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ABSTRACT

The prolyl isomerase Pinl catalyzes the cis-frans isomerization of proline peptide bonds, a non-
covalent post-translational modification that influences cellular and molecular processes, including
protein-protein interactions. Pinl is a two-domain enzyme containing a WW domain that recognizes
phosphorylated serine/threonine-proline (pS/pT-P) canonical motifs and an enzymatic PPlase domain that
catalyzes proline cis-trans isomerization of pS/pT-P motifs. Here, we show that Pin1 uses a tethering
mechanism to bind and catalyze proline cis-frans isomerization of a noncanonical motif in the disordered
N-terminal activation function-1 (AF-1) domain of the human nuclear receptor PPARy. NMR reveals
multiple Pinl binding regions within the PPARy AF-1, including a canonical motif that when
phosphorylated by the kinase ERK2 (pS112-P113) binds the Pinl WW domain with high affinity. NMR
methods reveal that Pinl also binds and accelerates cis-trans isomerization of a noncanonical motif
containing a tryptophan-proline motif (W39-P40) previously shown to be involved in an interdomain
interaction with the C-terminal ligand-binding domain (LBD). Cellular transcription studies combined
with mutagenesis and Pinl inhibitor treatment reveal a functional role for Pinl-mediated acceleration of
cis-trans isomerization of the W39-P40 motif. Our data inform a refined model of the Pinl catalytic
mechanism where the WW domain binds a canonical pS/T-P motif and tethers Pinl to the target, which
enables the PPIase domain to exert catalytic cis-trans isomerization at a distal noncanonical site.

SIGNIFICANCE

Proline peptide bonds naturally occur in cis conformations and isomerize to trans conformations on
exchange regimes on the order of seconds to minutes. Pinl, a prolyl isomerase, catalyzes the
isomerization of proline peptide bonds that contain a specific phospho-motif—a phosphorylated serine or
threonine followed by a proline (pS/pT-P)—allowing for switch-like effects on target protein structure and
function. One protein substrate of Pinl is the nuclear receptor peroxisome proliferator activated receptor
gamma (PPARY), which is shown here to undergo Pinl-catalyzed isomerization at a noncanonical proline
distal to a canonical pS/pT-P binding site. These studies lay the foundation for understanding the role of
Pinl in mediating PPARy-regulated transcription and expand understanding of Pinl-catalyzed enzymatic
activities and functions.
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INTRODUCTION

Proline stands apart from other amino acids in its unconventional cyclic nature—an amino acid side
chain that attaches to the peptide backbone at its amide nitrogen and imparts structural features which can
play critical roles in the biological function of proteins. While most amino acid peptide bonds heavily bias
trans conformations, the peptide bonds of proline can populate stable cis conformations (Schmidpeter et
al., 2015; Stewart et al., 1990). Certain types of amino acids preceding a proline residue increase the
propensity of adopting a cis conformation, including phosphorylated serine (pS) and threonine (pT), and
aromatic residues, phenylalanine, tyrosine, and tryptophan (Reimer et al., 1998; Schutkowski et al., 1998).
Exchange between cis and trans proline conformations (isomerization) in proteins is a relatively slow
process, on the order of seconds (Cheng and Bovey, 1977; Kleckner and Foster, 2011). However,
evolution has taken advantage of this dynamic quirk that alters protein function in what is commonly
considered a switch-like mechanism (Andreotti, 2003; Lu et al., 2007; Lu and Zhou, 2007; Zosel et al.,
2018). Proline cis-trans isomerization influences the activity of many proteins and plays central roles in a
myriad of cellular processes including DNA damage response (Sun et al., 2021; Wulf et al., 2002; Zheng
et al., 2002), cellular localization (Hilton et al., 2015), ion channel activity (Lummis et al., 2005), gene
transcription (Hanes, 2015; Hunter, 1998), and others (Gurung et al., 2023; Gustafson et al., 2017; Lu and
Zhou, 2007; Pastorino et al., 2006; Sarkar et al., 2007). Enzymes known as peptidyl prolyl cis/trans
isomerases (PPlases) function as molecular timekeepers by catalyzing a noncovalent post-translational
modification, the rate of exchange between cis and trans proline conformations, by several orders of
magnitude (Fanghanel and Fischer, 2004; Shaw, 2002).

Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pinl) is a multidomain hub PPIase that
interacts with other proteins and initiates signaling cascades essential for cellular homeostasis (Lu and
Zhou, 2007; Tsai et al., 2009). Relative to other members of the PPlase superfamily, Pinl uniquely
contains a N-terminal WW domain (residues 1-39), which is connected to a C-terminal PPlase domain
(residues 50-163) by a flexible linker. The WW domain directs Pinl binding towards protein targets with
consensus motifs containing a pS or pT N-terminally adjacent to a proline residue (pS/pT-Pro) (Lu et al.,
1999; Ranganathan et al., 1997; Verdecia et al., 2000). The PPlase domain, which enacts the catalytic cis-
trans isomerase activity (Lu et al., 1996), was shown to preferentially catalyze isomerization of the
peptide backbone between the pS/pT and proline residues (Lu et al., 1999; Yaffe et al., 1997) though
sequences with an acidic residue N-terminal to a proline were also reported to serve as a Pinl enzymatic
substrate (Ranganathan et al., 1997).

