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Abstract

The Phosphoprotein Phosphatase Calcineurin (CN, PP2B, PP3) recognizes and binds to two short
linear motifs (SLiMs), PxIXIT and LxVP, in its regulators and substrates. These interactions enable
CN function in many key biological processes. The identification of SLiMs is difficult because of
their short, degenerate sequence and often low binding affinity. Here we combine Structure Based
Shape Complementarity (SBSC) analysis and proteome-wide affinity purification-mass
spectrometry to identify PxIXIT and LxVP containing CN interactors to expand and thereby
redefine the LXVP motif. We find that the new mrg-LxVx primary sequence defines an ensemble of
binding competent confirmations and thus the binding on-rate, making it difficult to predict the
LxVP binding strength from its sequence. Our analysis confirms existing and, more importantly,
identifies novel CN interactors, substrates, and thus biological functions of CN.
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Cellular signaling is driven by protein:protein interactions, which result in the establishment
of signaling platforms and the recruitment of substrates. While many of these interactions
are between folded proteins, others are driven by the interaction of folded, globular proteins
with short linear motifs (SLiMs) located within intrinsically disordered regions (IDRs) of
proteins.! These SLiM interactions provide several advantages:? (1) small sequence
variations can alter SLiM binding affinities; (2) hydrophobic contacts, which often form the
core of SLiM interactions, can be modulated by charge:charge interactions; (3) avidity of
multiple SLiMs can strengthen binding; and (4) posttranslational modifications including
phosphorylation modulate binding affinity. In particular, SLiM-based interactions are critical
for kinase and phosphatase signaling.3->

Calcineurin (PP2B, PP3, CN)® is an essential enzyme that is highly conserved from yeast to
humans. It is ubiquitously expressed and crucial for diverse biological functions, including
development, cardiac function, and the immune response.” CN is a member of the family of
Phosphoprotein Phosphatases (PPPs).3 It is a constitutive heterodimer consisting of a
catalytic subunit CNA/calcineurin A and CNB that binds Ca2*, which is required for CN
activation.® Although CN has been studied for decades, the mechanism(s) by which CN
identifies and dephosphorylates specific substrates is still only poorly understood.

Ser/Thr kinases phosphorylate phosphoacceptor residues surrounded by a specific
recognition motif, making kinase-substrate relationships largely predictable.® In contrast,
PPP active sites do not recognize specific, distinct motif sequences surrounding the
phosphorylated residues.® However, PPPs still exhibit exquisite specificity for their
substrates.10 The emerging view is that PPPs use PPP-specific SLiMs for substrate
recruitment, which has been shown for PP1,11 PP2A 12 PP4,13 and CN.14.15 These SLiMs
bind complementary SLiM-binding pockets in the cognate PPP. The two known CN SLiMs
are the PxIxIT14 and LxVP1® motifs, which bind the PxIXIT binding pocket on CNA and the
LxVP binding pocket at the CNA/CNB interface (Figure 1A,B), respectively. Both binding
pockets are >15 A away from the CN active site. The LxVP binding pocket has also been
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identified as the binding site of cyclosporin A (CSA) and FK-506, two critical
immunosuppressant drugs that are necessary to suppress organ rejection after
transplantations. 1516

Identifying functional SLiMs in interactors and substrates is difficult because their sequence
features are short and degenerate, making bioinformatics prediction challenging. One way to
overcome this is to use proteomic phage display to directly define SLiM sequences.2-17
However, as this technique is less sensitive to the low-to-moderate affinity interactions (5-
1000 M) typical for SLiMs, alternative approaches for identifying SLiMs in novel
regulators and substrates are needed. Recently, we developed a Structure Based Shape
Complementarity (SBSC) approach. The SBSC uses the shape of the preformed, rigid SLiM
binding pocket to identify amino acids with binding complementarity. This approach has
been applied both to PP2A:B56 (LxxIXE motif)12 and to the LxVP site of CN.18

In recent years, identification of novel CN regulators has focused on only the PxIxIT
motif1®-21 due in part to the greater predictive power of the PxIXIT SLiM, which spans 6 to
7 amino acids (the motif can either be PxIxIT14 or PxxIxIT,22 which both fit into the same
binding pocket on CN). The PxIXIT binding pocket is used by regulators, substrates, and
scaffolding proteins such as AKAP79, which targets CN to its cellular location.?3 In
contrast, the smaller Lx\VVP motif is more challenging to predict but equally important for
CN substrate recruitment.

