifs highlighted; * indicates residues phosphorylated by active p38. RCAN1 orthologs used in sequence 
alignment are described in Materials and Methods. RCAN1 residue numbers are labeled according to human RCAN1 isoform 2. (B) Cartoon diagram of calcineurin (CN), 
with CNA shown as a white surface, CNB shown as a gray surface, the PxIxIT motif–binding pocket shown in orange, the LxVP motif–binding pocket shown in green, and 
the location of the active site indicated. (C) Overlay of the 2D [1H,15N] HSQC spectra of 15N-labeled RCAN1 in the absence (black) and presence (red) of CN. Peaks that do 
not interact directly with CN are labeled. (D) Secondary-structure propensity data plotted against RCAN1 residue numbers. These data indicate regions with transient 
secondary structure (SSP > 0,  helix; SSP < 0,  strand). (E) Overlay of the 2D [1H,15N] HSQC spectra of 15N-labeled RCAN1 (black) and 15N-labeled RCAN1core (blue).
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a novel extended PxIxIT-type interaction that defines the central 
core of the RCAN1:CN interaction. We also found that in ad-
dition to physically blocking substrate binding by binding the 
PxIxIT and LxVP binding pockets, RCAN1 also inhibits CN 
activity directly by binding and blocking its active site via two 
mechanisms. Last, both the activity and the binding of RCAN1 
to CN are regulated by phosphorylation, providing an example 
of how SLiM interactions are actively regulated by phosphoryl
ation. Together, these data reveal how RCAN1 controls CN ac-
tivity and, by extension, how RCAN1-mediated inhibition disrupts 
CN signaling, ultimately leading to hyperphosphorylation of CN 
substrates.

RESULTS
The CN interaction domain of RCAN1 is  
intrinsically disordered
RCAN1 is a two-domain protein with a structured N-terminal RNA-
recognition motif (RRM) domain that binds mRNA (amino acids 
1 to 88; Fig. 1A) and a C-terminal domain that is responsible for CN 
binding (amino acids 89 to 197, the RCAN1 CN-binding domain; 
hereafter referred to as RCAN1; Fig. 1A). The two-dimensional 
(2D) [1H,15N] heteronuclear single-quantum coherence (HSQC) 
spectrum of RCAN1 exhibits very little chemical-shift dispersion in 
the 1HN dimension, indicating that the CN-binding domain is an 
IDR (Fig. 1C). To gain structural insights, we used chemical shift 
analysis (CSI/SSP) to test for preferred secondary structure in 
RCAN1. Two regions with preferred -helical secondary structure 
(helix 1, amino acids 129 to 137, ~40% populated; helix 2, amino 
acids 168 to 178, ~55% populated; Fig 1D) were identified. Consistently, 
these regions also have reduced fast time scale dynamics as determined 
using a 15N-{1H} nuclear Overhauser effect (15N-{1H}NOE) experiment 
(fig. S1A). Together, these data show that the CN-binding domain 
of RCAN1 is intrinsically disordered with two partially populated 
-helices.

RCAN1 binds CN tightly, with a KD of ~10 nM [isothermal titration 
calorimetry (ITC); the thermogram is atypical, with two indepen-
dent binding events that have differing enthalpy changes; fig. S1B]. 
Given the atypical ITC results, we used surface plasmon resonance 
(SPR) spectroscopy as a complementary approach, which reported 
a similar KD of ~1 nM (Table 1, table S1, and fig. S1B). As ITC does 
not report time-dependent events, the easiest interpretation for the 
atypical biphasic thermogram is two sequential processes that lead 
to CN binding, i.e., the first binding event is an RCAN1 rearrangement 
(i.e., possibly due to charge:charge interactions within RCAN1) and, 
upon successful rearrangement, the second binding event reports 
the interaction with CN, which we used to extract KD values. To 
identify the RCAN1 residues that bind directly to CN, we used 
nuclear magnetic resonance (NMR) spectroscopy. We formed the 
RCAN1:CN complex, in which only RCAN1 was 15N-labeled. Because 
free RCAN1 lacks any significant long-range intramolecular inter-
actions, the CN-bound and CN-unbound residues of RCAN1 will 
have significantly different NMR relaxation properties. As a con-
sequence, RCAN1 residues that bind directly to CN will be invisible 
in a 2D [1H,15N] HSQC spectrum, while unbound RCAN1 residues 
will retain their original positions in the 2D [1H,15N] HSQC spectrum, 
allowing all nonbinding residues to be identified (Fig. 1C). Using 
this well-established procedure, we found that most RCAN1 residues 
interact directly with CN (amino acids 89 to 110, 128 to 164, and 

180 to 197), many more than expected on the basis of previously 
described SLiM-based interactions with CN. However, there are also 
RCAN1 regions that remain flexible and unbound, including amino 
acids 111 to 124 (flex1) and 168 to 178 (flex2) (Fig. 1, A and C); the 
latter flexible region, flex2, overlaps with helix 2, demonstrating 
that this helix does not bind CN.

Residues 128 to 164 constitute the core CN-binding  
domain of RCAN1
The RCAN1 regions that bind directly to CN include the putative 
LxVP (96LAPP99), PxIxIT (154PSVVVH159), and TxxP (186TRRP189) 
motifs (Fig. 1A). To determine which motifs contribute to CN binding, 
we generated three RCAN1 variants in which the canonical residues 
of the putative motifs were mutated to alanines (RCAN1LxVPdead, 
HLAPP➔AAAAA; RCAN1PxlxlTdead, PSVVVH➔ASAVAA; RCAN1TxxPdead 
TRRP➔AAAA) and measured the affinity of the variants for CN 
using either ITC or SPR. The data showed that the LxVP motif only 
minimally contributes to CN binding, as the KD of the RCAN1LxVPdead 
variant for CN is essentially unchanged. In contrast, both the TxxP 
and especially the PxIxIT motifs contribute significantly to binding, 
as the KD values of the corresponding “dead” variants increase 
(RCAN1TxxPdead variant, ~3-fold increase in KD; RCAN1PxlxlTdead, 
~145-fold increase in KD; fig. S1B, Table 1, and table S1).

Together, the NMR and ITC data suggest that residues 128 to 164 
constitute the core CN-binding domain of RCAN1, as this region is 
between the two flexible domains that do not bind to CN and also 
includes the tightly binding RCAN1 PxIxIT motif. ITC shows that 
RCAN128–164 binds strongly to CN, albeit more weakly than RCAN189–197 
(Table 1 and fig. S1B). To facilitate our structural NMR studies (note 
that all other studies are performed with wt-RCAN1), we converted 
the RCAN1 PxIxIT motif to a strong PxIxIT sequence [~4-fold change; 

Table 1. ITC measurements of RCAN1 variants with CN.  

