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Cooperative autoinhibition and multi-level activation 
mechanisms of calcineurin
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The Ca2+/calmodulin-dependent protein phosphatase calcineurin (CN), a heterodimer composed of a catalytic 
subunit A and an essential regulatory subunit B, plays critical functions in various cellular processes such as cardiac 
hypertrophy and T cell activation. It is the target of the most widely used immunosuppressants for transplantation, 
tacrolimus (FK506) and cyclosporin A. However, the structure of a large part of the CNA regulatory region remains 
to be determined, and there has been considerable debate concerning the regulation of CN activity. Here, we report 
the crystal structure of full-length CN (β isoform), which revealed a novel autoinhibitory segment (AIS) in addition 
to the well-known autoinhibitory domain (AID). The AIS nestles in a hydrophobic intersubunit groove, which over-
laps the recognition site for substrates and immunosuppressant-immunophilin complexes. Indeed, disruption of this 
AIS interaction results in partial stimulation of CN activity. More importantly, our biochemical studies demonstrate 
that calmodulin does not remove AID from the active site, but only regulates the orientation of AID with respect to 
the catalytic core, causing incomplete activation of CN. Our findings challenge the current model for CN activation, 
and provide a better understanding of molecular mechanisms of CN activity regulation.
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Introduction

Calcineurin (CN), also known as protein phosphatase 
2B (PP2B), is the only known protein Ser/Thr phospha-
tase directly regulated by calcium and calmodulin (CaM) 
[1-3]. Coupling Ca2+ signals to cellular responses, CN 
has diverse biological functions and plays a critical role 
in many physiological processes, including the immune 
response, apoptosis, muscle differentiation, bone forma-
tion, and neuronal signaling. Among the best-character-
ized substrates of CN are the nuclear factor of activated 

T cells (NFAT) family of transcription factors [4-6]. CN 
directly binds to NFAT transcription factors in the cyto-
plasm, resulting in their dephosphorylation and subse-
quent translocation into the nucleus. Due to its role in T 
cell activation, CN has been intensively targeted for the 
development of immunosuppressant drugs. The two most 
successful inhibitors discovered so far are cyclosporin 
A (CsA) and tacrolimus (FK506) [7-11], which bind to 
intracellular proteins cyclophilin A (CyPA) and FKBP12, 
respectively. The resultant CyPA-CsA and FKBP12-
FK506 complexes inhibit dephosphorylation of NFAT 
proteins and hence block their nuclear import. 

CN is a heterodimeric phosphatase consisting of a 
catalytic subunit calcineurin A (CNA) and a regulatory 
subunit calcineurin B (CNB; Figure 1A). In addition to 
the catalytic domain, CNA contains a B-subunit-bind-
ing helix (BBH), a CaM-binding domain (CBD) and an 
autoinhibitory domain (AID), which together comprise 
the regulatory domain (RD) of the A subunit. The regula-
tory subunit CNB is a member of the “EF-hand” protein 
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Figure 1 Comparison of CN α and β structures. (A) Domain organization of CN β. The key structural elements are indicated. 
(B) Ribbon representation of mouse CN α structure. (C) Ribbon representation of human CN β structure. The inset shows the 
SA-omit map (contoured at 2.0 σ) for AIS. The SA omit maps for the calcium ions in both CN α and CN β structures are shown 
in B and C, contoured at 2.0 σ. (D) Superposition of CN α and β isoforms. (E) Interactions between AIS and the intersubunit 
groove. Key residues are highlighted as sticks and colored as follows: AIS (magenta), BBH (orange), CNB (cyan). Hydrogen 
bonds are shown as dotted lines. (F) Activities of WT and mutant CN β proteins towards pNPP in the absence or presence of 
CaM. All assays were performed in the presence of 1 mM Ca2+ and 1 mM Mn2+. The assays were performed in triplicate, and 
data shown represent the Mean ± SEM from three experiments.

family. It contains four Ca2+-binding loops and is tightly 
bound to CNA-BBH. A widely accepted model for CN 
activation involves sequential changes in CN conforma-
tion [3, 12]. At low Ca2+ concentrations, CN exists in an 
inactive state in which only two high-affinity binding 
sites on CNB are occupied by Ca2+. Meanwhile, in CNA, 
CBD interacts with BBH, and AID acts as a pseudosub-
strate and blocks the catalytic site (Form I or the resting 
conformation). In response to elevated calcium levels, 
the occupancy of the low-affinity sites on CNB by Ca2+ 

causes dissociation of CBD from BBH, resulting in the 
CN transition from the resting state to a partially active 
state (Form II). The subsequent binding of CaM leads to 
displacement of AID from the active site and full CN ac-
tivation (Form III). 

While this CaM-dependent CN activation model ex-

plains the biochemical and biophysical results, several 
fundamental questions remain to be addressed. There is 
limited information on how the resting CN undergoes 
conformational changes which cause the CN transition 
from Form I to Form II upon Ca2+ binding to the low-af-
finity sites of CNB [13]. In the presence of excess Ca2+, 
kinetic studies using CN truncation mutants indicated 
the presence of additional autoinhibitory elements with-
in the RD of CNA in calcium-loaded CN (Form II) [14, 
15]. However, the precise sequence of the autoinhibi-
tory element and its autoinhibitory mechanism are still 
unclear. Almost all CN structures currently available 
are either in the ligand-bound states or in the truncated 
forms, in which most of the RD sequence is absent from 
the expression constructs. The structure of human CN α 
(PDB ID code: 1AUI) is the only apo one that contains 
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an intact RD sequence [9]. In this structure, a major part 
of RD is disordered and missing in the structure, with 
only a short, ordered AID helix observed near the active 
site. Therefore, how the other autoinhibitory elements in 
CNA-RD exert their autoinhibitory effects remains elu-
sive. Recently, Ye et al. [16] reported a crystal structure 
of CN covalently linked to CaM (PDB ID code: 4IL1), 
which retains full CaM-activated activity. Surprising-
ly, the crystal structure showed virtually no structural 
change in the active site and no evidence of CaM despite 
being covalently linked. Therefore, more structural infor-
mation is required to fully elucidate the molecular basis 
of CN activation.