Here we combine proteome-wide affinity mass spectrometry (MS) with SBSC to further
expand the CN interactome. Using surface plasmon resonance (SPR), we show that LxVP
SLiM binding to CN is on-rate-dependent, confirming that SBSC is an ideal approach to
identify and expand SLiM sequences. Applying a new, expanded definition for the LxVP
and previously established PxIxIT definition, we identify 119 CN regulators and substrates
containing one or both of these SLiMs, leading to the redefinition of the e-LxVx motif and
the identification of a novel role for CN in the regulation of nuclear-cytoplasmic transport.
This analysis expands both the technical approach to identifying SLiM based interactions on
a proteome-wide scale and significantly expands our understanding of the biological
function of CN.

RESULTS AND DISCUSSION

Unbiased Proteome-Wide Interaction Screen Using Affinity Mass Spectrometry (MS).

To identify calcineurin (CN) interacting proteins (regulators and substrates), 3xFLAG-
tagged Calcineurin (CNA; A-subunit) was stably expressed in HEK293T cells,
immunoprecipitated using an anti-FLAG antibody, and analyzed using label-free quantitative
mass spectrometry (Figure 1C). To distinguish specific CN interactors from nonspecifically
bound proteins, we compared protein abundances in CNA and control (vector only)
immunoprecipitations. We identified 176 (CN176) proteins that interact specifically with CN
(increase in abundance of at least 5-fold in CN versus control immunoprecipitations, p-value
< 0.05) (Table S1). These proteins include the indispensable CN B-subunit (PPP3R1/
CANB1), established CN-interacting proteins such as the RCAN family of CN inhibitors
(RCAN1, RCAN2, and RCAN3),24 and CN-substrates like the family of nuclear factor of
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activated T-cells transcription factors (NFATC1 and NFATC4),25 among others (Figure 1D).
We also identified more recently established CN interactors, including the CREB-regulated
transcription coactivator 2 (CRTC2),26 the ER chaperone Calnexin (CALX),2” and the CN
inhibitor Cabin 1 (CABIN).28 Notably, we found several proteins previously predicted to
interact directly with CN via an LxVP sequence identified using a structure-based analysis
of the CN:NFAT1c LxVP interaction.’® These proteins included the HEAT repeat-containing
protein 3 (HEAT3), the serine/threonine-protein kinase SIK3, the histone deacetylase
complex subunit SAP130 (SP130), the neuronal protein FAM126A/hyccin (HYCCI), the
microtubule stabilizer Nucleolar and spindle-associated protein 1 (NUSAP), the kinase
GSK3 (GSK3B), and the chromatin remodeling protein AT-rich interactive domain-
containing protein 1A (ARI1A). Together, these data show that the experimental conditions
used allow for the identification of new and known CN regulators and substrates.

To further validate that some of the newly identified proteins bind CN, we conducted
reciprocal immunoprecipitation experiments. For this, we selected MCM2, NUP53,
RANBP3, and XPO1, which exhibit 11- to 230-fold enrichments in CN-binding versus
control. 3XFLAG-tagged versions of these proteins were expressed in HEK293FT cells,
immunoprecipitated using anti-FLAG antibody, and the immune complexes were analyzed
by Western blot for their ability to bind endogenous CN (Figure 1E). The data show that all
four proteins immunoprecipitated endogenous CN, confirming that the MS workflow
successfully identifies new CN interactors (Figure 1F).

Using the SBSC-Derived LxVP SLiM To Identify Direct CN Interactors.

Previously, we used the crystal structure of the substrate NFATC1 LxVP peptide bound to
CN, coupled with a conservative SBSC study, to define an expanded CN LxVP motif
(INQDESRTH][YRTDFILV]LX[VPL][PK] — mgLx/VPL]-[PK]). We employed this
approach to identify potential LxVVP matifs in proteins in the CN176 data set. First, we
applied an IDR filter (IUPRED = 0.4) to exclude SLiM sequences that are present in
structured domains. We then required the presence of experimentally observed phospho-
Ser/Thr residues (as determined using the PhosphoSitePlus database?9). Lastly, we searched
for PxIXIT SLiMs in the same targets using established PxIxIT SLiM motifs.24 This resulted
in the identification of 11 proteins from the CN176 data set (6.25%) that contain a
rgLX[VPL][PK] motif (Table S1).