RCAN1 variant Titrant KD (nM) H (kcal/
mol)

TS (kcal/
mol)

RCAN189–197

RCAN189–197* CN391 16 ± 5 −30.7 ± 0.8 −20.1 ± 0.9

p-RCAN189–197*,† CN391 429 ± 85 −32.4 ± 1.6 −23.7 ± 1.7

RCAN189–197 
T153A* CN391 73 ± 3 −28.8 ± 0.6 −19.1 ± 0.6

p-RCAN189–197 
T153A*,† CN391 77 ± 1 −21.0 ± 1.8 −11.3 ± 1.8

RCAN189–197 
LxVPdead‡ CN391 16 ± 1 −20.7 ± 0.3 −10.2 ± 0.3

RCAN189–197 
PxlxlTdead‡ CN391 2308 ± 375 −24.5 ± 4.0 −16.8 ± 4.1

RCAN189–197 
TxxPdead* CN391 46 ± 11 −25.6 ± 0.4 −15.6 ± 0.5

RCAN1core

RCAN1core WT* CN391 161 ± 7 −18.8 ± 0.4 −9.5 ± 0.4

RCAN1core PSVVIT* CN391 42 ± 4 −18.9 ± 0.3 −8.9 ± 0.9

 *Measurements were carried out using an Affinity-ITC microcalorimeter.          
†RCAN1 proteins that are phosphorylated (p-).          ‡Measurements were 
carried out using a VP-ITC microcalorimeter.
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PSVVVH ➔ PSVVIT (22); hereafter referred to as RCAN1core; Table 1 
and fig. S1B]. To confirm that RCAN1core behaves identically to 
the same domain within the context of the full RCAN1 CN-binding 
domain (RCAN1), we used NMR spectroscopy. First, an overlay of 
the 2D [1H,15N] HSQC spectra of free RCAN1 with free RCAN1core 
revealed that no chemical shift perturbations (CSPs) are observed 
for corresponding peaks, beyond those expected at the RCAN1core 
N and C termini (Fig. 1E and fig. S1C). This demonstrates that the 
free state of RCAN1core is identical to that present within the 
context of the full CN-binding domain. Second, a CSI/SSP analysis 
performed after completing the sequence-specific backbone assign-
ment of RCAN1core showed that helix 1 is ~45% populated (Fig. 2A). 
This is identical to what was observed for the same helix in RCAN1 
(Fig. 1D). These data demonstrate that the residues that define 
the RCAN1core behave identically in both constructs (RCAN1core 
and RCAN1).

The RCAN1core domain undergoes a folding-upon-binding 
transition upon CN binding
The interaction of the RCAN1core domain with the CNA was then 
examined using NMR spectroscopy. In this experiment, both RCAN1core 
and CNA are isotopically labeled (2H,15N-labeled RCAN1core; 
2H-labeled CNA), allowing all peaks to be detected. The data 
showed that RCAN1core folds upon CNA binding, as the dispersion 
of the peaks in the 1HN dimension widened significantly, owing to 
the formation of new hydrogen bonds in novel secondary-structure 
elements (Fig. 2B). Repeating this experiment using RCAN1 and CN 
(CNA/B) showed an identical folding pattern (fig. S2A), confirming 
that the RCAN1core binds identically to both CN and CNA and that 
the RCAN1core domain folds-upon-binding in a manner identical to 
that of RCAN1 (fig. S2A). To understand this conformational change 
in molecular detail, we completed the CNA-bound RCAN1core 
sequence-specific backbone assignment (2H,13C,15N-labeled RCAN1core, 
2H-labeled CNA; 47-kDa complex; Fig. 2B). The CSI/SSP analysis 
showed that when RCAN1core is bound to CNA, most of the partially 
populated helix 1 becomes 100% populated, with the final turn 
being slightly lower populated. Further, two new  strands are 
formed, 1 (amino acids 142 to 145) and 2 (amino acids 155 to 
159; Fig. 2A).

To determine the RCAN1core:CNA 3D structure, we first used 
x-ray crystallography. The structure of the RCAN1core:CNA complex 
was determined by molecular replacement and refined to 1.85 Å 
resolution (table S2). Strong difference electron density was observed 
for the PxIxIT motif and adjacent residues, allowing RCAN1 
residues 153TPSVVITVC161 to be readily modeled (Fig. 2C). The 
RCAN1 PxlxlT motif binds CN in an extended  strand confor-
mation, burying ~495 Å2 of solvent accessible surface area. As ob-
served in other CN:PxIxIT complexes (fig. S2B), the RCAN1 PxIxIT 
motif  strand hydrogen bonds with CNA  strand 14 in a par-
allel arrangement, extending one of CNA’s two central  sheets 
(Fig. 2A and fig. S2C). In addition to the electron density corre-
sponding to the PxIxIT sequence, weak difference density corre-
sponding to a short  strand was observed just above the PxIxIT 
motif  strand, further extending the CNA central  sheet by one 
more strand (fig. S2D). The presence of a second  strand is con-
sistent with the CSI/SSP NMR data that showed two  strands 
form when RCAN1core binds CNA (Fig. 2A). Despite extensive ef-
forts, no electron density was identified for RCAN1 residues 128 to 
140, likely due to the fact that the PxIxIT binding pocket is located 

at a crystal contact and, as a consequence, displaced these resi-
dues in the crystal (fig. S2E).

The structure of the RCAN1core:CN complex
To determine the structure of the RCAN1core:CNA complex, we used 
a hybrid structural biology approach, integrating the NMR and 
crystallographic data. First, we determined the solution structure of 
RCAN1core bound to CNA using chemical shift–based dihedral angle 
restraints and NOE distance restraints, the latter of which were 
derived from 13C-ILV-methyl-methyl resolved [1H,1H] NOESY 
(NOE spectroscopy), 13C-methyl-ILV-15N resolved [1H,1H] NOESY, 
and 15N-resolved [1H,1H] NOESY spectra. A total of 84 NOE restraints 
were detected and used for structure determination (table S4). Next, 
we developed a corefinement protocol that used both the NMR-
derived (NOE) and crystallographic-derived (H-bond) restraints 
with established protein stereochemical restraints to refine the 
structure of the CNA:RCAN1core complex (Fig. 2, D and E). Atoms 
allowed to change during corefinement included the atoms from all 
RCAN1core residues and CNA residues belonging to CNA  strand 
14. The ensemble of RCAN1core domains adopted a compact con-
formation defined by the secondary structures of a single  helix 
(1, 129YDLLYAISKL138), two  strands (1, 142EKYE145; 2, PxIxIT 
motif, 154PSVVIT159), and two turns. The  strands bind one another 
in an antiparallel manner, with the helical axis of the  helix 
aligning parallel and adjacent to both strands (because of the limited 
number of NOE restraints, the  helix adopted a small range of ori-
entations relative to the two-stranded  sheet). The compact tertiary 
structure is stabilized by a central hydrophobic core defined by 
RCAN1 residues Leu131, Ile135, Leu138, Val156, and Ile158. The 
RCAN1core is anchored to CNA via its PxIxIT motif. This ordering 
of RCAN1core PxIxIT residues (including Val156 and Ile158), to-
gether with the CNA PxIxIT-binding pocket residues (especially 
Met290 and Ile331), provides a hydrophobic platform that enhances 
the stability of the folded conformation of the RCAN1core. The 
observation that the entire RCAN1core folds-upon-binding CNA has 
never been observed for any other CN-regulator.

To confirm the experimental accuracy of the NMR and crystal-
lographically corefined structure, we performed an additional NMR 
experiment. Namely, we formed the RCAN1core:CNA complex us-
ing 2H,13C,15N-labeled CNA and unlabeled RCAN1core and completed 
the sequence-specific backbone assignment of CNA in its RCAN1core-
bound conformation of most detectable NH cross peaks (Fig. 2F). 
Because of incomplete H/D back exchange (as commonly observed 
for proteins expressed in D2O), the backbone assignment of CNA is 
~30% [this percentage is about the same as the published NMR 
backbone assignment of free CNA (28)]. Overlaying the 2D [1H,15N] 
TROSY (Transverse relaxation optimized spectroscopy) spectra of 
2H,15N-labeled CNA in the presence and absence of unlabeled 
RCAN1core showed, as expected, that many CSPs belong to the 
residues corresponding to the CN PxIxIT-binding pocket (residues 
Val104, Asn192, Glu325, Asn327, Asn330-Arg332, and Phe334). However, 
CSPs were also observed beyond the expected PxIxIT CN–binding 
pocket including residues Ser294, Thr296, Gly298, and Ser301, in a pocket 
in which the N terminus of the RCAN1core engages CNA, confirming 
the structure of the RCAN1core:CN complex (Fig. 2, D to F).