Structures of Pinl bound to phosphorylated peptides derived from target proteins determined by X-
ray crystallography and NMR spectroscopy have detailed the molecular basis of substrate recognition.
These studies have informed a model of interdomain allostery within Pinl that occurs between the WW
and PPlase domains, where target peptide binding to the WW domain primes the PPIase domain to
operate with optimal catalytic capacity, as evidenced by target peptide-induced exchange between
extended and compact Pinl multidomain conformations (Born et al., 2022; Chen, 2022; Mori and Saito,
2022; Peng, 2015; Wang et al., 2015; Zhang et al., 2020). However, a more complete model of Pinl-target
substrate interaction dynamics is lacking. Few studies have focused on Pinl-mediated recognition and
enzymatic catalysis of substrates larger than peptides, such as entire protein domains and intrinsically
disordered regions (IDRs).

Members of the nuclear receptor superfamily of ligand-regulated transcription factors are among the
cellular substrates of Pinl (La Montagna et al., 2013). Nuclear receptors contain a conserved modular
domain architecture with a disordered N-terminal activation function-1 (AF-1) domain, a central DNA-
binding domain, and a C-terminal ligand-binding domain (LBD) that contains the ligand-binding pocket
for orthosteric and synthetic ligands, including FDA-approved drugs, and the activation function-2 (AF-2)
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coregulator interaction surface (Burris et al., 2013). Two prior studies demonstrated Pinl binds to and
regulates the function of peroxisome proliferator activated receptor gamma (PPARY), a lipid sensing
nuclear receptor that regulates the expression of gene programs that influence the differentiation of
mesenchymal stem cells into adipocytes and insulin sensitization (Lefterova et al., 2014). However, the
studies suggested different Pinl binding mechanisms to PPARY, either to the AF-1 domain (Fujimoto et
al., 2010) or LBD (Han et al., 2016), and did not reveal a mechanism by which Pinl accelerates cis-trans
proline isomerization.

Obtaining a more comprehensive understanding of the structural basis for the binding and catalytic
activity of Pinl is key to understanding the role of proline cis-trans isomerization in the regulation of
PPARYy transcription. In this study, we investigated the interaction between Pinl and PPARy using nuclear
magnetic resonance (NMR) spectroscopy, which is ideally suited to map protein-protein interaction sites
(Rajagopal et al., 1997) and enzyme-catalyzed proline cis-trans isomerization (Bosco et al., 2002). We
found that Pinl interacts with the isolated PPARYy AF-1 domain, but not the LBD. Phosphorylation of the
AF-1 domain enhances Pinl binding to the AF-1 through the interaction of the Pinl WW domain with a
pS-P motif within the AF-1. Moreover, Pinl catalyzes cis-trans isomerization of a region within the AF-1
distal to the pS-P motif via a tethering mechanism. This distal region with increased Pin1-mediated cis-
trans isomerization contains a tryptophan-proline motif that is implicated in an interdomain interaction
with the C-terminal ligand-binding domain (LBD) (Mosure et al., 2022), suggesting a potential functional
implication for Pinl-mediated cis-trans isomerization of the PPARy AF-1 domain.

RESULTS
ERK?2 phosphorylates human PPARy AF-1 at two sites in vitro

Two well-characterized phosphorylation sites in PPARy containing pS-Pro motifs are implicated by
previous studies in binding to Pinl, including S112 in the AF-1 domain (in PPARY2 isoform numbering,
which corresponds to S84 in the shorter PPARy1 isoform), which is phosphorylated by ERK2 (Adams et
al., 1997), and S273 in the LBD, which is phosphorylated by Cdk5 (Choi et al., 2010) and ERK2 (Banks
et al., 2015). We first sought to establish conditions for in vitro phosphorylation of these sites to test
whether Pinl interacts with the PPARy2 AF-1 domain or LBD in a phosphorylation-dependent manner.

We performed in vitro phosphorylation of the PPARy LBD using ERK2 and CDKS but failed to
detect phosphorylation of S273 in the LBD via phos-tag SDS-PAGE under the conditions tested
(Supplementary Figure 1). However, in vitro phosphorylation of purified human PPARy2 AF-1 domain
by ERK2, followed by phos-tag SDS-PAGE, revealed two sequential phosphorylation events that occurs
with different kinetics (Supplementary Figure 1). Mass spectrometry analysis of samples excised from
the phos-tag SDS-PAGE revealed the faster ERK2-mediated phosphorylation occurs at S112 (pS112) and
the slower phosphorylation occurs at T75 (pT75) (Figure 1A). We confirmed the time-dependent double
phosphorylation via NMR spectroscopy with '’N-labeled AF-1 domain where ERK2 was added to the
sample and a series of 2D ['H,!>N]-HSQC NMR spectra were collected to monitor phosphorylation
(Figure 1B). In the initial time points, the NMR time series data revealed disappearance of the NMR peak
for S112 concomitant with the appearance pS112 in both cis and trans populations downfield (i.e., shifted
to the left) from the unphosphorylated form. At the same time, the NMR peak for T75 decreased
concomitant with population of pT75 NMR peaks downfield but at a slower rate compared to pS112,
although no obvious cis pT75 population was observed.