The limited number of CN interactors containing a gLx[VPL][PK] motif was not
surprising because of the conservative approach originally used to expand the LxVVP SLiM.
18 Thus, we used SBSC to establish a more degenerate LxVP SLiM:
rg[LIVFIX[VPLIHA]X. In this degenerate SLiM, the “L” of the LxVP motif, also referred
to as the “i” position, was expanded from L — [LIVF], the “V” or “i+2” residue expanded
from [VPL] — [VPLIHA], and the “P” or “i+3” residue expanded from [PK] to “x”. The
key assumptions used to establish this degenerate SLiM were: (1) the LxVP binding pocket
of CN is rigid (all crystal structures of CNA/B determined thus far show that the LxVP
binding pocket is conformationally invariant8:14.15.18.22) and (2) that both pocket shape and
chemistry determine the amino acids that effectively bind in the pocket (Figure 1B). First,
the very deep “L” binding pocket (i position) was determined to readily accommodate F, I,
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and V residues; consistent with this determination, an “F” residue was recently
experimentally confirmed to bind this pocket.30 Second, the shallow “V” (i+2) binding
pocket was determined to accommodate a diverse set of hydrophobic residues, including I,
A, and H in addition to V, P, and L. Third, the “P” (i+3) interaction site is not a pocket, but
rather a surface. In our original /n silico search, the i+3 residue was restricted to be either a
“P” or “K” residue, as these residues had been previously experimentally determined to bind
at this site.118 Here, our SBSC analysis revealed that any amino acid could interact at this
position, and thus, the i+3 position can accommaodate all 20 amino acids. Using this new,
degenerate LXVP motif, 7z-g-[LIVF]-X-[VPLIHA]-X (rrg-LXxVX), 119 proteins in the CN176
data set were identified to contain either an g-LxVx or a PxIxIT motif in IDPs that contain
experimentally confirmed phospho-Ser/Thr residues. Ninety-one of these are predicted to
contain both an we-LxVx and a PxIXIT SLiM, while 25 and 3 are predicted to contain only
an p-LxVx or a PxIXIT SLiM, respectively (Figure S1).

The SBSC Approach Identifies mg-LxVx Sequences That Bind Directly to CN.

To test the validity of the SBSC-based rrg-LxVx predictions, we used cellular binding
assays. We selected eight proteins predicted to contain an re-LxVx motif: SKP1, GCFC2,
RANBP3, NUP53, NUP160, MCM2, IPO7, and XPQO1, that are involved in diverse
biological functions, including DNA binding/transcription, cell cycle regulation, and nuclear
pore complex assembly.31-34 To determine if these proteins require their p-LxVx motifs to
bind CN, we synthesized nine g-LxVXx -containing peptides (SKP1 has two predicted rg-
LxVx sequences) and nine rrg-LxVx controls (AAAA replacing the LxVx sequence). The
peptides were immobilized on sepharose resin, incubated with HEK293T lysates, and
analyzed for CN binding by Western blot (Figure 2A). Eight of the nine p-LXVX peptides
interacted specifically with CN, an interaction that was abolished or strongly reduced with
the control peptides (LxVx —AAAA). For the MCM2 peptide, we could not consistently
detect an interaction with CNA, despite detecting binding of CN to full-length MCM2
(Figure 1F). This indicates that the LxVx motif was either incorrectly predicted or that the
interaction affinity was too weak to be detected using this method. Taken together, these
results showed that the g-LxVx sequences are correctly predicted using the SBSC-
analyses, increasing the confidence that the 116 proteins identified in the CN176 data sets
are novel CN regulators or substrates.

The Affinities of mp-LxVx Motifs for CN Are Driven by Their On-Rates.