The RCAN1 TxxP motif is critical for CN inhibition
Previous studies have shown that CN activity can be inhibited by 
distinct mechanisms. First, CN can be competitively inhibited by 
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binding and blocking the active site (27); this is how the CN AID 
inhibits CN before Ca2+ activation. Second, CN can be inhibited by 
blocking substrate binding; this is how the viral protein inhibitor 
A238L inhibits CN, as it binds CN and blocks both the PxIxIT- and 
LxVP-binding pockets (23). To understand how RCAN1 regulates 
CN, we measured CN activity using para-nitrophenylphosphate 
(pNPP; a small substrate mimic that reports active site inhibition) 
in the presence and absence of RCAN1 and a series of RCAN1 motif 
variants. The data show that RCAN1 potently inhibits CN activity 

against pNPP (Fig. 3, A and B, and table S3). Mutating the primary 
SLiM motifs (LxVP; PxIxIT; Figs. 1A and 3B) in RCAN1 alters CN 
inhibition in a manner consistent with their role in CN binding. 
Namely, the loss of the LxVP motif (RCAN1LxVPdead), which contributes 
very little to CN binding, has no effect on the RCAN1-mediated 
inhibition of CN phosphatase activity against pNPP. In contrast, 
the loss of the PxIxIT motif (RCAN1PxIxITdead), which is essential for 
CN binding, significantly reduced the RCAN1-mediated inhibition 
of CN phosphatase activity (Fig. 3, A and B). Together, these data 

Fig. 2. RCAN1core domain, amino acids 128 to 164, folds-upon-binding CN. (A) Secondary-structure propensity data plotted against RCAN1core residue numbers 
(SSP > 0,  helix; SSP < 0,  strand). RCAN1core, blue; CNA-bound RCAN1core, pink. (B) Overlay of the 2D [1H,15N] TROSY spectrum of free 15N-labeled RCAN1core (blue) with 
the 2D [1H,15N] TROSY spectrum of (2H,15N)-labeled RCAN1core bound to (2H)-labeled CNA (pink). Arrows indicate the peak shifts in RCAN1core upon binding 
CN. (C) 2mFo − DFc electron density map (blue) contoured at 1 corresponding to the RCAN1core PxIxIT motif (orange sticks; PxIxIT motif residues underlined) bound to 
CN (gray). CN residues that form the PxIxIT motif hydrophobic docking pocket shown as sticks and labeled. (D) Structure of RCAN1core:CNA complex obtained using NMR 
and x-ray data corefinement. RCAN1core, orange (PxIxIT motif shown as sticks; strand 1, arrow, helix 1, cylinder); CNA, white surface with the CNA residues that experi-
ence CSPs upon RCAN1core binding shown in blue (>2 SD) or light blue (>1 SD); dark gray surface corresponds to unassigned residues. Residues that experience CSPs 
are also labeled. (E) Overlay of the five lowest-energy corefined structures. (F) Overlay of the 2D [1H,15N] TROSY spectra of (2H,15N)-labeled CNA in the absence (black) and 
presence (red) of the RCAN1core. Peaks that shift in the presence of the RCAN1core are shown with arrows and labels. Label colors correspond to chemical shift perturbation 
deviation magnitudes [see (D)].
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show that although RCAN1 binds to both CN-specific SLiM-binding 
pockets (LxVP and PxIxIT), it must also bind and block the CN active 
site, and this interaction requires binding via the PxIxIT motif.

Two additional motifs have previously been suggested to facilitate 
RCAN1-mediated inhibition of CN: the 108SPPASPP114 motif, which 
resembles NFAT substrate sequences (25), and the 186TxxP189 motif, 
which we recently showed is critical for active site substrate recruitment 
(26). To determine whether the RCAN1 TxxP motif contributes to the 
RCAN1-mediated inhibition of CN, we measured CN activity when 
bound to the RCAN1TxxPdead variant (Fig. 3C). Although mutating 
this motif has only a minor effect on CN binding (threefold), it 
strongly reduced the RCAN1-mediated inhibition of pNPP de-
phosphorylation (29), resulting in a 50% increase in CN activity 
(Fig. 3, B and C); this suggests that the TxxP motif interacts directly 
with the catalytic site. Using the crystal structure of CN bound to 
the AID as a model for TxxP binding (AID residues 481ERMP484; 
Glu481 carboxyl binds the CN active site metals), it became evident 
that the RCAN1 i+2 arginine (TRRP) is perfectly poised to bind a 
negatively charged pocket formed by the side chains of CN residues 
Cys153 and Glu220 and the peptide carboxyls from residues Asn150 
and Pro221 (Fig. 3D, inset). To test whether Arg188 is important for 
RCAN1-mediated inhibition of CN, we generated a TxxP motif 
variant in which only this residue is mutated to alanine, RCAN1TRAP 
(Fig. 3, B and C). This single amino acid change results in a 50% 

reduction in RCAN1-mediated inhibition of CN. Inclusion of additional 
mutations in this motif (TAAP; TAAA) had only minor effects 
(Fig. 3, B and C). Together, the data show that the TxxP motif is 
critical for the RCAN1-mediated inhibition of CN at the active site, 
with TxxP residue Arg188 playing a key role in TxxP motif binding 
(Fig. 3D).

Although the TxxP motif is critical for the RCAN1-mediated 
inhibition of CN, the RCAN1TxxPdead variant does not allow CN 
activity to return to RCAN1-free levels, demonstrating that additional 
elements of RCAN1 also contribute to CN inhibition. Previous 
studies suggested that the RCAN1 108SPPASPP114 motif may function 
as an NFAT-like pseudosubstrate inhibitor of CN activity (25). To 
test this, we again used mutagenesis coupled with pNPP activity 
assays (Fig. 3, B to E). First, mutation of either the 108SPP or 112SPP 
motif to AAA did not alter RCAN1-mediated inhibition of CN. We 
hypothesized that this may be due to the presence of the 186TRRP189 
motif, which may play a dominant role in CN inhibition. Thus, we 
generated the same mutants in the RCAN1TxxPdead variant, i.e., 
108SPPdead/TxxPdead and 112SPPdead/TxxPdead. The data show that in 
the absence of a functional TxxP motif, mutating the 112SPP motif 
led to a further ~20% reduction in RCAN1-mediated CN inhibition. 
Mutating the 108SPP motif completely abolished the RCAN1-mediated 
inhibition of CN, rendering CN fully active. These data demonstrate 
that both the RCAN1 TxxP motif and the RCAN1 108SPP pseudosubstrate 