Here, we describe the second high-resolution structure 
of full-length CN (β isoform), which reveals a novel au-
toinhibitory segment (AIS) within the RD of CNA. This 
segment is located at the C-terminal boundary of CBD in 
CN and packs into the hydrophobic groove that was pre-
viously identified as the binding site of immunosuppres-
sants and substrates (the LxVP-binding site). Our struc-
tural and biochemical analyses reveal that RD of CNA 
employs a bipartite binding mode involving interactions 
of both AID and AIS with the CN catalytic core, and that 
CaM binding is not sufficient to completely relieve the 
cis-autoinhibitory effect of AID on the active site of CN. 
By combining these results with previously published 
data, we propose a new model, in which CN is regulated 
by a set of intramolecular interactions and multi-level 
activation mechanisms.

Results 

Crystal structures of mouse CN α and human CN β
There are three human isoforms of CNA (α, β and γ) 

and two isoforms of CNB (1 and 2) (Supplementary in-
formation, Figure S1). The two main isoforms of CNA 
(Aα and A) bind to a common regulatory B1 subunit, 
whereas the γ isoform interacts only with a testis-specific 
regulatory B2 subunit. To elucidate the molecular basis 
of CN auto-regulation, we determined a 3.1 Å structure 
of mouse CN α (CNAα + CNB1) and two structures of 
human CN β (wild-type (WT) or mutant CNAβ + CNB1) 
(Supplementary information, Table S1). Although mouse 
and human CN α sequences differ by a 10-amino-acid 
insertion in the C-terminal domain of human CNAα, our 
structure of mouse CN α is nearly identical to that of 
human CN α revealed by a previous report [9] and most 
of the C-terminal region of CNA apart from the AID is 
missing in both structures (Figure 1B and Supplementary 
information, Figure S2A). The full-length human CN β 
was crystallized in the hexagonal space group P6522, and 
the crystals diffracted to a resolution of 2.2 Å (Figure 1C 

and Supplementary information, Table S1). The atomic 
model includes a CNB fragment (except for three most 
N-terminal residues) and a CNA fragment that includes 
the catalytic domain, BBH, part of CBD, and AID. Four 
calcium ions are individually coordinated by each EF 
hand of CNB. AID (residues 478-495) folds into an α-he-
lix that lies over the substrate-binding cleft in the catalyt-
ic domain. In the human CN β structure, we observed a 
region of contiguous positive difference electron density 
(Fobs - Fcalc) in the interface of CNA and CNB of ~21 Å in 
length. The strong side chain feature was assigned as the 
aromatic residue Phe419 and the remaining residues were 
then manually built (Figure 1C, inset and Supplementary 
information, Figure S2C). The amino acid sequence of 
this region was assigned as 416ARVFSVLR423. The ab-
sence of electron density for residues 388-415, 424-477 
and 496-524 suggests that these regions remain flexible. 
To further confirm this observation, we also crystallized 
a human CN β mutant (CNV418Y/F419L) and determined its 
structure (Supplementary information, Table S1). The 
structure of mutant CN β is almost identical to that of 
WT CN β (r.m.s.d of 0.2 Å over 482 Cα atoms), and the 
mutated sequence of 416ARYLSVL422 can be built into 
the electron density as well (Supplementary information, 
Figure S2B and S2D). Interestingly, the corresponding 
sequence has not been seen in the apo structures of full-
length human (PDB ID code: 1AUI) and mouse CN α 
(Supplementary information, Figure S2A), suggesting 
that either the location of this region is specific for CN β 
or this region is as flexible as other invisible residues in 
the CN α structures. 

Topologically, the structure of CN β is similar to that 
of CN α. Superimposition of the CNB subunits in the 
CN α and β structures revealed a relative rotation of the 
CNA subunits by 5° (Figure 1D). In contrast to the α and 
γ isoforms of CNA, the N-terminus of the β isoform con-
tains a poly-Pro motif that may contribute to differential 
substrate specificities of the isoforms [17]. In the CN β 
structure, this proline-rich segment is largely ordered, 
but has no direct contacts with the active site or the sub-
strate-binding region (Figure 1C). The most important 
feature of our CN β structure is that the C-terminal 8 
residues of CBD (416ARVFSVLR423, here termed AIS 
for autoinhibitory segment, see below) interact with a 
hydrophobic groove formed at the junction of CNA and 
CNB subunits (Figure 1E), resulting in the burial of ~1 
100 Å2 of solvent-accessible surface area. The predom-
inantly hydrophobic interactions recruiting AIS mainly 
involve residues from the N-terminal region of BBH and 
the preceding loop in CNA (CNA residues 352-365), and 
the C-terminal helix of the third EF-hand motif and the 
following linker region in CNB (CNB residues 115-123). 
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In particular, Phe419 of AIS penetrates into a hydropho-
bic pocket formed by Trp361 and Phe365 from CNA 
and Leu115, Met118 and Val119 from CNB. The highly 
conserved Leu422 nestles into an adjacent pocket lined 
by CNA residues Leu352, Pro353, Met356 and Trp361. 
In addition, Val421 between these two essential amino 
acids is in contact with Trp361 from CNA and Leu123 
from CNB, and the flanking residues Ala416, Arg417 and 
Val418 also make weak van der Waals interactions with 
Phe365 of CNA and Pro52 and Met118 of CNB. Addi-
tional polar interactions are formed between two main-
chain carbonyl oxygens of AIS and Trp361 (CNA) and 
Asn122 (CNB) from the intersubunit groove. Therefore, 
hydrophobic interactions likely provide the driving force 
for the recruitment of AIS. 