The putative T75 phosphorylation site is unique to human PPARY2, as the corresponding residue in
mouse PPARY2 is an alanine residue (A75). To our knowledge, all previous studies that have focused on
phosphorylation of PPARy AF-1 domain used mouse receptor and mouse cell lines, and phosphorylation
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of T75 in human PPARY has not been reported. To determine if human PPARy2 may be phosphorylated at
T75 in cells, we overexpressed full-length human PPARY2 in human HEK293T cells and performed mass
spectrometry on phosphoenriched peptides. Several sites in the AF-1 domain of PPARY2 were
phosphorylated, including several known (S26, S112) and previously unreported (S8, S51, S57, S72)
sites; however, we did not detect phosphorylation of T75. It is possible T75 may be phosphorylated in
other human cell types or tissues, or under other cellular conditions not tested such as cytokine signaling.
We therefore decided to focus our studies on phosphorylation of S112 only, as this is a previously
validated site that upon phosphorylation is known to enhance Pinl binding to the PPARy AF-1 (Fujimoto
et al., 2010).
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Figure 1. ERK2 phosphorylation of PPARy AF-1 domain.

(A) In vitro ERK2 phosphorylation sites within the AF-1 (pS112 and pT75) identified by mass
spectrometry. A site that undergoes cis-trans isomerization that was previously identified (W39-P40) is
also annotated. (B) ERK2 phosphorylation of !°N-labeled AF-1 followed by time-course 2D ['H,!°N]-
HSQC NMR. (C) ERK2 phosphorylation of ’N-labeled AF-1 P76 A mutant followed by time-course 2D
['H,'SN]-HSQC NMR.

MAPK kinases including ERK?2 specifically phosphorylate serine or threonine residues N-terminal
adjacent to a proline residue (Cargnello and Roux, 2011; Gonzalez et al., 1991). We created an AF-1
domain construct where the proline C-terminal to T75 is mutated to alanine (P76A). In vitro
phosphorylation of this AF-1 P76 A mutant by ERK2 followed by 2D ['H,"’N]-HSQC NMR (Figure 1C)
only showed a single phosphorylation event that again resulted in the disappearance of the NMR peak for
S112 concomitant with the appearance of downfield NMR peaks corresponding to pS112 in both cis and
trans populations. Thus, the P76 A mutant will allow the study of phosphorylation-dependent Pin1-
mediated structure-function studies on human PPARy AF-1 domain focusing on the pS112 site. The NMR
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peak corresponding to T75 is shifted relative to wild-type AF-1 because the P76 mutation changed the
local chemical environment, but shows no change in intensity relative to the unphosphorylated form and
no peaks appear in the downfield region of the spectrum, which is characteristic of phosphorylated serine
and threonine residues (Hendus-Altenburger et al., 2019).
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Figure 2. AF-1 phosphorylation enhances Pinl binding.
Overlays of 2D ['H,'>N]-HSQC NMR spectra of (A) '’N-labeled AF-1, (B) '>N-labeled pAF-1, and (C)
I5N-labeled pAF-1 P76A mutant without or with 1 molar equivalent of Pinl.

AF-1 phosphorylation enhances binding to Pinl

Pinl was previously shown to bind specifically to a peptide containing the PPARy AF-1 pS112/P113
motif, but not in the unphosphorylated form (Fujimoto et al., 2010). With a method established for ERK2-
mediated phosphorylation of the AF-1 at a single site (pS112 via the P76 A mutant) or two sites (pS112 +
p75 via wild-type AF-1), we used 2D ['H,'>N]-HSQC NMR analysis to structurally map where Pinl
interacts with the AF-1 in phosphorylated and unphosphorylated states. Addition of Pin1 to
unphosphorylated '*N-labeled AF-1 (Figure 2A) revealed subtle chemical shift perturbations (CSPs) in
fast exchange on the NMR time scale suggestive of weak binding (Kleckner and Foster, 2011;
Williamson, 2013) at select residues, particularly those C-terminal to the pT75 phosphorylation site,
including E79, 181, T84, T86, and E87. In contrast, Pinl binding to phosphorylated !°N-labeled AF-1
(Figure 2B) or phosphorylated '°N-labeled P76A mutant (Figure 2C) caused more pronounced CSPs
throughout the AF-1 with several noteworthy features. Residues near the pS112/P113 site that display cis
and trans conformations, including E109, A111, and pS112, consolidate to a single apparent trans
conformation in the Pinl-bound state as the NMR peak corresponding to the cis conformation disappears.
Furthermore, the pattern of CSPs that occurs for other residues throughout the AF-1 indicate that Pinl
interacts with multiple AF-1 regions or undergoes a conformational change upon binding to Pinl.
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Residues C-terminal to the pT75 and pS112 sites are generally affected on the intermediate exchange
NMR time scale resulting in NMR peak line broadening, which could be suggestive of stronger binding
compared to CSPs in fast exchange (Kleckner and Foster, 2011; Williamson, 2013). Moreover, a region of
the AF-1 containing a PFWP (P40-F41-W42-P43) motif that undergoes cis-trans isomerization (Mosure
et al., 2022) shows CSPs that occur on the fast exchange time scale, suggesting this region may bind more
weakly to Pinl.

Mapping Pinl domain binding contributions to PPARy AF-1

The 2D NMR structural footprinting data indicate that multiple regions of the PPARy AF-1 comprise
the Pinl-interaction surface. To distinguish the binding contributions of the Pinl WW domain (residues
1-39) and PPlase domain (residues 42-163), we compared 2D ['H,'"’N]-HSQC NMR spectra of ’N-
labeled AF-1 in unphosphorylated and phosphorylated forms.