To understand how rg-LxVx amino acid composition contributes to CN affinity, we used
surface plasmon resonance (SPR). Specifically, we measured the binding Kinetics of 10 r¢-
LxVx peptides derived from either our newly identified CN interactors (7 distinct LxVx
peptides), NFATc2, Na+/H+ Exchanger 1 (NHE1, SLC9AL), or NFATc1 (Table 1). The re-
LxVx sequences from NFATc2 and NHE1 were established previously,16:35 while the o
LxVx peptide from NFATc1 was used as a binding control (equilibrium and kinetic SPR
experiments showed that the affinity of the NFATc1 LxVx for CN, Kp = 6 tM, was, as
expected, similar that determined previously using ITC8). The sequences of these 10 zgp-
LxVx peptides differed in the core LxVP residues (positions i to i+3) as well as residues in
the i-1 and i-2 positions (the location of the =d-motif), a region recently recognized to
contribute to CN binding.18
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The SPR data showed that LxVx-containing peptides bind CN with a broad range of
affinities, with Kp values from 35 to >500 M (Figure S2). The newly identified CN
interactors with the tightest LxVVx-CN affinities are Nup53 (Kp, 35 #M, LsPA) and
RANBP3 (Kp, 78 M, LsPP). In contrast, the LxVx sequence from NFATc2 (LIVP), a well-
established CN substrate, had a much lower affinity (Kp, 276 M) (Table 1). Similarly, the
Nup160 LxVx peptide (FVEL), which has phenylalanine in the “i” position, had an even
lower affinity (Kp, ~330 ¢M). Finally, the LxVx peptides from GCFC2 (LdVS), IPO7
(LqVE), SKP1.1 (IpVW), and MCM2 (LpPF) all had Kps for CN =500 4M (Table 1).
Remarkably, there is no obvious correlation between the g-LxVx sequence and binding
affinity. However, there is a strong correlation between binding affinity and the peptide on-
rates (kon). Namely, while there is only a 2 to 3-fold difference between the rg-LxVX
peptide off-rates, there is ~100-fold difference in the corresponding on-rates and these
correlate with the resulting Kps (Figure 2B). Taken together, these data show that while the
sequence of the LxVx matif is important for binding (i.e., the AAAA peptides do not bind),
the preexisting conformations of the rp-LxVx motif that regulate (either allow for or
inhibit) rapid binding to the preformed CN LxVP binding pocket determine the binding
affinity. This demonstrates that predicting the binding strength of the LxVVP motif using the
amino acid sequence alone will be difficult.

CNB Asn122 Facilitates mp-LxVx Peptide Binding.

To better understand the molecular basis for the distinct binding affinities between very
closely related peptides (NFATc1 and Nup53 vs NFATc2 and RANBP3), we analyzed CN
structures bound to g-LxVx motifs (CN:A238L, CN:NFATc1, CN:NHE1).15 We
discovered that CNB residue Asn122 can hydrogen bond to the carbonyl of the residue in the
“i” position of the LxVx motif. The CNB:Asn122 hydrogen bond can be further stabilized
by polar residues in the i-1 position or disrupted by a bulky hydrophobic residue. Indeed, a
model of the tightest binding re-LxVx motif peptide (LsPA, from Nup53) bound to CN
reveals that the position of the /-7 and /-2amino acids (both Thr) can provide hydrogen
bonding interactions with GIn50 (CNB) and Asn122 (CNB) (Figure 2C). To test the role of
Asn122-mediated hydrogen bonds on rg-LXVx binding, we generated a CNy1224 Variant.
CNp122a and WT-CN have similar melting temperatures: 58.5 vs 59.5 °C, respectively;
Figure S3. As predicted, the SPR data show that Nup53 binds CNy1224 4-fold weaker than
WT-CN with a Kp of 150 £M, confirming the importance of interactions outside the core
LxVx motif for e-LxVx motif binding (Figure 2D).

Analysis of 119 Novel CN Interactors.

Ninety-one of the 119 newly identified CN-interacting proteins have SBSC-predicted rr¢-
LxVx and PxIXIT SLiMs. Of the remaining 28 proteins, 3 are predicted to have only a
PxIXIT SLiM: Plastin-2 (PLSL), which plays a role in T-cell activation; the cell cycle protein
ZWINT, which is part of the MIS12 complex required for kinetochore formation and spindle
checkpoint activity; and CP055/SPATA33, whose function is currently unknown. The last 25
identified proteins contain only a e-LxVx motif. As the LxVP site is the CSA/FK-506
binding site and the key substrate binding site,38 such single SLiM substrate recruitment
might be conceivable. This is in line with the ser/thr protein phosphatase PP2A:B56, where a
single SLiM (LxxIXE) is responsible for the recruitment of substrates.1? However, additional
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regulation (e.g., dynamic charge:charge interactions) might allow for critical modulation of
these interactions.3”