To assess the importance of AIS, we generated a se-
ries of point mutations in human CN β heterodimer and 
examined their effects on CN catalytic activity using 
pNPP (p-nitrophenyl phosphate) as the substrate with an 
excess amount of Ca2+ (Figure 1F). pNPP is a non-pro-
teinaceous, non-specific substrate used to assay alkaline 
and acid phosphatases, and tyrosine and serine/thre-
onine phosphatases such as PP1, PP2A, PP2B (CN) and 
PP2C. The phosphatase activity of WT or mutant CN β 
towards pNPP was measured using a continuous or sin-
gle-point spectrophotometric assay based on the ability 
of phosphatases to catalyze the hydrolysis of pNPP to 
p-nitrophenol, a chromogenic product with absorbance at 
410 nm. The small pNPP molecule binds directly to the 
enzyme active site and therefore can be used to probe the 
properties of the enzyme active site [15, 18]. When res-
idues in AIS were individually replaced by alanine, the 
catalytic efficiencies of most mutants (R417A, F419A, 
V421A, L422A and R423A) were increased by 3-4-fold 
in the absence of CaM, whereas the V418A and S420A 
mutations had little effect on CN activity. Replacement 
of the interacting hydrophobic residues in CNA-BBH 
by alanine yielded a modest increase in CaM-indepen-
dent activities. The increase of activities of the interface 
mutants indicated that binding of AIS to the intersubunit 
groove may play a role in CN autoinhibition. All mutant 
proteins retain the CaM-binding capacities (Supplemen-
tary information, Figure S3) and can be further activated 
by CaM (Figure 1F). Although AIS is part of the CBD, 
the AIS mutations do not seem to affect CaM binding 
to CBD, probably because CaM strongly interacts with 
CBD with a Kd in the low picomolar range [19] and AIS 
is not critical for the CBD-CaM interaction. 

The CNA-CNB interface is a general recognition site for 
AIS, inhibitors and substrates 

The substrates and regulators of CN contain at least 

one of the two conserved CN-binding motifs, PxIxIT and 
LxVP, which interact with two distinct docking sites on 
CN [3, 20-23]. Recently, Grigoriu et al. [24] reported the 
first high-resolution structure of CN α bound to a phys-
iological binding partner, the protein inhibitor A238L 
from African swine fever virus. The structure of the CN-
A238L complex reveals that the interface between these 
two proteins consists of two discontinuous contact re-
gions. In addition to the interaction of residues 206-211 
in A238L with the PxIxIT-binding site in CNA, residues 
229LCVK232 in A238L, which are analogous to the LxVP 
motif, interact with a CNA-CNB interface region that 
sits over 25 Å away from the active site. Trp352 and 
Phe356 from CNAα appear to be the most important 
residues for CN-LxVP interaction. These residues cor-
respond to Trp361 and Phe365 in human CNAβ (Figure 
2A). Comparison between the structures of CN β and the 
CN-A238L complex reveals that the interaction of AIS 
(419FSVL422) with the CNA-CNB interface is very similar 
to the CN-LxVP interaction observed in the CN-A238L 
complex (Figure 2B and 2C). The structure of the CN-
V418Y/F419L mutant of CN β provides further support for this 
observation (Figure 2D). Indeed, Leu419 in the mutant 
appears to interact in the same way as Leu229 in the CN-
A238L complex. Notably, Tyr418 in CNV418Y/F419L, which 
is immediately N-terminal to the LxVP motif, fits into a 
deep pocket formed by the loops connecting EF hands 1 
and 2 and EF hands 3 and 4 of CNB. This is consistent 
with the experimental observations that many LxVP 
motifs are immediately preceded by an aromatic residue 
(Phe or Tyr) [23], which may act as a binding strength 
enhancer.