Fig. 3. RCAN1 TxxP and SPP motifs inhibit CN by binding and blocking the active site. (A) Enzymatic activity of CN in the absence (black) and presence of RCAN1 (red) 
and its SLiM-binding motif variants (PxIxITdead, orange; LxVPdead, green); pNPP assays; ±SE, n = 3. (B) RCAN1 domain diagram illustrating the RCAN1 mutants tested with 
the corresponding CN activity (relative to free CN). (C) Same as (A) but with RCAN1 TxxP variants. (D) Cartoon illustrating how the TxxP motif engages the CN active site. 
Inset: Model of the RCAN1 TxxP (TRRP; purple) motif bound to CN based on the structure of the CNA AID domain (27); CN is shown as an electrostatic potential energy 
surface. (E) Same as (A) but with RCAN1 SSPASSP and TxxP variants. (F) Same as (D), illustrating CN inhibition in the absence of a functional TxxP motif. Inset: Model of the 
RCAN1 108SPP (cyan) motif bound to CN based on the structure of the CNA AID domain.
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sequence are responsible for the RCAN1-mediated inhibition at the 
CN active site (Fig. 3, D to F). To confirm these results, we formed 
the 2H,15N-RCAN1TXXPdead:2H-CN complex and recorded a 2D 
[1H,15N] TROSY spectrum (fig. S3). The NMR data showed that 
upon deletion of the TxxP motif in RCAN1, residues that are part of 
or surrounding the 108SPPASPP114 motif are missing or shifted (e.g., 
Ser112, Gly116, Lys118, and Thr124), directly showing that these residues 
are now in a different chemical environment, i.e., binding the CN 
active site (as indicated by the activity assays).

RCAN1 phosphorylation regulates CN binding
RCAN1 has eight serine and six threonine residues (Fig. 1A). Of 
these, Ser93, Ser94, Ser108, Ser112, Thr124, Ser136, Thr153, Ser163, Thr186, 
and Thr192 have been experimentally identified to be phosphorylated 
in vivo (16, 30, 31), suggesting that they may be important for regulat-
ing RCAN1 binding to and/or inhibition of CN. Consistent with 
this, a subset of these residues are part of and/or adjacent to known 
RCAN1 motifs (Ser94, LxVP motif; Ser108/Ser112, SPPASPP pseudo-
substrate motif; Thr153/Ser163, PxIxIT motif; Thr186/Thr192, TxxP 
motif; Fig. 1A). To determine how phosphorylation of RCAN1 
alters its ability to bind and inhibit CN, we incubated 15N-labeled 
RCAN1 with MKK6-activated p38 (pp38) (32), a proline-directed 
kinase that has been shown to phosphorylate RCAN1 (31, 33). An 
overlay of the nonphosphorylated and phosphorylated 2D [1H,15N] 
HSQC spectra reveals large CSPs for several peaks, indicative of 
phosphorylation (fig. S4A). After completing the sequence-specific 
backbone assignment of p38-phosphorylated RCAN1 (p-RCAN1), 
we determined that Ser108, Ser112, Thr124, Thr153, and Thr192 are 
phosphorylated (pS108, pS112, pT124, pT153, and pT192; pT152 
also becomes partially phosphorylated, although much more slowly, 
suggesting that it is nonspecific). CSI/SSP analysis shows that 
p-RCAN1 maintains the same secondary-structure preferences as 
nonphosphorylated RCAN1 (RCAN1), and thus, p-RCAN1 is iden-
tical to RCAN1 in solution (fig. S4B). Despite this, p-RCAN1 binds 
CN ~30-fold more weakly than RCAN1 (ITC; fig. S1B and Table 1), 
demonstrating that RCAN1 phosphorylation negatively affects 
CN binding.

We reasoned that the reduction in affinity was due to the phos-
phorylation of Thr153, which is in a loop connecting RCAN1core 
 strands 1 and 2 and immediately N-terminal to the RCAN1 
PxIxIT motif, which is essential for CN binding (Figs. 1A and 2D). 
To test this, we generated the RCAN1T153A variant and phosphorylated 
it using pp38. The same residues, with the exception of Thr153 
(now T153A), were phosphorylated; further, no nonspecific phos-
phorylation of Thr152 was observed (Fig. 4A). However, in contrast 
to p-RCAN1, the p-RCAN1T153A variant binds CN with the same 
affinity as nonphosphorylated RCAN1T153A (fig. S1B and Table 1), 
both of which are nearly identical to RCAN1. Together, these data 
show that phosphorylation of Thr153 in RCAN1 is a key mechanism 
regulating RCAN1:CN complex formation and, in turn, the ability 
of RCAN1 to inhibit CN.

RCAN1 phosphorylation and CN inhibition
Next, we investigated how RCAN1 phosphorylation affects the ability 
of RCAN1 to inhibit CN. To exclude any effects from a change in 
RCAN1:CN binding affinity, RCAN1T153A was used throughout these 
studies. pNPP was used as a model substrate and its dephosphorylation 
was monitored over time. As expected, RCAN1T153A completely 
inhibited CN activity (Fig. 4, B and C). In contrast, p-RCAN1T153A 

showed a ~30% reduction in inhibition, demonstrating that phos-
phorylation of either Ser108, Ser112, Thr124, or Thr192 negatively 
affects the ability of RCAN1 to inhibit CN (Fig. 4, B and C). Since 
our results showed that the 108SPPASPP114 motif, especially 108SPP, 
plays a key role in the RCAN1-mediated inhibition of CN, we rea-
soned that the loss of inhibition was due to the phosphorylation of 
Ser108. To test this, we repeated the activity assay using a variant of 
RCAN1 in which both residues were mutated to alanine and sub-
sequently phosphorylated by pp38 (p-RCAN1T153A/S108A). Preventing 
Ser108 phosphorylation restored the ability of RCAN1 to inhibit CN, 
demonstrating that phosphorylated pS108 relieves 108SPP-mediated 
inhibition (Fig. 4, B and C).

Last, we tested the importance of the TxxP motif in p-RCAN1-
mediated inhibition. Thus, we measured the activity of CN bound to 
p-RCAN1T153A in the TxxPdead background, i.e., p-RCAN1T153A/TxxPdead. 
The data show that this variant completely lost its ability to inhibit 
CN. Moreover, the CN activity increased threefold in the presence 
of p-RCAN1T153A/TxxPdead (Fig. 4, B and C). This result is consistent 
with previous studies that have shown that the activity of CN increases 
in the presence PxIxIT- and LxVP-containing CN-specific regulators, 
due to stabilization of the enzyme (23). Together, these data not 
only confirmed the key role of the TxxP motif in the RCAN1-mediated 
inhibition of CN independent of the RCAN1 phosphorylation state 
but also revealed that phosphorylation of either Thr153 or Ser108 reduces 
RCAN1-mediated inhibition either by weakening the affinity of RCAN1 
for CN (pT153) or by preventing the SPPASPP pseudosubstrate 
motif from engaging and blocking the catalytic site (pS108).

RCAN1 is also a CN substrate
Next, we used NMR spectroscopy to determine whether p-RCAN1 
is also a CN substrate. Because the affinity of CN for p-RCAN1, but 
not p-RCAN1T153A, is considerably weaker than the corresponding 
nonphosphorylated variant, we again used the RCAN1T153A variant 
for these experiments. The data show that all p-RCAN1 residues 
phosphorylated by pp38 are dephosphorylated by CN, with pS108 
and pT192 being the residues most rapidly dephosphorylated (Fig. 5A; 
pS112 is also dephosphorylated, but the dephosphorylation does 
not go to completion).