Addition of the WW domain to unphosphorylated '°N-labeled AF-1 resulted in negligible CSPs
(Figure 3A) but caused notable CSPs for phosphorylated '>N-labeled AF-1 (Figure 3B) and
phosphorylated *N-labeled AF-1 P76 A mutant (Figure 3C). In the phosphorylated !°N-labeled AF-1
analysis, residues with larger CSPs map to the pS112/P113 and pT75/P76 phosphorylation sites, whereas
only the pS112/P113 site is affected in the phosphorylated !°N-labeled AF-1 P76A mutant analysis. These
data are consistent with published studies indicating that the Pinl WW domain specifically recognizes and
binds to pS/pT-P motifs (Lu et al., 1999; Ranganathan et al., 1997; Verdecia et al., 2000).

Addition of the PPIase domain to unphosphorylated '*N-labeled AF-1 (Figure 3D) resulted in minor
but discernible CSPs for select residues, including residues within and near the PEWP motif (W39 cis and
trans peaks, T34 cis peak), within and near the T75 phosphorylation motif (S74, T75), as well as a nearby
downstream site (E79, 181, T84, R85, T86). These residues are also affected when the PPlase domain is
added to phosphorylated '>N-labeled AF-1 (Figure 3E) and phosphorylated '*N-labeled AF-1 P76A
mutant (Figure 3F); however, the pS112 cis and trans peaks and pT75 peak also shows notable CSPs.
These data indicate the Pinl PPlase domain may recognize or interact with multiple regions of the PPARy
AF-1.

To gain additional insight into the Pinl binding mechanism, we performed CSP analysis of assigned
and well-resolved AF-1 NMR peaks to determine how binding of unphosphorylated and phosphorylated
AF-1 to full-length Pin1 compares to individual Pinl domains (WW or PPlase). Full-length Pinl binding
to unphosphorylated '°N-labeled AF-1 reveals larger CSPs compared to CSPs observed in the presence of
the WW domain or PPlase domain alone (Figure 3G). Furthermore, CSPs caused upon binding full-
length Pinl appear at distinct AF-1 regions including near the PFWP motif (residues 35-39), near the T75
phosphorylation site (residues 75-90), near the S112 phosphorylation site (residues 105-110), and a region
near the C-terminus of the AF-1 among other regions. In contrast, AF-1 phosphorylation appears to fine-
tune the interaction. Binding of full-length Pinl and, to a lesser degree the WW domain, to
phosphorylated '’N-labeled AF-1 (Figure 3H) or phosphorylated '’N-labeled AF-1 P76A mutant
(Figure 3I) shows larger CSPs compared to unphosphorylated AF-1 that are localized to the C-terminal
region of the AF-1 with the largest CSPs occurring around the S112 phosphorylation site. Moreover, CSPs
caused by binding full-length Pinl are much larger than that of either domain alone.
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length, WW domain, or PPlase domain at 1 molar equivalent to (G) '*N-labeled AF-1, (H) '>N-labeled
pAF-1, and (T) N-labeled pAF-1 P76A mutant.

Mapping PPARy AF-1 binding surface on Pinl

We next used 2D ['H,!>N]-TROSY HSQC NMR analysis to structurally map where the AF-1
interacts with Pinl in phosphorylated and unphosphorylated AF-1 states. Addition of unphosphorylated
AF-1 to ’N-labeled Pinl (Figure 4A) resulted in CSPs for select residues within the WW domain and
PPlase domain. However, addition of phosphorylated AF-1 to !°N-labeled Pinl (Figure 4B) resulted in
much larger CSPs, indicating the interaction is more robust than with unphosphorylated AF-1. CSP
analysis revealed that AF-1 phosphorylation significantly increases interaction with the WW domain
(Figure 4C). Moreover, AF-1 phosphorylation results in larger CSPs for residues within the PPlase
domain comprising the regions within and near the catalytic loop (residues 70-75) and catalytic active site
that includes residues H59, C113, S154, and H157. Furthermore, peak intensity analysis reveals a larger
decrease in NMR peak intensities for the Pinl WW domain and PPlase domain upon interacting with
phosphorylated AF-1 compared to unphosphorylated AF-1 (Figure 4D), further indicating a more robust
Interaction.

To explore the specific Pinl-binding regions of the AF-1 surfaces identified in the differential NMR
analysis of >N AF-1, we performed 2D ['H,'>N]-TROSY HSQC NMR titrations where '’N-labeled Pinl
was incubated with increasing concentrations of peptides derived from three AF-1 regions including the
two phosphorylation sites without (S112 and T75) and with phosphorylation (pS112 and pT75), as well as
the PEWP motif (Figure 5A) and performed CSP analysis (Figure 5B). Binding of the unphosphorylated
peptides caused subtle but notable CSPs for residues in the Pin]l WW and PPIase domains, suggestive of a
weak interaction compared to the phosphorylated peptides. Of the unphosphorylated peptides, the peptide
comprising the AF-1 region including T75 showed the largest effects. The PFWP-containing region
showed more moderate effects as did the S112 region. In contrast, binding of the phosphorylated pS112
and pT75 peptides revealed larger CSPs focused primarily within the WW domain.
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Figure 4. Delineating how AF-1 phosphorylation affects binding to Pinl.