Although the structure of CN bound to a bona fide 
substrate has yet to be determined, the structure of the 
CN-A238L complex provides the structural basis for 
the computational model of CN with a phosphosub-
strate bound to its active site [24]. The pRII peptide (a 
19-amino-acid phosphopeptide) contains a typical LxVP 
motif that is required for its recognition and efficient 
dephosphorylation by CN. Grigoriu et al. [24] used 
bias-exchange metadynamics MD to generate the first 
computational model of CN in complex with the RII 
phosphopeptide. In this model, LDVP of pRII interacts 
with the LxVP-binding pocket and phospho-Ser95 inter-
acts with the CN active site. We therefore examined the 
dephosphorylation of pRII peptide by the alanine-substi-
tution CN β mutants (Figure 2E). As expected, impairing 
AIS interaction resulted in increased CaM-independent 
activity towards the pRII peptide, similar to the pNPP 
assays. All AIS mutants can be fully activated by CaM, 
as the LxVP-binding sites in these mutants are intact. 
By contrast, the BBH substitutions that were designed to 
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Figure 2 The autoinhibition mechanism of AIS. (A) Sequence alignment of the regulatory region from CNA α and β isoforms. (B) 
Interactions between CN α and A238L (PDB ID code: 4F0Z). The color scheme of CN α is the same as in Figure 1B, and the 
inhibitor A238L is shown in grey with key residues highlighted in cyan. CN α in the left panel is shown in electrostatic repre-
sentation. (C, D) Surface representations of the AIS-binding grooves on CN β structures. Phe419 in WT CN β (C) and Leu419 
in mutant CN β (D) penetrate into the same hydrophobic pocket. (E) Relative activities of CN β mutants towards the pRII pep-
tide in the absence or presence of CaM. (Mean ± SEM; n = 3). All assays were performed in the presence of 1 mM Ca2+ and 
1 mM Mn2+.
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impair the LxVP recognition displayed dramatic impact 
on pRII dephosphorylation. Particularly, the activities of 
mutants L352A, W361A and F365A were significantly 
reduced even in the presence of CaM, as these residues 
participate in the recognition of the LxVP motif in pRII 
substrate (Figure 2E). Inspection of the docked pRII 
peptide on CN α shows that the C-terminal portion of 
the peptide collides with AID of CNAα. The model of 
the CN-pRII complex and the mutagenesis results sug-
gest that the autoinhibitory peptide, AID or AIS, inhibits 
CN either by targeting its active site or by occupying a 
critical substrate-binding region of CN (distant from the 
active site).

AIS and AID cooperatively inhibit enzyme activity of CN
We next examined the effects of step-wise C-terminal 

truncations of the catalytic subunit A on enzyme activity 
in the presence of excess Ca2+ (Figure 3A). Most trun-
cation mutants were generated by including an internal 
thrombin-recognition site in human or mouse full-length 
CN (Supplementary information, Data S1). All trunca-
tion mutants of CNAβ, except for CNA1-356, can bind 
to CNB, indicating that these truncations did not affect 
the CNA-CNB interaction (Supplementary information, 
Figure S4A). Phosphatase activities of WT and mutant 
CNs were measured using pNPP or pRII as the substrate 
in the absence or presence of CaM. As shown in Figure 
3B, in the absence of CaM, WT CN displayed a low bas-
al activity towards both pNPP and pRII, and binding of 
CaM to CN resulted in ~10-fold activation. Removal of 
the A subunit C-terminal region by truncation at residue 
450 generated a mutant (CN1-450, M1) that is fully activat-
ed towards pNPP but still requires CaM for full activity 
towards pRII. Truncation of the A subunit at residue 414 
(CN1-414, M2) resulted in completely CaM-independent 
phosphatase activity towards both substrates. These re-
sults provide clear evidence for the presence of additional 
autoinhibitory elements within residues 415-450 of CNA 
that can be relieved by CaM binding. Further removal 
of the CBD region located within residues 398-414 by 
truncation at residue 397 (CN1-397, M3) also gave a fully 
active, CaM-independent form. The catalytic domain of 
CN (CNA1-356, M4) alone had the lowest phosphatase 
activity for pRII compared with the BBH-containing mu-
tants, indicating that CNA and CNB are both required for 
the dephosphorylation of this peptide substrate. Sequence 
alignment shows that the newly identified regulatory seg-
ment AIS is highly conserved in the three CNA isoforms 
(Figure 2A and Supplementary information, Figure S1). 
We therefore carried out biochemical and mutagenesis 
studies of mouse CN α. Similar to CN β, removal of AID 
(residues 457-481) did not result in complete activation 

of CN (towards pRII) and fully CaM-independent activ-
ity required an additional removal of residues 405-441 
(Figure 3C). These results indicate that although the AIS 
residues are untraceable in the crystal structure of CN 
α due to their flexibility, the bipartite autoinhibition is a 
common feature of CN isoforms. 

In order to further investigate the contribution of the 
C-terminal region of CNA to CN activity, we conducted 
phosphatase assays using the CaM-independent form of 
human CN, hCN β1-397, in the presence of various C-ter-
minal segments of CNA (Figure 3D). CN1-397 contains the 
intact BBH but lacks CBD and AID. As shown in Figure 
3D, all three fragments can completely trans-inhibit the 
phosphatase activity of CN1-397, even though they may 
bind to different sites in CN1-397. The AID peptide was a 
moderate inhibitor of CN1-397, whereas the CBD peptide 
was a much weaker inhibitor. A 102-amino-acid fragment 
of CNA containing both AID and CBD (residues 398-
500, RD398-500 or CBD-AID) was approximately 9-fold 
more potent than the AID peptide in inhibiting CN phos-
phatase activity. Similar results were also obtained in the 
trans-inhibition study of the mouse CN α1-388 (equivalent 
to human CN β1-397) (Figure 3E). These results suggest 
that one or more additional regions might coordinate 
with AID to mediate the interaction of RD398-500 fragment 
with CN1-397 [15]. Alternatively, they may also imply 
that AID and CBD contribute cooperatively to the tight 
binding of this fragment to CN1-397. Generally, bipartite 
binding enhances the affinity of individually weaker in-
teractions and allows for greater binding specificity. 