The 108SPPASPP114 motif is C-terminal to the RCAN1 96LxVP99 
motif. Our NMR, ITC, and SPR data show that while the RCAN1 
LxVP motif binds CN, it does not contribute significantly to its 
affinity. This weaker affinity of the LxVP versus PxIxIT motif in 
RCAN1 has also been observed in other CN substrates, which has 
led to the hypothesis that LxVP motifs facilitate CN-mediated 
dephosphorylation of specific substrate residues. To test this 
hypothesis for RCAN1, we repeated the NMR-based dephosphorylation 
experiments using an RCAN1 variant in which the LxVP motif was 
nonfunctional (RCAN1LxVPdead) (Fig. 5B). The data show that the 
dephosphorylation rates for the phosphorylated residues either 
slowed (pT124 and pT192) or went to zero (pS108 and pS112). 
Thus, the residue that is most rapidly dephosphorylated in wild-
type (WT) p-RCAN1, pS108, is unable to be dephosphorylated in 
the absence of the LxVP motif (p-RCAN1LxVPdead). These data 
strongly support the hypothesis that, in at least a subset of CN sub-
strates, the LxVP functions to optimally position phosphosites for 
rapid dephosphorylation by CN. Inhibiting Ser108 phosphorylation 
using p-RCAN1T153A/108SPPdead also completely prevented the partial 
dephosphorylation of pS112, demonstrating the inability of this residue 
to effectively engage the active site in the absence of the 108SPP110 
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motif (Fig. 5C). Last, we also measured RCAN1 dephosphorylation 
using a variant with an inactive TxxP motif: pRCAN1T153A/TxxPdead. 
As expected, the dephosphorylation rates increased markedly, 
demonstrating that the TxxP motif functions limit access to the 
active site, fully consistent with our molecular and inhibition data 
(Fig. 5D).

DISCUSSION
Over 20 years ago, RCAN1 was found to be a potent, endogenous 
inhibitor of CN; however, how RCAN1 interacted with and regulated 
the activity of CN has remained elusive. This lack of mechanistic 
knowledge has limited our ability to effectively combat RCAN1-
mediated inhibition to enhance NFAT dephosphorylation in syndromes 
and diseases associated with RCAN1 up-regulation, including DS 
and AD. Here, we show that the RCAN1 CN-interaction domain, 
which is intrinsically disordered, forms a tight complex with CN via 
its multiple SLiMs, including the LxVP, PxIxIT, and TxxP motifs 
(Fig. 6A). Unexpectedly, we found that the RCAN1 PxlxlT interaction 
is distinct from canonical PxlxlT:CN interactions, as PxIxIT motif 
binding to CN causes its 30 N-terminal residues to undergo a folding-
upon-binding event. This results in the formation of a stable, tertiary 
domain stabilized by an extensive network of hydrophobic residues 
from both CN and RCAN1. This observation is important for multiple 
reasons. First, this unique example highlights the emerging diversity 

of SLiM-based interactions, demonstrating that even “established” 
interactions like that of the PxIxIT with CN can be augmented and 
their interaction strengths can be modulated by additional protein 
stabilization interactions. It will be interesting to see whether similar 
extended interactions exist for other SLiMs. Second, detecting this 
folding-upon-binding event and determining the folded structure 
required a hybrid approach that integrated NMR and crystallographic 
data, highlighting the importance of using both methods, but especially 
NMR spectroscopy, for the study of IDP:protein interactions.

We also found that this novel RCAN1 interaction domain is the 
target of posttranslational modifications, namely, phosphorylation. 
Thr153 is a proline-directed kinase phosphorylation site that is readily 
phosphorylated by activated p38. As we show, phosphorylation of 
Thr153 reduces the binding affinity of RCAN1 for CN by more than 
30-fold, which greatly attenuates its ability to bind, and, in turn, 
inhibit CN. Others have reported that phosphorylation of a nearby 
RCAN1 residue, Ser136, also transforms RCAN1 from an inhibitor 
to an “activator,” which enhances CN-NFAT signaling via NFAT 
translocation to the nucleus (34). Our new structural data show that 
Ser136 is located at the center of the newly formed PxIxIT domain, 
strongly suggesting that phosphorylation of Ser136 also destabilizes 
the RCAN1:CN interaction in a manner similar to that observed for 
Thr153. Together, these data show how phosphorylation functions 
as a molecular switch to convert RCAN1 from a potent to a weak 
inhibitor (sometimes called activator) of CN.

Fig. 4. RCAN1 phosphorylation regulates CN binding and inhibition. (A) Overlay of the 2D [1H,15N] HSQC spectra of free 15N-labeled RCAN1T153A with 15N-labeled 
p-RCAN1T153A. Peaks corresponding to phosphorylated residues in p-RCAN1T153A are labeled. (B) Progress curves monitoring the dephosphorylation of pNPP for the indi-
cated p-RCAN1T153A:CN complexes. (C) Cartoon diagrams of the RCAN1 variants tested in (B), with the indicated phosphorylated residues and resulting CN activity at the 
30-min time point relative to CN alone.
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Our data reveal why RCAN1 is such a potent inhibitor of CN. 
Namely, it uses a combination of distinct yet complementary inhibitory 
mechanisms. First, RCAN1 binds to and blocks the PxIxIT and 
LxVP substrate-binding sites. This is the same mechanism used by 
the potent swine flu viral inhibitor A238L (23) and the blockbuster 
immunosuppressant drugs FK-506/cyclosporin-A (27, 35); that is, 
RCAN1 sterically occludes other substrates from binding the PxIxIT 
and LxVP substrate-binding pockets, which, in turn, prevents them 
from being dephosphorylated. The efficacy of FK-506/cyclosporin-A 
in preventing CN-mediated NFAT dephosphorylation demonstrates 
the effectiveness of this inhibitory strategy (36). However, RCAN1 
also uses a second mechanism to inhibit CN activity. Namely, it binds 
and blocks the active site directly. Recently, we showed that S/TxxP 
motif substrate phosphosites are directly recruited to the CN active 
site (26). It is exactly such a motif, TRRP in RCAN1, which binds 
and blocks the CN active site, inhibiting its ability to dephosphorylate 

both small substrate mimetics (pNPP) and protein substrates 
(pRCAN1). In particular, we showed that the “RP” residues in 
TRRP are key for the local interaction at the active site and thus the 
potent inhibition of CN. Our data also showed that RCAN1 engages 
the active site using a second motif, one that was originally proposed 
to mimic known dephosphorylation sites in NFAT, SPPASPP 
(108SPPA112SPP). Thus, in addition to binding and sterically block-
ing known CN substrate interaction motifs, RCAN1 also exploits two 
distinct pseudosubstrate motifs to bind and inhibit the CN active site 
directly, demonstrating why RCAN1 potently inhibits CN activity.

