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Abstract

RNA binding proteins play an important role in regulating alternative pre-mRNA splicing and in
turn cellular gene expression. Many of these RNA binding proteins occur as gene families with
members sharing a high degree of primary structure identity and domain organization yet have
tissue-specific expression patterns and regulate different sets of target exons. How highly similar
members in a gene family can exert different splicing outcomes is not well understood. We
conducted mass spectrometry analysis of post-translational phosphorylation and acetylation
modifications for two paralogs of the polypyrimidine tract binding protein family, PTBP1 and
PTBP2, to discover modifications that occur in splicing reaction mixtures and to identify discrete
modifications that may direct their different splicing activities. We find that PTBP1 and PTBP2
have many distinct phosphate modifications located in the unstructured N-terminal, linker 1, and
linker 2 regions. We find that the two proteins have many overlapping acetate modifications in the
RNA recognition motifs (RRMs) with a few distinct sites in PTBP1 RRM2 and RRM3. Our data
also reveal that lysine residues in the nuclear localization sequence of PTBP2 are acetylated.
Collectively, our results highlight important differences in post-translational modifications
between the paralogs and suggest a role for them in the differential splicing activity of PTBP1 and
PTBP2

Graphical Abstract

o S v s " s i
eLa nuclear extract]
splicing reaction
conditions

Repurified
+

Mass Spectrometry
-
§ sl =f efle
z
mz

"Corresponding Author nkeppetipola@fullerton.edu.

Notes
The authors declare no competing financial interest



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pina et al.

Page 2

Alternative pre-mRNA splicing, a key process that contributes to the increase in protein
diversity, allows single multiexon genes to encode more than one protein isoform.: RNA
binding proteins play an important role in regulating this process; they bind with sequence
specificity to cis regulatory elements on pre-mRNA substrates and either enhance or disrupt
the formation of a functional spliceosome at adjacent splice sites.” The spliceosome, a large
ribonucleo-protein complex, has many protein—RNA and protein—protein interactions that
are critical for splice site selection and splicing activity.

Many of these RNA binding proteins occur as gene families with members sharing a high
degree of amino acid sequence identity and similar domain organization but have distinct
tissue-specific expression patterns and exert different splicing outcomes on certain regulated
exons. How structurally related proteins within a gene family dictate different splicing
outcomes is not well understood. The polypyrimidine tract binding proteins, PTBP1 and
PTBP2, are paralogous RNA binding proteins derived from two genes related via gene
duplication. There is also a third family member, PTBP3 (Rod1), expressed primarily in
hematopoietic cells.: PTBP1 and PTBP2 share 74% sequence identity and a similar domain
organization: four RNA recognition motifs (RRMs) joined by three linker regions and an N-
terminal region containing a nuclear localization and nuclear export sequence. PTBP1 and
PTBP2 most often function as splicing repressors, but can also enhance splicing of exons.”
PTBP1 represses inclusion of certain regulated exons in neuronal transcripts such as the c-
Src N1 exon and CaV1.2 exon 8 while PTBP2 does not.: Moreover, the two proteins have
tissue-specific expression patterns where PTBP1 is expressed in most cell types and
neuronal progenitor cells whereas PTBP2 is expressed primarily in neurons and testis.
During neuronal differentiation, the levels of PTBP1 decrease and the levels of PTBP2
increase.” This change in protein concentrations influences the splicing of PTBP1 sensitive
exons, which can now be included or excluded in final spliced mRNA. This in turn generates
protein isoforms critical for neuronal differentiation.: Later, during neuronal maturation, the
level of PTBP2 also decreases, causing a second switch in the neuronal splicing program.
Splicing changes accompanied by alterations in the amounts of PTBP1 and PTBP2 are
critical for neuronal differentiation and maturation.™

Our recent study using PTBP1-PTBP2 chimeric proteins highlighted that determinants of
PTBP repression activity are distributed over multiple regions of the protein. For the two
cassette exons analyzed, chimeras that had PTBP1 RRM2 in an otherwise PTBP2 protein
were repressive for both exons. However, chimeras that contained either PTBP1 RRM1 or
the linker 2 region in an otherwise PTBP2 protein affected repression of the two exons
differently; both chimeras repressed inclusion of one exon but not the other. These findings
highlight the fact that additional features of PTBP1 and PTBP2 such as interdomain
interactions, protein—protein interactions, and/or post-translational modifications may
regulate their different splicing activities. Notably, the study also highlighted that the
different splicing activities observed for the two proteins in vivo could be reproduced in
vitro with bacterially expressed and purified recombinant PTBP1 and PTBP2.