CaM-RD complex can directly interact with CN1-397, but 
does not completely abolish its phosphatase activity 

The C-terminal truncation assays shown in Figure 3 
revealed that CaM-stimulated phosphatase activity of 
WT CN towards pRII was only about one fourth of those 
observed for the C-terminal truncation mutants (M1, 
M2 and M3), and it can be further increased to a fully 
active level by limited trypsin digestion activation (Sup-
plementary information, Figure S4B), indicating that 
AID-mediated cis-autoinhibition may not be completely 
relieved upon CaM binding. It is likely that AID can bind 
to a region near the active site even when CaM is bound. 
Given that the isolated regulatory fragment (RD398-500) 
was able to interact with CaM and the CN catalytic core 
(CN1-397) individually, we next determined whether bind-
ing of CaM to RD398-500 disrupts the interaction of its AID 
with the catalytic site. We took two approaches to study 
the effect of CaM binding on the interaction between 
the disjoint segments, CN1-397 and RD398-500. As shown 
in Figure 4A, ~95% of the CN1-397 phosphatase activity 
towards pRII was inhibited by 8 µM RD398-500, and this 
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Figure 3 Phosphatase activities of WT CN and its truncated forms. (A) Schematic diagram of CNA truncation mutants. (B, C) 
Activities of WT or mutant human CN β (B) and mouse CN α (C) towards pNPP or pRII peptide in the absence or presence of 
200 nM CaM (Mean ± SEM; n = 3). (D, E) Inhibition of the phosphatase activities of human CN β1-397 (D) and mouse CN α1-388 (E) 
towards pRII by different autoinhibitory segments. The solid lines represent the best fit of data to the equation v/v0 = Ki/(Ki+[I]), 
where Ki is the apparent inhibition constant. All experiments have been repeated at least three times. Assays in B-E were 
performed in the presence of 1 mM Ca2+ and 1 mM Mn2+.

inhibition could only be partially reversed by addition of 
excess CaM. Consistently, the CN1-397 phosphatase activ-
ity can still be partially inhibited (up to ~70%) by RD398-

500 when an excess of CaM is present (Figure 4B). These 
results indicate that the CaM/RD398-500 complex can still 
bind to CN1-397, and binding of CaM to RD398-500 alters its 
interaction mode with the active site of CN1-397, resulting 
in an incomplete trans-inhibition. The incomplete inhi-
bition plateauing at ~30% of the maximal phosphatase 
activity implies noncompetitive inhibition of CN1-397 by 
the CaM/RD398-500 complex. Interestingly, the CN/CaM 
binary complex and the CN1-397/CaM/RD398-500 ternary 
complex displayed similar phosphatase activities towards 
pRII, suggesting that the cis- and trans-inhibition of CN 
activity by CaM/RD398-500 display a similar noncompet-
itive mode. Similar results were obtained using pNPP 
as the substrate: the RD398-500 peptide can inhibit CN1-397 
activity almost completely in the absence of CaM, while 
the CaM/RD398-500 complex resulted in partial inhibition. 
In addition, RD398-500-induced inhibition can be partially 
reversed by CaM (Figure 4C).

To further examine whether CN1-397, CaM and RD398-500 
form a ternary complex, we investigated the interaction 
between CN1-397 and the CaM/RD398-500 binary complex 
through pull-down assay (Figure 4D). The RD398-500 

fragment bound with GST-tagged CaM efficiently and 
formed a 1:1 complex on column. This preformed GST-
CaM/RD398-500 binary complex was able to pull down the 
CN1-397 protein while CaM alone cannot, indicating that 
CaM/RD398-500 directly interacts with CN1-397 to form a ter-
nary complex on column. Together, both the trans-inhi-
bition assay and the pull-down assay results indicate that 
binding of RD398-500 to CN1-397 is not abolished when CaM 
binds to the CBD in RD398-500. This result appears to be in 
contradiction to the fluorescence anisotropy experiments 
reported by Rumi-Masante et al. [25]. They found that 
although fl-RD373-521 , a fluorescently labeled construct, 
can bind to the truncated CN1-373 (equivalent to RD382-524 
and CN1-382 in human CN β, respectively) as indicated 
by an increase in anisotropy, there was no measurable 
anisotropy change for fl-RD373-521 in the presence of CaM 
or of CaM plus CN1-373. In general, the fluorescence an-
isotropy can reflect changes in molecular size and shape, 
and thus it usually increases when the labeled molecules 
form complexes with other molecules. However, in 
some cases it may not be possible to obtain a measur-
able change in fluorescence anisotropy even when the 
complex is formed. Thus, the absence of a measurable 
anisotropy change should not be interpreted as an unam-
biguous demonstration of the absence of interaction [26, 
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Figure 4 CaM/RD398-500 complex binds to the catalytic core of CN and inhibits its activity noncompetitively. (A) Effect of CaM 
on the inhibition of CN activity by the CBD-AID fragment (RD398-500). CN1-397 (8 nM) was assayed, using 6 µM pRII peptide and 
8 µM CBD-AID in the presence of the indicated concentrations of CaM. (B) Trans-inhibition of CN1-397 by CBD-AID fragment 
in the presence of excess CaM (64 µM). 8 nM CN1-397 and 6 µM pRII peptide were used. (C) Effect of CBD-AID fragment on 
the activity of CN1-397 towards pNPP. Assays were performed similarly with that using pRII peptide as the substrate. All experi-
ments have been repeated at least three times. Assays in A-C were performed in the presence of 1 mM Ca2+ and 1 mM Mn2+. 
(D) Interaction of CaM/CBD-AID with CN1-397 in the presence of 2 mM Ca2+ and 1 mM Mn2+. GST-CaM/CBD-AID (left) or GST-
CaM (right) was bound to the glutathione-Sepharose 4B resin (lane 1). CN1-397 was allowed to flow through the resin (lanes 
2 and 3). After extensive washing (lane 4), the bound proteins were eluted with reduced glutathione (lane 5). Samples were 
visualized by SDS-PAGE with Coomassie Blue staining.
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27]. Thus, an alternative explanation for the absence of 
a detectable anisotropy change could be that the confor-
mational change of RD373-521 upon CaM binding affects 
the labeled end and the fluorophore in the RD373-521/CaM 
complex might be unable to reflect the protein-protein 
interaction. 