Next, we examined the functional distribution of the identified CN interactors. The largest
subset of interactors (21%; 24 interactors) are involved in transcription and translation
(Figure 3A). This is not surprising, as CN has long been known to regulate the activity of
multiple transcription factors, especially the NFATSs. The second-largest group of interactors
is involved in the function, formation, or regulation of the nuclear pore. Interestingly, we
identified that ~1/3 of the known nuclear pore complex proteins likely interact with, and are
possibly regulated by, CN. Indeed, our data indicate that CN is part of nearly every nuclear
pore complex, excluding only the Nup62 complex which forms the nuclear envelope (Figure
3B,C). Finally, we discovered that CN associates with XPO1, an essential regulator of
nuclear import/export.38

Not surprisingly, a large number of identified CN interactors are involved in signal
transduction. Thirteen identified CN interactors participate in intracellular signaling
pathways, with eight interacting directly with, and possibly regulating, protein Kinases,
including GSK3B, the TAK1 adaptor protein TAB3, and Phosphatidylinositol 4-kinase alpha
(P14KA).39-41 Our data showed CN interacting not only with PI4KA but also with its
effector proteins FAM126A and TTC7A/B, proteins involved with localizing PI4KA to the
plasma membrane. The remaining 48 proteins that bind to CN are involved in more diverse
biological processes such as metabolism, cell cycle regulation, and protein degradation
(Figure 3A).

Are the ldentified CN Interactors Also CN Substrates?

To determine if these SLiM-containing CN binding proteins are not only CN interactors but
also substrates, we performed /7 vitro phosphatase assays using recombinant CN
(CNA1_391,CNB1_160). We expressed and purified proteins selected for validation (SKP1,
GCFC2, RANBP3, NUP53, MCM2, IPO7, and XPO1) and determined their
phosphorylation state using LC-MS/MS (Figure 4A). Because we had no prior knowledge of
opposing kinases, we relied on endogenous phosphorylation states as the substrate of our
analysis. This approach is limited, as not all phosphorylation sites are accessible by mass
spectrometry. Furthermore, it is possible that CN opposed sites are low in occupancy due to
endogenous CN activity or lack of kinase activity under basal conditions and are not
reproducibly detected. For IPO7, we did not detect any phosphorylation sites under our
growth conditions. For SKP1 and XPO1, we identified phosphorylation sites but did not
detect dephosphorylation by CN. In contrast, for GCFC2, MCM2, NUP53, and RANBP3,
we found several CN-dependent phosphorylation sites (Figure 4A). Importantly, for each of
these four proteins, we identified phosphorylation sites that were specifically and
reproducibly dephosphorylated by CN while other phosphorylation sites were unchanged
(Figure 4B). For example, for GCFC2, residue Ser40 is specifically dephosphorylated by CN
while Ser180 is not. CN dephosphorylated three sites on MCM2 (Thr25, Ser27, and Ser41)
and NUP53 (Ser53, Ser55, and Thr273) and four sites on RANBP3 (Ser126, Thr128,
Thr219, and Ser341).
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To determine the importance of one of these dephosphorylation events within a cellular
context, we monitored the dephosphorylation of RANBP3 in HelLa cells. Phosphorylation of
RERTpPSSLTQ in RANBP3 (Ser126 in RANBP3 isoform 1 and 2; Ser58 in RANBP3
isoform 3) by RSK or AKT was previously shown to increase the affinity of RANBP3 for
Ran, establishing the Ran gradient.32 Furthermore, RANBP3 Ser58/Ser126 phosphorylation
was shown to regulate nuclear export of SMAD2 and SMAD3.42 Upon TGF-g stimulation,
PPM1A can dephosphorylate Ser58/Ser126, resulting in increased SMAD2/3 export.*2 To
determine if CN dephosphorylates RANBP3 Ser58/Ser126 under basal growth conditions,
we treated HeL a cells with the CN inhibitor Cyclosporine A (CSA) for 45 min and probed
cell lysates with an anti-pSer58/pSer126-RANBP3 antibody. In the presence of CSA, Ser58/
Ser126 phosphorylation was significantly increased by approximately 2-fold, showing that
CN dephosphorylates RANBP3 under basal conditions (Figure 4C). Furthermore, we
immunoprecipitated 3xFLAG-RANBP3 under both conditions from HEK293T cells to
compare phosphorylation levels (Figure 4D and Figure S4A). These analyses confirmed that
upon CSA treatment, the four sites did increase. To investigate the relative contribution of
the LxVP and PxIXIT sites in RANBP3 on the CN ability to dephosphorylate it, we
generated single (AXAP and AXAXAA) and double mutants. While /in7 vitro CN was ability
to dephosphorylate mutant RANBP3 (Figure 4E and Figure S4B), in cells mutations of the
PXIXIT site abrogated dephosphorylation by CN for most sites (Figure 4D and Figure S4A).