Overlays of 2D ['H,'>N]-TROSY HSQC NMR spectra of '>N-labeled Pinl without or with 0.5, 1, or 2
molar equivalents of (A) AF-1 or (B) pAF-1. (C) Chemical shift perturbation (CSP) and (D) normalized
peak intensity plots comparing addition of AF-1 or pAF-1 at 1 molar equivalent to '’N-labeled Pinl1.
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Figure 5. Delineating the contributions of AF-1 regions binding to Pinl.

Overlays of 2D ['H,'>N]-TROSY HSQC NMR spectra of '>N-labeled Pinl without or peptides titrated up
to 5 molar equivalents corresponding to AF-1 regions that include the S112 phosphorylation site with (A)
unphosphorylated S112 or (B) phosphorylated S112; T75 phosphorylation site with (C) unphosphorylated
T75 or (D) phosphorylated T75; and (E) the PEWP motif. (F) Chemical shift perturbation (CSP) plots
comparing addition of unphosphorylated or phosphorylated peptides at 5 molar equivalents to >N-labeled
Pinl.

Pinl catalyzes cis-trans isomerization of a noncanonical WP motif in the AF-1

The AF-1 peptide and AF-1 domain NMR titrations into '*N-labeled Pinl suggest a model whereby
phosphorylation drives interaction of the pS/pT motif to the WW domain. However, additional
interactions occur between the Pinl PPIase domain and hinge region to other pAF-1 regions (Figure 6A)
including the W39-P40 motif that undergoes cis-trans isomerization (Mosure et al., 2022). We used
paramagnetic relaxation enhancement (PRE) NMR to more specifically detect the AF-1 PFWP motif-
binding surface in Pinl. For these PRE NMR studies, we used an AF-1 double mutant protein
(D33C/T75A) containing a D33C mutation to attach the MTSSL spin probe, which we used previously to
show the PEWP motif interacts with the PPARy LBD (Mosure et al., 2022), as well as a T75A mutation to
limit ERK2 phosphorylation to S112. Addition of MTSSL-labeled AF-1 D33C/T75A mutant protein to
I5N-labeled Pinl revealed PRE NMR effects within the Pinl WW domain, linker, and PPlase domain
(Figure 6B). MTSSL-labeled phosphorylated AF-1 D33C/T75A mutant protein revealed a similar profile.
However, PRE effects within the WW domain caused by the phosphorylated AF-1 were attenuated or not
as robust as the unphosphorylated form. One interpretation of these data is that phosphorylation of S112
affords higher affinity binding of the pS112-P113 region to the WW domain, which would reduce the
chance of transient or robust interactions between the PFWP motif region to the WW domain.

The CSP and PRE NMR data indicating that the PFWP motif binds to the PPlase domain led us to
hypothesize that Pinl may be able to accelerate cis-trans isomerization of the noncanonical WP dipeptide
motif in the AF-1. We previously used 3D C(CCO)NH-TOCSY NMR and 2D ['H,'’N]-ZZ exchange
NMR, which detects conformational exchange that occurs on slow time scales (10-5,000 ms) including
proline cis-trans isomerization processes (Kleckner and Foster, 2011), to show that the WP dipeptide
sequence within the PFWP motif undergoes cis-trans isomerization (Mosure et al., 2022). In that study,
77 exchange NMR could detect the slow conformational exchange of the WP motif at elevated
temperatures (>35 °C) but not at room temperature (25 °C), indicating the exchange process is on the
order of seconds or longer. Consistent with these prior findings, 2D ['H,!"N]-ZZ exchange NMR of '’N-
labeled AF-1 in the unphosphorylated and phosphorylated states at 25 °C revealed no apparent exchange
peaks using an exchange delay up to 1.5 s (Figure 6C). Strikingly, addition of Pinl accelerated cis-trans
isomerization of the WP dipeptide motif in both the unphosphorylated and phosphorylated states at 25 °C
(Figure 6D), evident by the appearance of cross-correlated NMR peaks.
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Figure 6. Pinl accelerated cis-trans isomerization of WP motif influences PPARY transcription.