Further evidence for the multi-level activation of CN
CN has been known as a common target for the im-

munosuppressant-immunophilin complexes CyPA-CsA 
and FKBP12-FK506 [7]. A long-standing paradox con-
cerning the regulation of CN is that the CN phosphatase 
activity towards pRII substrate was strongly inhibited by 
both CyPA-CsA and FKBP12-FK506, while the activity 
of CN towards pNPP was stimulated by approximately 
4-fold in the presence of the drug complexes [28, 29]. 
We confirmed these results for WT CN β. As shown in 
Figure 5A, in the presence of excess (200 nM) CaM, the 
activity of CN towards pNPP can be further stimulated 
by addition of the FKBP12-FK506 complex. Activa-
tion of CN was dose-dependent and saturable with the 
half-maximal effect detected in the presence of 100 nM 
FKBP12-FK506 complex. Curiously, the phosphatase ac-
tivity of CN1-450 towards pNPP was not stimulated by the 
FKBP12-FK506 complex. Effects of the FKBP12-FK506 
complex on the activities of CN and its C-terminally 
truncated mutants towards pNPP in the presence of CaM 
are summarized in Figure 5B and 5C. Unlike the native 
enzyme, all the AID-deleted CN mutants have full en-
zyme activities which cannot be further increased by the 
FKBP12-FK506 complex. In accordance with this, the in 
vitro proteolysis study also showed that the activity of the 
fully proteolyzed CN reached its maximum and was not 
affected by the FKBP12-FK506 complex (Supplementary 
information, Figure S5). In the crystal structure of CN-
FKBP12-FK506, the immunosuppressant-immunophilin 
complex interacts with the same hydrophobic pocket that 
is recognized by the LxVP motif, and AID is displaced 
from the active site [9]. A structural superposition of 
CN over the CN-FKBP12-FK506 complex showed that 
FKBP12 interacts and overlaps with AID, but it does not 
seem to block access to the active site (Figure 5D). Thus, 
a very likely explanation for the apparent paradox is that 
AID can still interact with a region near the active site 
even when CaM binds to CBD of CN, and binding of the 
FKBP12-FK506 complex to the CaM-CN complex leads 
to complete release of AID from the catalytic core. 

Direct interactions between AID and the active site in 
CNA seen in crystal structures suggest that exogenous 
AID peptide might be a competitive inhibitor of the CN 
catalytic domain. However, previous studies have report-
ed conflicting data regarding the mechanism of inhibition 

with the AID peptide. Non-competitive inhibition has 
been reported by Perrino and colleagues using [P32]MLC 
and [P32]RII peptides as substrates [30, 31], while com-
petitive inhibition has been suggested by Parsons et al. 
using the [P32]RII substrate [32]. To reexamine the mech-
anism of inhibition by the AID peptide, we carried out 
trans-inhibition experiments using the AID and pRII pep-
tides. In the presence of CaM, the phosphatase activity of 
WT CN was only partially inhibited by the AID peptide 
(Figure 5E), whereas the activity of the AID-deleted 
form CN1-450 can be completely suppressed (Figure 5F). 
One possible explanation for the incomplete inhibition is 
that pRII and AID peptides can bind simultaneously to 
CaM-bound CN and thus the isolated AID peptide does 
not completely block the catalytic center. Interestingly, 
the extent of the inhibitory effect is similar to the inhi-
bition of CN1-397 by CaM/RD398-500 (Figures 4B and 5E). 
The differential trans-inhibition patterns shown in Figure 
5E and 5F provide further support for the notion that 
binding of CaM to the regulatory region of CN does not 
remove AID from the active site, but only regulates the 
orientation of AID with respect to the catalytic core. The 
reoriented-AID locates near the active site and restricts 
free access of the isolated AID peptide. Our results are 
similar to those obtained by Perrino and colleagues but 
differ from those of Parsons et al. To further clarify this 
issue, we also reanalyzed the data shown in Figure 6 of 
the work by Parsons et al. [32], and found that the inhib-
itor concentrations used in their experiments were too 
low to distinguish the binding mode for AID inhibition 
(Supplementary information, Figure S6). 

Molecular mechanisms for CN regulation
Based on results presented in this study and the previ-

ous knowledge on CN activation, we propose a modified 
model for the regulation of CN (Figure 6). In this model, 
CN activation involves multiple steps: (1) at low Ca2+ 