What can we learn from these mechanisms of CN binding and 
inhibition by RCAN1 for CN inhibition and substrate selection? 
First, diffusion-controlled small-molecule dephosphorylation (e.g., 
for pNPP) and protein substrate dephosphorylation are different 
because the latter has the advantage of tethering via the CN-specific 
substrate interaction motifs (PxIxIT and LxVP). This tethering 

Fig. 5. RCAN1 LxVP motif is required for dephosphorylation of the pseudosubstrate SPPASPP motif. (A) Dephosphorylation of p-RCAN1T153A residues pS108, pS112, 
pT124, and pT192. (B) Dephosphorylation of p-RCAN1T153A/LxVPdead residues pS108, pS112, pT124, and pT192. (C) Dephosphorylation of p-RCAN1T153A/S108A residues pS112, 
pT124, and pT192. (D) Dephosphorylation of p-RCAN1T153A/TxxPdead residues pS108, pS112, pT124, and pT192.
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markedly increases the local substrate (phosphosite) concentration, 
which, in turn, enhances its dephosphorylation. This is why pNPP 
dephosphorylation by CN is completely inhibited by RCAN1, while 
substrate-like engagements, e.g., by p-RCAN1, leads to dephosphoryla-
tion, albeit exceedingly slowly (as we show, a functional TxxP motif 
greatly slows CN-mediated dephosphorylation of p-RCAN1). Further-
more, we show that for effective substrate dephosphorylation, the 
LxVP motif is critical, as, without it, the phosphosites immediately 
C-terminal to the LxVP motif are no longer dephosphorylated. 
Recently, we showed that the LxVP binding affinity for CN strictly 
depends on its on-rate (kon), i.e., how accessible the LxVP motif is in 
the ensemble of structures formed by RCAN1 in solution (37). Despite 
the fact that the RCAN1 LxVP site (LAPP) engages CN only very 
weakly, these data show that the LxVP is still essential for the specific 
and efficient dephosphorylation of 108SPPA112SPP, with a preference 
for 108SPP (the preference suggests that a PPA sequence N-terminal 
to a dephosphorylation site is unfavorable for dephosphorylation 
by CN). Together, these results reveal how RCAN1 inhibits CN and 
how this inhibition is regulated by phosphorylation. The mode of 
active site engagement is likely mirrored by CN substrates and thus 
this work also provides molecular insights into substrate engagement 
with the CN active site.

Last, these data also provide the essential molecular details needed 
to develop therapeutics that disrupt RCAN1-mediated inhibition of 
CN in syndromes and disorders associated with RCAN1 overexpres-
sion. Namely, RCAN1 dissociation can be achieved by specifically 
limiting the formation of the hydrophobic network necessary to 
form the extended PxIxIT interaction, e.g., by small molecules. Further-
more, up-regulation of kinases that allow for RCAN1 phosphorylation 
on residues Ser136 and Thr153 are equally good routes to limit the 
effectiveness of this interaction and thus ultimately CN inhibition. 
Last, identification and inhibition of the necessary phosphatases for 
Ser136 and Thr153 will be another possibility for inhibition release. 
While none of these are short-term projects, the molecular insights 
presented here lay the foundation for these important efforts.

MATERIALS AND METHODS
Protein expression and purification
DNA coding the human RCAN1 CN-binding domain (residues 89 
to 197) was subcloned into pTHMT (His6MBP-TEV-) as previously 
described (38). RCAN1 variants [RCAN1core (residues 128 to 164), 
108SPPdead (S108A/P109A/P110A), 112SPPdead (S112A/P113A/P114A), 
TxxPdead (T186A/R187A/R188A/P189A), 108SPPdead/TxxPdead, 
112SPPdead/TxxPdead, LxVPdead (H95A/L96A/P98A/P99A), PxlxlTdead 
(P154A/V156A/V158A/H159A), T153A, T153A/S108A, T153A/
LxVPdead, and T153A/TxxPdead] were generated using site-directed 
mutagenesis following recommended protocols (QuikChange; Agilent). 
CNA (residues 27 to 348DD; for NMR; CN  isoform was used 
throughout the study) and CNA (residues 27 to 339; for crystallography) 
were subcloned into pRP1B, containing an N-terminal His6-tag. 
CN391 (CNA1–391/CNB1–170) and CN370 (CNA1–370/CNB1–170) were 
cloned into the p11 bicistronic bacterial expression vector as a single 
cassette, which contains an N-terminal His6-tag followed by a TEV 
(Tobacco etch virus) protease cleavage site, as previously described (23). 
These CN constructs do not contain the AID. For protein expres-
sion, plasmid DNAs were transformed into Escherichia coli BL21 
(DE3) RIL cells (Agilent). Cells were grown in Luria broth in the 
presence of selective antibiotics at 37°C to an OD600 (optical density 

Fig. 6. RCAN1 is both a potent inhibitor of CN and a substrate. (A) RCAN1 is a 
potent CN inhibitor. RCAN1 (magenta, with key sequence and structural features 
indicated) binds and inhibits CN (gray/beige; active site in yellow) via two mechanisms. 
First, RCAN1 blocks CN-specific substrate LxVP and PxIxIT interaction grooves by 
binding these pockets using its LxVP and especially its PxIxIT motifs. This prevents 
canonical CN substrates, like the NFATs, from binding CN. Second, RCAN1 directly 
blocks the CN active site via its TxxP motif and, to a lesser extent, its SPPASSP motif. 
This further reduces CN activity against its endogenous substrates. The RCAN1core 
folds upon binding CN. (B) Phosphorylation of RCAN1 T153 (pT153) inhibits CN 
binding. Active p38 phosphorylates RCAN1 on pS108, pS112, pT124, pT153, and 
pT192. Phosphorylation of RCAN1 T153 (pT153), which is immediately N-terminal 
to the PxIxIT motif, lowers the affinity of RCAN1 for CN, leading to dissociation of 
the complex and increased CN activity. (C) Phosphorylated RCAN1 (pRCAN1) is weakly 
dephosphorylated by CN. In the absence of phosphorylation at T153 (pRCAN1T153A; 
T153A represented as an orange start), pRCAN1 is able to bind CN with strong affinity. 
This results in the slow dephosphorylation of pS108, pT124, and pT192, with pS112 
becoming partially dephosphorylated (top). However, with the exception of pT192, 
these dephosphorylation events require the presence of the nearby LxVP motif. 
That is because, in the LxVPdead mutant (T153A and LxVPdead represented as orange 
stars), pS108, pS112, and pT124 remain phosphorylated, even after 20 hours (middle). 
Last, if the inhibitory TxxP sequence is inactivated (TxxPdead; T153A and TxxPdead 
represented as orange stars), the ability of CN to dephosphorylate pRCAN1 is sub-
stantially enhanced, with dephosphorylation rates increasing ~10-fold (bottom).
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at 600 nm) of ~1.0, and expression was induced by the addition of 
1 mM isopropyl--d-thiogalactopyranoside. Induction proceeded for 
~4 hours at 37°C or overnight at 18°C before harvesting by centrifuga-
tion at 8000g. Cell pellets were stored at −80°C until purification.

For NMR measurements, expression of uniformly (1H,15N)-, 
(2H,15N)-, (1H,15N,13C)-, or (2H,15N,13C)-labeled proteins was achieved 
by growing cells in H2O- or D2O-based M9 minimal media containing 
15NH4Cl (1 g/liter) and/or [1H,13C]- or [2H,13C]-d-glucose [4 g/liter; 
CIL (Cambridge Isotope Laboratories) or Isotec] as the sole nitrogen 
and carbon sources, respectively, using established protocols (39). 
Selectively /-[13CH3, 12CD3]-Val/Leu, -[13CH3]-Ile, [U]-2H,15N-
labeled RCAN1 were prepared in D2O-based M9 minimal media 
containing 15NH4Cl (1 g/liter) and/or [2H,12C]-d-glucose (4 g/liter) 
through addition, 1 hour before induction, of -ketoisovaleric acid 
(120 mg/liter; CDLM-7317; Cambridge Isotope Laboratories) and 
-ketobutyric acid (60 mg/liter; CDLM-7318; Cambridge Isotope 
Laboratories).