(A) AlphaFold3 model of Pinl interaction with AF-1 containing phosphorylated S112 (pS112) and T75
(pT75) residues with NMR CSPs from the *N-labeled pAF-1 + 1x Pinl show the Pin1-binding epitope on
the pAF-1 extends to regions beyond the pS112 region. Spheres represent residue alpha carbons colored
by CSP magnitude (magenta) or noting peaks that disappear (black). (B) Paramagnetic relaxation
enhancement (PRE) NMR using MTSSL-labeled pAF-1 D33C+T75A mutant to map the binding epitope
of the W39-P40 motif on '*N-labeled Pinl. (C,D) Overlays of 2D ['H,!’N]-ZZ exchange NMR spectra of
SN-labeled AF-1 or pAF-1, zoomed into the W39 indole NMR peaks, in the absence (C) or presence (D)
of 1 molar equivalent of Pinl demonstrate that Pinl accelerates cis-trans isomerization of the W39-P40
dipeptide motif. (E,F) Cellular luciferase transcriptional reporter assay in HEK293T cells using a
3xPPRE-luciferase reporter plasmid with overexpression of PPARy or a PEFWP motif mutant (PFWP to
AAAA) in the absence or presence of 1 pM KPT-6566, a covalent inhibitor of the Pinl PPlase domain,
with (E) or without (F) overexpression of Pinl (n=6; mean + s.d.).
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To determine if Pinl-catalyzed acceleration of the WP motif influences transcription, we performed a
cellular transcriptional reporter assay. Cells were transfected with full-length PPARy along with a second
plasmid containing three copies of the PPAR DNA-binding response element sequence (3xPPRE)
upstream of luciferase gene. Experiments were performed in the presence of endogenous Pinl and with
cotransfection of a Pinl expression plasmid — with and without a pharmacological Pinl inhibitor, KPT-
6566, which covalently binds to the Pin1 PPlase domain and blocks its enzymatic activity (Campaner et
al., 2017). Transfection of full-length PPARY increased transcriptional activity, which was decreased upon
KPT-6566 treatment, indicating that Pinl-catalyzed cis-trans isomerization activates PPARy-mediated
transcription and endogenous levels of Pinl present within cells (Franciosa et al., 2016), which we
verified using RT-qPCR (Pinl Ct value ~24.2 vs. GAPDH Ct value ~18.5), are sufficient to produce the
response (Figure 6E). Transfection of a mutant PPARy variant where the PFWP motif was mutated to
four consecutive alanine residues (PFWP to AAAA) also increased activity of the luciferase reporter, but
to a lower degree compared to wild-type PPARYy. However, KPT-6566 treatment had no significant effect
on the activity of the PFWP mutant, suggesting that Pinl-catyalized cis-trans isomerization of the WP
motif may be a primary mechanism by which Pinl influences catalysis-induced effects on PPARy-
mediated transcription. Similar trends were observed when Pinl was overexpressed in cells (Figure 6F),
though one difference is KPT-6566 decreased activity of the PFWP mutant indicating overexpression of
Pinl increases sensitivity of the Pinl inhibitor treatment.

DISCUSSION

Current thinking in the field suggests that Pinl selectively accelerates pS/pT-P motifs undergoing cis-
trans isomerization (Innes et al., 2013; Lee and Liou, 2018; Peng, 2015). Several mechanistic models
have been proposed for Pinl-mediated catalysis of pS/pT-P motifs within a single target, including a
catalysis first mechanism where the PPlase domain first catalyzes the cis-to-trans isomerization followed
by binding of WW domain to the pS/pT-P motif in the trans conformation. The sequential model proposes
the WW domain first binds to a pS/pT-P motif in the trans conformation, tethering the PPlase domain to
the target and enabling catalysis of other substrate pS/pT-P motifs. Another related model is the
simultaneous or bivalent binding model, where the WW and PPlase domains bind to low affinity target
pS/pT-P motifs at the same time (Rogals et al., 2016). Our findings here indicate the interaction between
the PPARy AF-1 and Pinl may combine features of all three mechanistic models.

Our NMR CSP data shows that AF-1 phosphorylation drives binding of the Pinl WW domain to the
pS112-P113 site. We also see a similar binding effect to the pT75-P76 site. However, given that we could
not detect phosphorylation of T75 in HEK293T cells using mass spectrometry phosphoproteomics, the
role of pT75 in Pinl binding to PPARY is unclear, though it possible that T75 could be phosphorylated in
other cell types or under specific signaling or cell fate steps during adipogenesis. In the Pinl-bound *N-
labeled pAF-1 NMR spectrum, an NMR peak is observed for pS112 in the trans conformation but not in
the cis conformation. It is possible that Pinl first catalyzed the cis-to-trans isomerization of pS112, which
produced the Pinl-bound AF-1 NMR spectrum where only the pS112 trans conformation is observed.
However, another interpretation of these data is that the Pinl WW domain selectively binds to the pS112
trans conformation, and during sample preparation and NMR data collection the cis conformation
natively exchanged to the trans conformation, the latter of which could then bind to Pinl WW domain,
eventually resulting in the loss of the pS112 cis conformation.

CSP and PRE NMR, which are robust methods to detect weak or transient interactions (Purslow et
al., 2020), show that the AF-1 PFWP motif binds to multiple surfaces on Pinl including WW and PPlase
domains. Binding of the AF-1 to 'N-labeled Pinl, in particular when phosphorylated, shows a more
robust, higher affinity interaction compared to peptides derived from Pinl-interacting regions within the
AF-1 as the Pinl CSPs saturated at 2x pAF-1 but not until the peptides were titrated up to 5x. These
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findings indicate a cooperative, allosteric mechanism may underlie the interaction between Pinl and pAF-
1 where the interaction involves multiple surfaces on each protein.

The most surprising finding of our study is that Pin1 is able to catalyze cis-trans isomerization of the
AF-1 W39-P40 motif, a noncanonical site that does not conform to the classical pS/pT-P target motif. The
tethering of a binding partner such as AF-1 via a pS/pT-P motif to the WW domain may provide a
molecular basis by which Pinl can exert cis-trans catalysis of a non-canonical motif via its PPlase
domain. Our cellular studies reveal there is a functional consequence of Pinl-catalyzed cis-trans
isomerization of this noncanonical site, as the PFWP to AAAA mutant shows reduced transcriptional
activity and significantly decreased sensitivity to a covalent Pinl PPlase inhibitor. These findings are
consistent with sequential model, and perhaps the simultaneous mechanistic model, of Pinl-mediated
catalysis. However, our data support a modified tethering model that challenges the current Pinl catalytic
mechanism paradigm in a few important ways. While the interaction of the AF-1 pS/pT-P motifs to Pinl
via the WW domain are well aligned with current models of Pinl binding, the ability of Pinl to catalyze
cis-trans isomerization of a noncanonical site in a target substrate extends the current models of Pinl-
mediated enzymatic catalysis.