concentration, CN exists in an inactive state in which 
only two high-affinity binding sites on CNB are occupied 
by Ca2+ and several distinct parts of the CNA regulato-
ry region interact with the catalytic core (the catalytic 
core include the CNA catalytic domain plus BBH and 
CNB) (Form I or the resting conformation) [13, 31]; (2) 
in response to elevated calcium level, occupancy of the 
low-affinity sites on CNB by Ca2+ induces a conforma-
tional change in CNB and triggers movement of a larger 
part of the CNA regulatory region, stimulating the basal 
activity of CN (Form II, the crystal structures of CN α 
and β might represent snapshots of the ensemble with 
different conformations) [13,33]; (3) binding of CaM 
to CBD, causing CBD to form an α-helix, leads to the 
dissociation of AIS from the LxVP-docking pocket and 
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Figure 5 Effects of FKBP12-FK506 complex and AID fragment on the CN activity. (A) Effects of FKBP12-FK506 complex on 
the pNPP activity of CN and CN1-450 in the presence of 200 nM CaM. (B, C) Activities of WT or mutant human CN β (B) and 
mouse CN α (C) towards pNPP in the presence of CaM (colored) or CaM plus FKBP12-FK506 complexes (FFC, gray) (Mean 
± SEM; n = 3). (D) Structure comparison of CN-FKBP12-FK506 complex structure (PDB ID code: 1TCO) and human CN β 
structure. The CN-FKBP12-FK506 complex is shown in grey and superimposed onto CN β which follows the color scheme in 
Figure 1C. The left and right panels show that FK506 and FKBP12 would sterically clash with AIS (left) and AID (right) of CN, 
respectively. (E, F) Trans-inhibition of the dephosphorylation activity of CN β (E) or CN1-450 (F) towards pRII by the AID peptide 
in the presence of 200 nM CaM. The solid lines represent the best fit of data to the equation v/[E]0 = v0/[E]0×(Ki+α[I])/(Ki+[I]), 
where Ki and α are the apparent inhibition constant and residual activity, respectively. All experiments have been repeated at 
least three times. All assays were performed in the presence of 1 mM Ca2+ and 1 mM Mn2+.

a conformational rearrangement of the AID segment, 
which results in further activation of CN (Form III) [25, 
34, 35]; (4) CN is fully activated via a limited hydrolysis 
which removes the autoinhibitory regions in the C-termi-
nus of CNA (Form IV) [36]. This new model can also be 
used to explain the truncation experiments and trans-in-
hibition data shown in Figures 3-5. 

In summary, our data probe the mechanism by which 
CaM activates the phosphatase CN. However, our new 
model does not concern the resting conformation of CN 
at low Ca2+ concentration. There is some existing evi-
dence suggesting different CN conformations between 
the resting and fully Ca2+-loaded states (Form I and Form 

II). (1) The entire CNA regulatory region is substantially 
protected from enzymatic digestion at a sufficiently low 
concentration of Ca2+, suggesting a structured confor-
mation of the CNA regulatory region in the resting state 
(Form I), in which CBD and BBH interact with each 
other [13]. In the absence of Ca2+, kinetic analysis of WT 
and C-terminally truncated CN α mutants has provided 
further evidence for the presence of additional autoin-
hibitory elements within residues 420-457 (C-terminal to 
AIS) [31]. (2) A proteolyzed derivative of CN, CN-45, 
which no longer binds CaM, is strikingly activated by 
Ca2+ binding to CNB. Similarly, the CN420 truncation mu-
tant that includes CBD responds to Ca2+ alone (with a de-
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Figure 6 Cartoon model for the CN regulation. The gray box in Form I represents a structured region in resting CN. A detailed 
description of the model is given in the text. 

creased Km for pRII peptide). These results suggest that 
the interaction of CBD and BBH in the resting form is 
regulated by Ca2+/B subunit [13, 31, 33]. (3) It has been 
reported that differences in experimental conditions, such 
as the use of specific metal ions, Mn2+, Mg2+ and Ni2+, 
may produce altered kinetic behavior of the CN enzyme 
[18, 31, 32]. Therefore, the conformation of CN in the 
presence of Mn2+ might differ from the physiological 
conformation. The crystal structure of full-length CN in 
the resting state will ultimately illustrate the mechanism 
of Ca2+-dependent CN activation. 

Discussion

Intracellular calcium is a powerful secondary messen-

ger that affects a number of calcium sensors, including 
CaM, Ca2+/CaM-dependent protein kinases, CN, and 
calpain (a Ca2+-dependent cysteine protease) [37]. In 
addition to the conventional Ca2+/CaM-triggered activa-
tion pathway, CN can also be directly activated by cal-
pain through proteolysis in vitro and in vivo [38]. Three 
calpain-dependent truncated forms of CNA have been 
identified, i.e., CNA fragments 1-392 (45 kDa, similar to 
Form IV in the CN activation model shown in Figure 6), 
1-424 (48 kDa, an AID-deleted form of CN) and 1-501 (57 
kDa). Proteolysis removes AID (in the 45 and 48 kDa 
forms) and changes the phosphatase to its constitutively 
active form. In cultured hippocampal neurons, overex-
pressing an adenoviral-based 48 kDa CNA truncated 
form induces caspase activation and neuronal cell death. 
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Moreover, calpain activation and the production of 45-48 
kDa truncation of CNA are associated with glutamate- 
and kainate-induced excitotoxicity in hippocampal neu-
rons [38]. Thus, overactivation of the calpain-CN path-
way could contribute to calcium-dependent disorders, 
especially those associated with Alzheimer’s disease and 
myocardial hypertrophy [39, 40].