Next, we tested if differential phosphorylation of RANBP3 affects the ratio of cytoplasmic
versus nuclear SMAD?2. For this, we compared SMAD?2 localization in HeLa cells treated
with or without CSA for 45 min by immunofluorescence (Figure 4F). Cytoplasmic and
nuclear SMAD?2 staining intensity was quantified in three independent replicates (7= 90
cells for each treated and control condition) and revealed a significant increase of nuclear
SMAD?2 staining (~15%) upon 45 min CSA treatment, while total SMAD2 levels were not
changed (Figure 4G). These data suggest a possible role of CN in regulating
phosphorylation-dependent nuclear-cytoplasmic transport.

DISCUSSION

CN plays a central role in a diverse set of biological processes;’ however, through which
substrates these functions are achieved is largely unknown. Indeed, recent data suggest that
many additional CN functions are currently not widely recognized.18 Here, we develop a
combinatorial approach that integrates structural, biophysical, bioinformatics, and mass
spectrometry data to identify novel CN interactors and substrates. While peptide-array based
approaches for SLiM sequence identification have been useful 22 these studies are of limited
use for short SLiMs such as the r-LxVx motif, especially when the SLiMs are largely
anchored by a single residue (here the “L” of the LxVx). We show that this is because the
binding on-rate (kon) of the p-LxVx motif, more than the identity of the residues that
comprise the motif, is the central driver of binding strength. Specifically, the more readily
the motif and its adjacent residues facilitate the sampling of the bound-state conformation,
the more tightly the e-LxVx motif will bind CN, as its binding on-rate will be faster.
Similarly, if the adjacent residues hinder the sampling of the elongated/bound-state
conformation, the weaker the p-LxVx motif will bind CN, as its binding on-rate will be
slower. We find that charged residues adjacent to the core motif or proline substitution at the
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i+2 and i+3 residues restrict the conformational space of the ensemble, resulting in weaker
interactions (higher Kp).

The combination of biophysical and structural data allowed for the novel description of the
e-LxVx motif, that is, mg[LIVFIX[VPLIHA]X, that was used in this analysis. By
combining affinity-mass spectrometry and SBSC, we identified 119 proteins that we predict
interact direct/y with CN via a rre-LxVx motif, a PxIXIT motif, or both. Canonical CN
interactors such as the CN B-subunit and calmodulin, CN inhibitor such as Cabinl and
RCAN1/2/3, and CN substrates such as the NFAT transcription factors, were readily
identified. This is important as it confirms that our novel methodology (MS coupled with
SBSC for SLiM identification) identifies well-known CN regulators and substrates. Of the
119 SLiM motif-containing proteins identified to interact directly with CN, 3 contained only
a PxIXIT sequence, while 25 contained only an g-LxVx sequence. This is reminiscent of
the scaffolding protein AKAP79, which was originally shown to bind CN via a PxIXIT motif
alone.23 However, it was later discovered that AKAP79 does have an p-LxVx motif.43 It
will be important to determine if PxIXIT- or LxVx-only CN interactors exist, or if they
contain atypical PXIXIT or g-LxVx motifs that are not captured with our current approach.
Further, alternative binding interactions for CN recruitment toward its substrates may exist.

While the presence of both the PxIXIT and rrg-LXxVx motifs are known to enhance the
binding affinity of CN regulators and substrates,15:3° a detailed understanding of how CN
function is controlled in both a spatial and temporal manner by these SLiMs has not been
established. Recently, we have directly shown that these interactions are critical to regulate
NHEZ1.44 Mutation of the p-LxVx motif in NHE1 resulted in an increase in
dephosphorylation of specific phosphorylation sites compared with others within NHEZ;
thus, the e-LxVx motif is a critical substrate specifier for NHEL. Interestingly, mutation of
the PxIXIT site decreased the rate of dephosphorylation, and disruption of both SLiMs
resulted in a loss of enzymatic specificity, indicated by an increase in the dephosphorylation
rate of the other sites. This suggests that the PxIxIT motif is important for anchoring/
targeting CN to discrete cellular compartments, thereby driving the spatial component. The
g-LXVX, at least in the case of NHEL, controls substrate specificity and thus plays a role in
the temporal aspect of phosphatase signaling. We expect that both of these mechanisms play
arole in other CN substrate interactions but will be tuned by the strength of the e-LXVXx
interaction and its location relative to both the PxIXIT SLiM and the phospho-serine/
threonine that is the direct substrate of CN.