METHODS
Materials and reagents

Activated recombinant human ERK2 protein (ab155812) for in vitro kinase reactions was purchased
from Abcam. N-terminal acetylated peptides synthesized by Lifetein included (PPARYy2 isoform
numbering): S112 (12YQSAIKVEPASPPYYSEKTQL!??), pS112
(12YQSAIKVEPApSPPYYSEKTQL!??), T75 (FTTVDFSSISTPHYEDIPFTRT?®), pT75
(FTTVDFSSISpTPHYEDIPFTRT?®), and PFWP (*°TMVDTEMPFWPTNFGISSVD #). Pin1 inhibitor
KPT-6566 (37308, CAS# 881487-77-0) was purchased from Cayman Chemicals and dissolved in DMSO-
ds before addition to NMR samples or use in reporter assays. MTSSL PRE NMR spin label (16463, CAS#
81213-52-7) was purchased from Cayman Chemicals.

Protein expression and purification

Wild-type and mutant PPARY (isoform 2) activation function 1 (AF-1) protein (residues 1-136) was
expressed from a pET45 plasmid vector as a TEV-cleavable N-terminal 6xHis fusion protein in
Escherichia coli BL21(DE3) cells using terrific broth (TB) or M9 minimal media for expression of
isotopically labeled (**N-labeled or '>N,!3C-labeled) protein. PPARy AF-1 mutants and Pinl PPlase
domain (42-163) were expressed from a pET24 plasmid vector (Twist biosciences) as a 3C-cleavable N-
terminal 6xHis fusion proteins. Full-length Pinl and the Pinl WW domain (1-39) protein were expressed
from a pMCSG7 plasmid vector, purchased through Addgene (#40773) as TEV-cleavable N-terminal
6xHis fusion proteins. PPARY ligand binding domain (residues 231-505) was expressed from a pET46
Ek/LIC plasmid (Novagen) as a TEV-cleavable N-terminal 6xHis fusion protein. Cells transformed with
plasmid were initially grown at 37°C and 200 rpm to an ODsoonm 0f 1.2 (TB media) or 0.8 (M9 media),
then supplemented with 1 mM isopropyl B-D-thiogalactoside (IPTG) for induction of protein expression
at 18 °C for 16 h (Pinl proteins) or at 37 °C for 4 h (AF-1 proteins). Cells were harvested and lysed by
sonication after resuspension in lysis buffer (40 mM phosphate pH 7.4, 500 mM KCIl, 0.5 mM EDTA, 15
mM imidazole), the lysate clarified by centrifugation at 20,000xg, filtered, and purified by Ni-NTA
affinity chromatography (elution buffer: 40 mM phosphate pH 7.4, 500 mM KCI, 0.5 mM EDTA, 500
mM imidazole). TEV or 3C proteases were used to cleave 6xHis tags from proteins during overnight
dialysis in imidazole free lysis buffer at 4 °C. Contaminant and tag removal was accomplished by an
additional Ni-NTA affinity chromatography step, whereby cleaved protein was gathered from the wash
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phase of purification and further purified using size exclusion chromatography with an S75 column (GE
healthcare) into NMR Buffer (20 mM phosphate pH 7.4, 50 mM KCIl, 0.5 mM EDTA) for long term
storage if protein samples were sufficiently pure. At this stage, AF-1 proteins were heated in a hot water
bath at 80 °C for 15 m to denature any additional contaminating proteins and centrifuged at 4000 rpm for
15 m before concentration and purification by anion exchange chromatography through a HiTrap Q HP
column (GE healthcare) using a high salt buffer to elute protein from the column (20 mM phosphate pH
7.4, IM KCl, 0.5 mM EDTA). Pinl proteins were purified by a final anion exchange chromatography as
seen fit.

In vitro phosphorylation

In vitro phosphorylation reactions were conducted in NMR Buffer supplemented with 10 mM MgCl»
and 1 mM ATP and Pierce Protease Inhibitor (ThermoFisher Scientific A32955). 1:3000 ERK2:AF-1 was
used in all phosphorylation experiments. “Stopping” phosphorylation was achieved by heating reactions
at 80 °C for 15 minutes to denature ERK2. For protein used in NMR experiments, samples were then
dialyzed overnight in NMR Buffer to remove excess ATP and MgCls. In vitro phosphorylation reactions
were monitored using Super Sep Phos-tag precast gels (195-17991) or gels cast in house with Phos-tag
acrylamide (AAL-107) from Fujifilm Wako Chemicals. In select experiments, bands of interest were
excised from gels and subject to proteomic analysis to identify sites of phosphorylation. >N or ’N,3C
labeled proteins whose reaction progressions were monitored by NMR were conducted under identical
conditions. ERK?2 kinase was added after the collection of a completely unphosphorylated state spectrum
of the protein.