CaM is a ubiquitous protein that plays a key role in 
calcium-mediated signal transduction. Among numer-
ous serine/threonine protein kinases, there is a distinct 
subfamily of Ca2+/CaM-dependent kinases, all of which 
contain a CBD and an AID [41]. The CaM-binding site 
is immediately adjacent in sequence to AID, and activa-
tion of these kinases requires the removal of AID from 
the active site. In contrast to CaM-activated kinases, 
CN is the only one CaM-activated phosphatase known. 
Since the AID in CN is located ~50 residues C-terminal 
of the CBD, and most of the C-terminal region of CNA 
apart from AID (457-482) is missing from previously 
published structures, how the binding of CaM to CBD 
of CN transmits through the ~50-residue linker to dis-
place AID from the catalytic site is a topic of ongoing 
debate. Recently, Rumi-Masante and colleagues used CD 
spectroscopy, hydrogen-deuterium exchange mass spec-
trometry, and limited proteolytic digestions to show that 
the isolated RD fragment of CN is disordered but gains 
structure upon CaM binding [25, 34]. This structure in-
cludes the expected α-helix in CBD and a so-called distal 
helix lying somewhere between the end of CBD and the 
beginning of AID. The distal helix may fold onto the 
remainder of the CaM/RD complex, altering the confor-
mation of the ordered segment of AID. Similarly, Zhao et 
al. [35] determined the overall secondary structure of CN 
in the absence or presence of Ca2+/CaM using Fourier 
transform infrared spectroscopy (FT-IR), and found that 
the RD of CN undergoes CaM-induced large-scale fold-
ing, transforming into a more constrained conformation. 
These results revealed that the binding of Ca2+ and sub-
sequent binding of CaM generated sequential folding of 
CN, transforming it into a more constrained, less flexible 
conformation, suggesting that the intervening disordered 
residues play important roles in the regulation of CN ac-
tivity both in the absence and presence of CaM.

One of the two major claims made in this study is 
that CaM binding does not remove AID from the active 
site. The first evidence for this comes from our phospha-
tase activity measurements made on full-length CN and 
various truncation mutants (Figure 3). The CaM-bound 
full-length CN has lower activity than the truncation 
mutants lacking AID and can be converted into a fully 
active state by limited trypsin digestion. This finding 
does not agree with some previously published data for 

the activity of similarly truncated CN molecules. The 
pioneering work of Klee and colleagues [12, 13, 33, 36] 
sketched out the steps in activation of CN, yet a concrete 
structural information of these steps is still elusive. For 
example, Hubbard and Klee reported that the activity of 
clostripain-proteolyzed 43-kDa CN α (which contains 
the CNB-binding domain) is about 4-fold higher than 
that of the WT enzyme in the presence of Ca2+/CaM. 
Similar results were also obtained by Wang et al. using 
the truncated form of CN α [14]. In contrast, Shen et al. 
found that the activity of similar truncated CN α was the 
same as that of the native enzyme [42]. To address this 
issue, we reexam ined the expression and phosphatase 
activity of similarly truncated CN β forms generated by 
conventional methods (Supplementary information, Fig-
ure S7). Most CN mutations (CN1-475, CN1-429 and CN1-

414) dramatically reduced the solubility of the truncated 
proteins when expressed in E. coli. These mutants parti-
tioned partly into inclusion bodies, which might reflect 
the aggregation and accumulation of improperly folding 
intermediates. As shown in Supplementary information, 
Figure S7, these CN truncation mutants (including CN1-

414) showed only approximately 2-fold higher activity 
than that of the CaM-stimulated WT CN. Thus, one pos-
sible explanation for these discrepancies might be that 
the soluble protein samples may also contain some mis-
folding molecules, giving rise to the conflicting results 
when measuring their activities. 

In summary, understanding molecular basis for CN ac-
tivation will allow us to better comprehend complex sig-
naling pathways and biological processes. The proposed 
multi-level regulatory mechanisms provide new insights 
into how CN interacts with its binding partners. Although 
AIS, A238L, pRII peptide and immunosuppressant drugs 
are functionally distinct, they share a similar mechanism 
of action with a common docking site in CN, highlight-
ing the importance of such interactions in regulation of 
the CN/NFAT signaling pathway. This finding may make 
it possible to develop a structure-based approach for the 
design of the next-generation CN inhibitors. Future stud-
ies will undoubtedly continue to investigate the complex 
regulatory mechanisms of CN, such as structural analy-
ses of the resting and CaM-stimulated CN (Form I and 
Form III). 

Materials and Methods

Protein purification 
CaM and the full-length or truncated proteins of CN were over-

expressed in E. coli with His- or GST-tag. The site-specific muta-
tions were generated by overlap PCR procedure. All proteins were 
purified over affinity, ion-exchange and size-exclusion columns. 
Protein stocks for phosphatase assays were supplemented with 
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glycerol to final concentration of 20% (v/v). 

Crystallography
Crystals of WT or mutant CN β were grown by mixing pro-

teins with equal volume of reservoir solutions containing 100 
mM MES, pH 5.8 and 7%-9% PEG3350. Crystals of CN α were 
obtained by mixing protein with an equal volume of reservoir 
solution containing 100 mM MES, pH 6.1, 18% PEG3350, 8% 
Glycerol and 0.2 M CaCl2. The diffraction data sets were collected 
at beamline BL17U at the Shanghai Synchrotron Radiation Facil-
ity and beamline BL41XU at SPring-8. All structures were solved 
by molecular replacement, and the data processing and refinement 
statistics were summarized in Supplementary information, Table 
S1. The coordinates and structure factors have been deposited in 
the Protein Data Bank (PDB) with accession codes 4OR9 for the 
human CN β structure, 4ORA for the CNV418Y/F419L mutant structure 
and 4ORB for the mouse CN α structure.

CN phosphatase assay
The phosphatase activity of CN was assayed using pNPP or 

pRII peptide as substrate in the presence of 1 mM Ca2+ and 1 mM 
Mn2+, and the continuous absorbance changes were recorded with 
a PerkinElmer LAMBDA 45 spectrophotometer. The initial rates 
were determined from the linear slope of the progress curves. 
Trans-inhibition studies of CN were performed with increasing 
concentrations of various inhibitory fragments. The apparent inhi-
bition constants were determined by fitting the experimental data 
sets to equations for trans-inhibition. 

More methods and details were provided in Supplementary in-
formation, Data S1.
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