Cell pellets were lysed in lysis buffer [25 mM tris (pH 8.0), 
500 mM NaCl, 5 mM imidazole, and 0.1% Triton X-100] containing 
EDTA-free protease inhibitor cocktail (Roche) using high-pressure 
homogenization (Avestin C3). The lysate was clarified by centrifuga-
tion at 42,000g and filtered through a 0.22-m PES (polyethersulfone) 
filter before loading onto a His-trap HP column (GE Healthcare). Bound 
proteins were washed with buffer A [50 mM tris (pH 8.0), 500 mM 
NaCl, and 5 mM imidazole] and eluted with increasing amounts of 
buffer B [50 mM tris (pH 8.0), 500 mM NaCl, and 500 mM imidazole] 
using a 5 to 500 mM imidazole gradient. Peak fractions were pooled 
and dialyzed overnight at 4°C in high-salt dialysis buffer [50 mM tris 
(pH 8.0), 500 mM NaCl, and 0.5 mM TCEP] with 5:1 volume ratio 
of TEV protease overnight for RCAN1 or low-salt dialysis buffer [50 mM 
tris (pH 8.0), 50 mM NaCl, 0.5 mM TCEP, and 1 mM CaCl2] 
for CN. The next day, a “subtraction” His6-tag purification was per-
formed to remove TEV and the cleaved His6-tag. RCAN1 was con-
centrated to ~6 ml; 5 mM (final concentration) DTT was added 
and further heat-purified (80°C; 10 min). RCAN1 was further puri-
fied using size exclusion chromatography (Superdex 75 26/60) in 
either assay buffer [150 mM Hepes (pH 7.5), 150 mM NaCl, 0.5 mM 
TCEP, 1 mM CaCl2, and 0.5 mM MgCl2] or NMR buffer [20 mM Hepes 
(pH 6.8), 50 mM NaCl, 0.5 mM TCEP, and 1 mM CaCl2]. Cleaved 
CN was further purified using a HiTrap Q HP anion exchange column 
(GE Healthcare). Purified protein was either used immediately or 
flash-frozen in liquid nitrogen for storage at −80°C.

CN activity assay
The activities of freshly prepared CN in complex with RCAN1 and 
variants were measured in assay buffer containing varying concen-
trations of pNPP (0 to 120 mM). CN (0.1 M) and 0.5 M RCAN1s 
were incubated with the substrate at 30°C for 30 min. The reaction 
was stopped using 1 M NaOH, and the absorbance was measured at 
405 nm using a plate reader (BioTek). The rate of pNPP dephosphoryla-
tion was determined using the molar extinction coefficient for pNPP 
of 18,000 M−1 cm−1 and an optical path length of 0.3 cm (96-well 
plates). Km and Vmax were determined by fitting to the Michaelis-
Menten equation, y = Vmax*x/(Km + x); kcat was extracted using 
y = Et*kcat*x/(Km + x). The catalytic efficiency was obtained as kcat/Km. 
SigmaPlot 12.5 was used for data analysis including the statistical 
analysis. The activities of freshly prepared CN in complex with 
p-RCAN1 and p-RCAN1 variants were measured in assay buffer 
containing 100 mM pNPP. CN (0.1 M) with 0.5 M p-RCAN1s 

were incubated with the substrate at 30°C; the absorbance at 405 nm 
was measured every 30 s for 30 min. All experiments were carried 
out in triplicate.

NMR spectroscopy
NMR data were collected on either Bruker NEO 600- and 800-MHz 
spectrometers or a Bruker Avance III HD 850-MHz spectrometer 
equipped with TCI HCN z-gradient cryoprobes at 298 K. NMR 
measurements of RCAN1 were recorded using (1H,15N)-, (2H,15N)-, 
(1H,15N,13C)-, or selectively /-[13CH3, 12CD3]-Val/Leu, -[13CH3]-Ile, 
[U]-2H,15N-labeled protein at a final concentration of 0.6 mM in 
NMR buffer and 90% H2O/10% D2O. The sequence-specific back-
bone assignments of RCAN1 and variants, as well as CN-bound RCAN1 
were achieved using 3D triple-resonance experiments including 2D 
[1H,15N] HSQC/TROSY, 3D HNCA, 3D HN(CO)CA, 3D HN(CO)
CACB, and 3D HNCACB. All NMR data were processed using TopSpin 
4.05 (Bruker BioSpin) and analyzed using CARA (http://cara.nmr.ch) 
and/or CcpNMR (40). 2D [1H,13C]-HMQC, 3D 13C-ILV-methyl-
methyl resolved [1H,1H] NOESY, 13C-methyl-ILV-15N resolved 
[1H,1H] NOESY, and 15N-resolved [1H,1H] NOESY spectra were 
recorded with a mixing time (TM) of 120 ms using the selectively 
/-[13CH3, 12CD3]-Val/Leu, -[13CH3]-Ile, [U]-2H,15N-labeled 
RCAN1 and [U]-2H-labeled CNA complex. The NOE data were also 
used to assign the chemical shifts of /-CH3 of Val/Leu, -[CH3]-Ile.

NMR dephosphorylation
Dephosphorylation was initiated by the addition of unlabeled active 
CN (CN activity was always tested using pNPP as a substrate before 
its use in NMR experiments) with 50 M 15N-labeled RCAN1 (and 
variants) with a molar excess of CN:RCAN1 of 1:10 or 1:20. A reference 
2D [1H,15N] HSQC spectrum was recorded before the addition of 
CN. Dephosphorylation was monitored by extracting the intensities 
from a series of 2D [1H,15N] HSQC spectra. Apparent rates of de-
phosphorylation were extracted from global nonlinear least square 
fits of disappearing phosphorylated peaks and/or reporting neighbor 
peaks to single exponentials in SigmaPlot.

Crystallization, data collection, and structure determination
Purified CNA27–339 and RCAN1core were incubated together on ice 
in a 1:1.2 molar ratio for 6 hours before complex purification using 
size exclusion chromatography in complex buffer [10 mM tris 
(pH 7.4), 50 mM NaCl, and 1 mM dithiothreitol (DTT)]. The peak 
corresponding to the complex was pooled and concentrated to 
10.3 mg/ml. The CNA:RCAN1core complex crystallized in 0.1 M 
sodium cacodylate (pH 5.5), 12% polyethylene glycol 8000, and 0.1 M 
calcium acetate (sitting drop vapor diffusion). Crystals were cryo-
protected using a 15-s soak in mother liquor supplemented with 
30% (v/v) glycerol and immediately flash-frozen in liquid nitrogen. 
Data were collected at the APS GM/CAT 23ID-D and processed 
using HKL3000 (41). The structure was phased using the CNA sub-
unit of Protein Data Bank (PDB) ID 4F0Z as a search model 
[PHASER as implemented in Phenix (42)]. A solution was obtained 
in space group P212121; clear electron density for the RCAN1 PxIxIT 
motif was observed in the initial maps. The initial models of the 
complex were built without RCAN1core using AutoBuild, followed 
by iterative rounds of refinement in Phenix and manual building 
using Coot (43). The RCAN1core PxIxIT sequence was then modeled, 
followed by additional rounds of refinement and model building. 
The final model includes RCAN1 residues 153 to 161. Additional 
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electron density, corresponding to ~4 amino acids, was immediately 
adjacent to the RCAN1 residues at a crystal contact; however, no 
residues were built due to a lack of features that allowed the sequence 
or chain direction to be confidently determined. Data collection 
and refinement details are provided in table S2. Molecular figures 
were generated using PyMOL (44).