Critically, we confirmed our expanded re-LxVx motif predictions both in vitro and in cells,
demonstrating the robustness of the MS-SBSC methodology. We then extended the work to
show that a subset of these interactors are bona fide CN-specific substrates by identifying
CN-dependent phosphorylation sites. Together, these data confirm that the CN SLiM
predictions are of high quality and can be employed for future studies to understand the
underlying biological processes controlled by CN. For example, our data suggest CN has
major roles in regulating transcription by modulating the activity of a variety of transcription
factors and signaling pathways. For the latter, it is interesting to discover that CN seems to
interact directly with kinases and thus likely influences and may control their activity.
Furthermore, CN clearly has significant roles in the regulation of the nuclear pore. Here we
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show CN is likely involved in nuclear pore export through its interaction with and
dephosphorylation of RANBP3.42 CN inhibition had only a limited effect on RANBP3
phosphorylation and SMAD?2 localization under basal conditions, suggesting that either CN
only contributes but does not drive the regulation of nuclear export or that CN’s regulates
this process under specific cellular or signaling conditions.

Indeed, Gene Ontology enrichment analysis on CN interactors identified PxIXIT and/or rre-
LxVx motif(s) and found a strong enrichment in proteins that constitute the nuclear pore and
envelope. These proteins include components of the cytoplasmic filaments and ring, central
pore, and nuclear basket, supporting the notion that CN more broadly functions in protein
import and export from the nucleus.

Ultimately, our list of MS confirmed CN interactors lays the critical foundation for studying
the CN interactome and proteome and, in turn, CNs involvement in a wide variety of
biological functions. As we have shown with the regulation of NHE1 by CN, while SLiM
interactions are vital, regulation of CN activity and especially substrate specificity is much
more complex. Our list of 119 MS confirmed CN interactors and the SBSC predicted SLiMs
represents the perfect platform to further our understanding and analysis of each of these
interactions for its underlying biological function.

METHODS

Immunoprecipitation.

CNA, Nup53, RanBP3, XPO1, and MCM2 were cloned into the p3XFLAG-CMV10 vector.
For proteomics analysis, HEK293T cells were transfected with empty p3xFLAG-CMV10 or
p3XFLAG-CMV10-CNA and selected with G418. For reciprocal immunoprecipitations,
HEK293T cells were transiently transfected, and control cells were nontransfected cells. For
immunoprecipitations, cells were lysed in chilled lysis buffer (150 mM NaCl, 50 mM Tris
pH 7.5, 0.5% Triton X-100, 5 mM sodium beta-glycerophosphate, 1 mM CaCl,, 1 mM DTT,
and 1 Complete EDTA-free protease inhibitor tablet (Roche) per 10 mL buffer). Lysates
were sonicated (3 bursts for 15 s at 50% input with intermittent cooling), cleared by
centrifugation, and incubated with 20 L of anti-FLAG M2 resin (SIGMA) for 3 h, rotating
at 4 °C. Beads were collected by centrifugation, lysate removed, and 1 mL for fresh lysis
buffer was added (wash) and collected again by centrifugation. The wash step was
performed for a total of three times. Proteins were eluted with 150 zg/mL 3xFLAG peptide
(SIGMA). Elutes were separated by SDS-PAGE and visualized by Coomassie staining for
MS analysis or analyzed by Western blotting. Western blot intensities were quantified in
ImageJ Fiji.*> For Coomassie-stained gels, each lane was cut into four sections, destained,
dehydrated, and digested with Trypsin (Promega) (1:100 w/w) overnight. The next day,
peptides were extracted with 50% ACN (Burdick & Jackson)/5% formic acid (Burdick &
Jackson), and dried. Peptides were analyzed by LC-MS/MS as previously described.46
Statistical analysis of protein quantification was carried out in Perseus*’ by two-tailed
Student’s £test. Missing values in controls were imputed in Perseus*’ from a normal
distribution to enable visualization by Volcano plot. Protein—protein interactions of
specifically identified proteins were extracted from the STRING database and analyzed in
Cytoscape.*® Gene ontology analysis was carried out using the BinGO plug-in in Cytoscape.
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Bioinformatics.