NMR spectroscopy

NMR experiments were collected at 298K on Bruker 600, 700, and 900 MHz NMR equipped with
cryoprobes. 20 mM phosphate pH 7.4, 50 mM KClI, 0.5 mM EDTA buffer conditions were used for all
samples. All samples contained 10% D>O for NMR instrument locking, except for the >N AF-1 + Pinl
titration series that contained 5% DMSO-ds. NMR samples contained 200 uM !*N-labeled protein, except
for samples prepared for 3D NMR (450+ uM) to validate NMR assignments via '*C,!’N-labeled AF-1 or
Pinl and samples prepared for ZZ-exchange experiments, containing 400 uM '"N-labeled protein due to
the decreased sensitivity of these experiments. Chemical shift assignments previously reported and
deposited to the Biological Magnetic Resonance Data Bank (BMRB) for PPARy AF-1 (Mosure et al.,
2022) (BMRB 51507) and Pinl (Born et al., 2019) (BMRB 27579); assignment transfer was confirmed
using 3D NMR datasets (e.g., HNCO, HNCA, HNCACO, HNCACB, and HNCOCACB). Titration
analysis of >N Pinl with AF-1 peptides, unphosphorylated AF-1, or phosphorylated AF-1 (pAF-1) or
phosphorylated pAF-1 P76 A mutant was followed using 2D ['H,'>N]-TROSY-HSQC experiments.
Titration analysis of >N AF-1 (wild-type/PF76A mutant, phosphorylated and unphosphorylated) with
Pinl (full-length, WW domain, or PPlase domain) was followed using 2D ['H,!>N]-HSQC experiments.
Chemical shift perturbation analysis performed using the minimal chemical shift method (Williamson,
2013) using the following equation: ("Hppm' 1" — THppm®°)? 4 [a " Nppmtitration — 1SN ,,3°)]> where o is the
ratio of the N and 'H gyromagnetic ratios (—27130000 and 267520000 rad s~! T~!, respectively). 2D
['H,'>N]-ZZ-exchange NMR data were collected with an exchange delay (d7) of 0.05 or 1.5 s.
Paramagnetic relaxation enhancement (PRE) NMR experiments were performed using 'N-labeled Pinl
(200 uM) and 0.5 molar equivalent of MTSSL-labeled PPARy AF-1 mutant protein (D33C,T75A)
containing a D33C mutation to attach MTSSL, previously used for PRE NMR studies (Mosure et al.,
2022), and T75A mutation to focus ERK?2 phosphorylation on S112. Proteins were labeled via overnight
incubation with MTSSL at 10 molar equivalents. MTSSL-labeled protein was dialyzed overnight to
remove excess spin label. PRE NMR 2D ['H,'>N]-TROSY-HSQC experiments were collected in the
absence or presence of 5x molar excess of sodium ascorbate to reduce the MTSSL nitroxide spin label;
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Ipre values were calculated from the ratio of peak intensities (Ipara/ldia) after normalizing for dilution by
the addition of sodium ascorbate. All NMR data were collected TopSpin software (Bruker Biospin) and
processed/analyzed using NMRFx software (One Moon Scientific) (Norris et al., 2016).

Cell culture, luciferase reporter assays, and RT-qPCR

HEK?293T cells (ATCC, 12022001) were cultured in Dulbecco’s minimal essential medium (DMEM,
Gibco 11960-044) supplemented with 10% fetal bovine serum (FBS, Gibco 26140-079) and Penicillin-
Streptomycin-Glutamine (Gibco 10378-016) at 37°C in 5% CO2 atmosphere. 15,000 cells/well were
plated in a 96 well plate (Greiner 655083) in 100 pL of media, left overnight, and transfected the
following day with 50 ng PPRE, 25 ng PIN1, 25 ng N-terminal HA-tagged full length PPARY2 (Sino
Biological HG12019-NY), and 25 ng pCDNA3.1 empty vector in accordance with experimental
conditions using Lipofectamine 3000 (Invitrogen L3000008) and OptiMEM (Gibco 31985-070). The
PPRE plasmid is a luciferase reporter which contains three copies of the PPAR-binding DNA response
element sequence (3xPPRE-luciferase). Immediately prior to transfection, media in wells was replaced
with media supplemented with KPT-6566 or equivalent volume of DMSO in accordance with
experimental conditions. After 48h of incubation 25 pL of Bright-Glo reagent (Promega E2620) was
added to each well and the luminescence measured using a BioTek Synergy Neo plate reader. For gene
expression measurements by RT-qPCR, RNA was extracted from HEK293T cells using Zymo Research
Quick-RNA MiniPrep (R1055) according to manufacturer’s protocol. 2 pg of extracted RNA was then
revere transcribed using BioRad iScript cDNA synthesis kit (1708890) according to manufacturer’s
protocol. cDNA was diluted by one half for use in qPCR reactions. 10 pL qPCR reactions contained 0.1
uL of 100 uM reverse and forward primers, 4.8 pL of diluted cDNA, and 5 pL of 2X PowerTrack SYBR
Green Master Mix (applied biosystems, A46109) and measured in a comparative Ct experiment using
Applied Biosystems QuantStudio5. PIN1 primer sequence: F-TCAGGCCGAGTGTACTACTTC, R-
TCTTCTGGATGTAGCCGTTGA; GAPDH primer sequence: F-TGCACCACCAACTGCTTAGC, R-
GGCATGGACTGTGGTCATGAG
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