Structure calculations
RCAN1128–164 structures in complex with CNA were calculated using 
a corefinement protocol closely following that described in (45) and 
implemented using version 2.50 of Xplor-NIH (46). Interproton dis-
tances derived from NOEs were represented by restraints allowing 
a distance range of 1.8 to 6 Å. The dihedral angles  and  were 
calculated using TALOS (chemical shifts of HN, HA, HB, CA, and 
CB) (47). Xplor-NIH’s PosDiffPot term was used to restrain the C 
coordinates to values determined in the crystal structure of CNA 
bound to the RCAN1128–164 PxlxlT strand (amino acids 153 to 161) 
with 0.5 Å root mean square deviation allowed with zero energy 
penalty. In addition to the PosDiffPot term, the HBPot energy (48) 
term was included to form and improve any hydrogen bonding 
geometry. RCAN1 atoms, all CNA side-chain atoms, and all atoms 
of CNA’s interfacial residues (amino acids 327 to 336, 318, 286, 288, 
290, 293, 299, and 300) were allowed torsion angle degrees of freedom 
during simulated annealing and all degrees of freedom during a final 
Cartesian minimization. Backbone atoms of the noninterfacial 
CNA atoms were held rigid throughout. RCAN1128–164 was folded 
from randomized extended coordinates in the initial step of refinement. 
An initial temperature of 3500 K and a final temperature of 25 K 
were used for simulated annealing. A total of 100 complex structures 
were calculated during the first cofold step and 10 structures with 
the lowest energies were used as inputs for a refinement step. A total 
of five refinement iterations were performed, and 10 conformers 
with the lowest energies were used to represent the structure of 
RCAN1128–164 when bound to CN. For the final ensemble of RCAN1128–164 
structures, no distance violations more than 0.5 Å and no torsion 
angle violation more than 3° were identified.

p38 phosphorylation
Expression and purification of human p38 and MKK6 were carried 
out as previously described (32). Phosphorylated p38 was produced by 
p38 incubation with constitutively active MKK6S207E/S211E (1:40 molar 
ratio). The reaction components were added to a 50-ml conical tube 
in the following order to achieve the reported final concentrations 
in a 30-ml volume: 20 mM Hepes (pH 7.5), 0.5 mM EDTA, 2 mM 
DTT, 20 mM MgCl2, 0.05 M MKK6S207E/S211E, 2 M p38, and 4 mM 
adenosine 5′-triphosphate (ATP). The mixture was mixed by pipetting 
up/down several times and was incubated at 27°C for 5 min before 
adding ATP (Roche). After the addition of ATP, the reaction was 
incubated in a water bath at 27°C for 5 hours. Following incuba-
tion, the mixture was exchanged into buffer A [20 mM tris (pH 7.6), 
75 mM NaCl, and 0.5 mM TCEP (tris(2-carboxyethyl)phosphine)] 
to remove ATP using an Amicon Ultra-15 filter (Millipore). Upon 
ATP removal, the solution was filtered and loaded onto a Mono Q 
5/50 GL column (GE Healthcare) pre-equilibrated in buffer A and 
eluted with a linear gradient of 0 to 100% buffer B [20 mM tris 
(pH 7.6), 0.4 M NaCl, and 0.5 mM TCEP]. RCAN1 variants were 
phosphorylated by pp38 in buffer [20 mM Hepes (pH 7.5), 20 mM 
MgCl2, 1 mM DTT, and 4.8 mM ATP]. pp38 (0.05 M) was 
added to 2 M RCAN1 and variants. The phosphorylation reaction 

was incubated at 27°C for 24 hours and stopped by heating at 
65°C for 10 min.

ITC measurements
Protein concentration of CN and RCAN1 variants was measured 
in triplicate using either the Pierce 660 (Thermo Fisher Scientific) 
or the AccuOrange Protein Quantitation assays (Biotium). CN and 
RCAN1 variants were equilibrated in 20 mM tris (pH 7.5), 150 mM 
NaCl, 1 mM CaCl2, and 0.5 mM TCEP. RCAN1 variants (80 to 100 M, 
syringe) were titrated into CN (5 to 10 M, cell) using a VP-ITC 
microcalorimeter (Malvern) or an Affinity-ITC microcalorimeter 
(TA Instruments) with a 250-s interval at 25°C. Twenty-five injec-
tions were delivered during each experiment over a period of 20 s 
(VP-ITC microcalorimeter) or 10 s (Affinity-ITC microcalorimeter), 
and the solution in the sample cell was stirred at 307 rpm (VP-ITC 
microcalorimeter) or 125 to 200  rpm (Affinity-ITC micro-
calorimeter) to ensure rapid mixing. All ITC data were analyzed 
using NITPIC (49) and fitted to a single-site binding model using 
SEDPHAT (50); figures were generated using GUSSI (51). To dis-
tinguish between the different transitions, we defined a H 
≤0.35 kcal/mol as baseline, which allows for a completely un-
biased data analysis.

SPR measurements
SPR measurements were performed at 25°C and a sampling rate of 
5 Hz using a four-channel Reichert 4SPR instrument fitted with an 
autosampler and a degassing pump (Reichert Technologies). SPR 
buffers containing 20 mM tris (pH 7.5), 500 mM NaCl, 1 mM 
CaCl2, 0.5 mM TCEP, and 0.05% Tween were sterile-filtered and 
degassed in autoclaved glassware. Running buffers were used to prime 
and run both the sample and syringe pump reservoirs before each 
experiment. Gold sensor chips modified with Ni-NTA–functionalized 
dextran (NiD50L) were installed and equilibrated under flow con-
ditions (100 l/min) for ≥60 min. Surface contaminants were 
cleared by a pair of 120-l injections of 10 mM NaOH during equilibra-
tion. Experiments were initiated by injecting 120 l of His6-CN370 
(200 nM) diluted in 20 mM tris (pH 7.5), 500 mM NaCl, 1 mM 
CaCl2, 0.5 mM TCEP, and 0.05% Tween onto channels 1, 2, and 3 
for 120 s at 50 l/min, which resulted in between 450 and 500 RIU 
of surface loading (channel 4 was used as reference surfaces). The 
sensor chip was allowed to equilibrate for 20 min at 50 l/min 
before beginning the experiments. Purified RCAN1 variants were 
diluted into running buffer to final concentrations of 1.25, 2.5, 5, 
10, and 20 nM. A single 60-l RCAN1 injection was applied for 
60 s at 50 l/min followed by a dissociation step of 180 s. For 
each concentration of RCAN1 injection, chip surface was pre-
pared with stripping with 350 mM EDTA (pH 8), reconditioning 
the surface with 10 mM NaOH to remove nonspecifically bound 
CN aggregates, charging the surface with 40 mM NiSO4, and re-
loading fresh CN onto the surface. For all experiments, two buffer 
blank injections were included to achieve double-referencing. 
Technical replicates were obtained by using three channels per 
chip. Kinetic parameters were determined by curve-fitting using 
TraceDrawer software (Ridgeview Instruments AB) fit with a 
one-to-one model using local Bmax.

Sequence alignment
Multiple sequence alignment was performed using RCAN1 C-terminal 
CN-binding domains from human (Hs), Ovis aries (Oa), Bos taurus 
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(Bt), Canis lupus dingo (Cl), Mus musculus (Mm), Rattus norvegicus (Rn), 
Xenopus tropicalis (Xt), Danio rerio (Dr), Drosophila novamexicana 
(Dn), Apis mellifera (Am), and Caenorhabditis elegans (Ce).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eaba3681/DC1

View/request a protocol for this paper from Bio-protocol.
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