ScanProsite*? was used to identify the CN-specific zgLxVP SLiM in proteins from the MS
derived data set(s). Definitions of the search sequences were based on the experimental
three-dimensional CN:NFATc1; yvp complex structurel8 and experimentally confirmed
LxVP motifs. Filter 1: Disorder prediction via IUPRED®C (IUPRED = 0.4). Filter 2: PxIxIT
SLiM (ScanProsite).*° Two PxIXIT definitions were used: [P]-x-x-x-[IV]-[TDHSNQ] NFAT/
PVIVIT-like;?® or [P]-x-x-x-x-[IV]-[TDHSNQ] AKAP79-like using an extended CN
binding pocket;22 [IV]-[TDHSNQ] are based on experimentally confirmed PxIXIT
sequences sites'#415 and an analysis of PxIxIT sites.1® Filter 3: Presence of phosphorylated
Ser/Thr residues (using PhosphoSitePlus).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The SBSC-MS analysis of CN. (A) Structure of CN (A: catalytic domain, black; B:
regulatory domain, cyan) bound to the AKAP PxIXIT SLiM (green, PDBID: 3LL8) within
the PxIXIT binding pocket (dark blue) and the NFATc1 LxVP SLiM (magenta, PDBID:
5SVE) bound within the LxVP binding pocket (light blue). CN active site metals Zn?* and
Fe3*: yellow and orange spheres, respectively. CNB Ca2* ions: red spheres. (B) Close-up of
the NFATc1 LxVP bound to the CN LxVP binding pocket (blue). Binding pocket core
(dashed outline) with highlighted areas (yellow) shows the interaction surfaces for the i, i+2,
and i+3 residues in the LXVVP motif. (C) Experimental setup to identify CNA interactors. (D)
Volcano plot of label-free AP-MS identification of CN interactors. Red: known CN
interactors; blue: new interactors selected for validation. (E) FLAG-IP schematic for
validation of CNA interactions. (F) Western blot analysis of immunoprecipitations from
nontransfected control cells and cells expressing FLAG-tagged protein and their interaction
with CNA.
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LxVP SLiM binding to CN. (A) Western Blot analysis of endogenous CNA binding to
immobilized WT LxVP and mutant AAAA peptides. (B) Agn and Aot rates for denoted
LxVP SLiM peptides binding to CN as detected by SPR. (C) Model of CN bound to the
gL XVVP motif (TTLSPA) of Nup53 (using PDBID: 5SVE) to highlight CNBy1224. (D)
SPR traces for Nup53 binding with CN and CNy1224.
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Figure 3.
Expanded view of CN’s biological functions. (A) Biological function of LxVP and PxIXIT

SLiM-containing proteins enriched in CNA pulldowns. (B) Schematic of the nuclear pore
and nuclear pore complexes. Proteins enriched in CNA pulldowns are named. (C) GO
analysis of cellular compartments of SLiM-containing proteins enriched in CNA pulldowns.
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Figure 4.
CN substrate identification. (A) Experimental identification using an in vitro phosphatase

assay. (B) Plot of phosphorylation site abundance of indicated protein in CN phosphatase
assays. Note, for each protein at least one site was detected that was not dephosphorylated
by CN (*p < 0.05). (C) Western blot analysis of RANBP3 phosphorylation on Ser58/Ser126
in untreated and Cyclosporine A (CSA) treated HelLa cells and quantification of protein-
corrected RANBP3 phosphorylation (*p-value < 0.005). Plot of Ser126 phosphorylation site
abundance of RANBP3 WT, LxVP (AXAP), PxIXIT (AXAxAA), and double (AXAP/
AXAXAA) mutants in CSA treated HEK293T cells (D) and in CN /n vitro phosphatase
assays (E) (*p < 0.05). (F) Immunofluorescence images of HeLa cells treated with or
without CSA and probed for SMAD2 and DNA. (G) Quantification of nuclear and total
SMAD?2 in Hela cells treated with CSA or not (7= 90 cells in three independent replicates,
*p<0.001).
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