In a previous study conducted by Chou et al., PTBP1 and PTBP2 displayed different RNA
binding affinities in splicing reaction mixtures containing ATP; PTBP1 remained bound to
the RNA, whereas PTBP2 dissociated, suggesting a role for ATP-dependent phosphorylation
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in PTBP2 splicing regulation. In a separate study conducted to determine the lysine
acetylome of three different cell lines, RNA recognition motifs were found to be the most
acetylated versus other domains. These studies suggest that PTBP1 and PTBP2 might be
post-translationally modified in specific regions and that there may be respective differences
in how they are modified. To identify post-translational phosphate and acetate modifications
that occur on PTBP1 and PTBP2, we incubated the proteins under splicing reaction
conditions and assayed for modifications via mass spectrometry. Our data reveal many
distinct and overlapping phosphate and acetate modifications, respectively, over the entire
length of the two proteins. We discuss our results highlighting distinct modifications in
PTBP1 and PTBP2 that may dictate their divergent splicing activities

B MATERIALS AND METHODS

Expression and Purification of Recombinant Protein.

The Hisg—tagged PQESOL-PTBP1 and PQE8OL-PTBP2 plasmids were transformed into
Escherichia coli BL21 (DE3). Bacterial cultures (500 mL) were grown at 37 °C in LB
medium containing 0.1 mg/mL ampicillin until the Aggg reached ~0.6. The culture was
adjusted to 0.4 mM isopropyl S-D-1-thiogalactopyranoside and incubated at 37 °C for 4 h
while being constantly shaken. Cells were harvested by centrifugation, and the pellets were
stored at —80 °C. All subsequent procedures were performed at 4 °C. Cells were
resuspended in 25 mL of binding buffer [50 mM Na.POy4 (pH 8.0), 300 mM NaCl, 10 mM
imidazole, 1x PhosStop phosphatase inhibitor, and 1x SigmaFast protease inhibitor]. Cell
lysis was achieved by the addition of lysozyme to a final concentration of 1 mg/mL, and
cells were sonicated to reduce viscosity. Insoluble material was removed by centrifugation.
The soluble fractions were applied to 3 mL columns of Ni-NTA agarose beads that had been
equilibrated with binding buffer. The columns were washed with 20 mL of wash buffer [50
mM Na.PO, (pH 8.0), 300 mM NaCl, 20 mM imidazole, 1x PhosStop phosphatase inhibitor,
and 1X SigmaFast protease inhibitor] and then eluted with 0.5 mL aliquots of elution buffer
[50 mM Na.POy4 (pH 8.0), 300 mM NaCl, 350 mM imidazole, 1x PhosStop phosphatase
inhibitor, and 1x SigmaFast protease inhibitor]. Peak fractions were pooled and dialyzed
against 2 x 2 L of buffer DG [20 mM HEPES-KOH (pH 7.9), 80 mM potassium glutamate,
0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 20% glycerol, 1x PhosStop phosphatase
inhibitor, and 1x SigmaFast protease inhibitor].

Purification of His-Tagged PTBP from the HeLa Nuclear Extract for Mass Spectrometry

Analysis.

Ni2* affinity-purified Hisg—tagged PTBP1 and PTBP2 (12 1g) were incubated in 50 /L
splicing reaction mixtures (30 w4 of HeLa nuclear extract, 2.2 mM MgCly, 0.4 mM ATP,
and 20 mM creatine phosphate, and brought to 50 zA with HeLa nuclear extract) for 90 min
in a 30 °C water bath. Nuclear extracts from HelLa cells were prepared as described
previously. The splicing mixtures were added to 12 L of Ni-NTA resin equilibrated with
buffer DG [20 mM HEPES-KOH (pH 7.9), 80 mM KCI, 0.2 mM EDTA, 0.2 mM PMSF, 1
mM DTT, 20% glycerol, and 3x PhosSTOP phosphatase inhibitor]; 50 sl of buffer DG was
added to the splicing mixtures, and they were incubated overnight on a rocker at 4 °C. The
samples were centrifuged at 700g for 2 min, and the supernatant was removed. The beads
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were washed twice with 24 /L of wash buffer [50 mM sodium phosphate (pH 8.0), 150 mM
NaCl, 30 mM imidazole, 1x PhosSTOP phosphatase inhibitor, and 1x SIGMAFAST
protease inhibitor] and centrifuged at 700g for 2 min to remove nonspecifically bound
proteins. The bound proteins were eluted overnight with 15 gL of elution buffer [50 mM
sodium phosphate (pH 8.0), 150 mM NaCl, 250 mM imidazole, 1x PhosSTOP phosphatase
inhibitor, and 1x SIGMAFAST inhibitor] at 4 °C on a vortexer. The eluate was centrifuged
at 700g for 5 min, and the supernatant was saved as the elution fraction.

Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis (SDS—-PAGE).

Elution fractions were prepared for electrophoresis by adding Laemmli SDS gel loading dye
and heating on a heat block at 95 °C for 2 min. Samples were loaded into a NUPAGE 4 to
12% Bis-Tris gel (Thermo Scientific) for gel electrophoresis at 60 V for 45 min followed by
120 V for 90 min. The gel was stained with GelCode Blue Safe Protein stain (Thermo
Scientific), and the gel bands corresponding to the molecular weights of PTBP1 and PTBP2
were cut out using scalpels, diced into cubes, and transferred to 1.5 mL microcentrifuge
tubes following sample preparation guidelines provided by the University of California at
San Diego (UCSD) Biomolecular and Proteomics Mass Spectrometry Facility (BPMS). The
gel pieces were washed and stored in Nanopure water and shipped to the UCSD BPMS
facility.

Mass Spectrometry Protocol and Data Acquisition.:

In-Gel Digest. The gel slices were cut into 1 mm x 1 mm cubes and destained three times by
first washing with 100 gL of 200 mM ammonium bicarbonate for 15 min, followed by
addition of the same volume of acetonitrile (ACN) for 15 min. The supernatant was
removed, and samples were dried in a speedvac. Samples were then reduced by being mixed
with 200 gL of 200 mM ammonium bicarbonate and 10 mM DTT and incubated at 56 °C
for 30 min. The liquid was removed, and 200 gL of 100 mM ammonium bicarbonate and 55
mM iodoacetamide was added to gel pieces and incubated at room temperature in the dark
for 20 min. After the removal of the supernatant and one wash with 100 mM ammonium
bicarbonate for 15 min, the same volume of ACN was added to dehydrate the gel pieces. The
solution was then removed, and samples were dried in a speedvac. For digestion, enough of
a solution of ice-cold trypsin (0.01 gg/gl) in 50 MM ammonium bicarbonate was added to
cover the gel pieces and set on ice for 30 min. After complete rehydration, the excess trypsin
solution was removed, replaced with fresh 50 mM ammonium bicarbonate, and left
overnight at 37 °C. The peptides were extracted twice by the addition of 50 sl of 0.2%
formic acid and 5% ACN and vortex mixing at room temperature for 30 min. The
supernatant was removed and saved. A total of 50 s of 50% ACN and 0.2% formic acid
was added to the sample, which was vortexed again at room temperature for 30 min. The
supernatant was removed and combined with the supernatant from the first extraction. The
combined extractions are analyzed directly by liquid chromatography (LC) in combination
with tandem mass spectroscopy (MS/MS) using electrospray ionization.

LC-MS/MS Analysis. For LC-MS/MS, trypsin-digested peptides were analyzed by ultra-
high-pressure liquid chromatography (UPLC) coupled with tandem mass spectroscopy (LC
—-MS/MS) using nanospray ionization. The nanospray ionization experiments were
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performed using an Orbitrap fusion Lumos hybrid mass spectrometer (Thermo) interfaced
with a nanoscale reversed-phase UPLC system (Thermo Dionex UltiMate 3000 RSLC nano
System) using a 25 cm, 75 um inside diameter glass capillary packed with 1.7 gm C18 (130)
BEH beads (Waters Corp.). Peptides were eluted from the C18 column into the mass
spectrometer using a linear gradient (5 to 80%) of ACN at a flow rate of 375 gL/min for 1h.
The buffers used to create the ACN gradient were buffer A (98% H,0, 2% ACN, and 0.1%
formic acid) and buffer B (100% ACN and 0.1% formic acid). The mass spectrometer
parameters were as follows. An MS1 survey scan using the orbitrap detector [mass range
(m/2) of 400-1500 (using quadrupole isolation), resolution of 120000, spray voltage of 2200
V, ion transfer tube temperature of 275 °C, AGC target of 400000, and maximum injection
time of 50 ms] was followed by data-dependent scans (top speed for most intense ions, with
the charge state set to include only +2 to +5 ions, and a 5 s exclusion time), while selecting
ions with minimal intensities of 50000 in which the collision event was performed in the
high-energy collision cell (HCD collision energy of 30%), and the fragment masses were
analyzed in the ion trap mass analyzer (with an ion trap scan rate of turbo, first mass m/z
was 100, AGC target of 5000, and maximum injection time of 35 ms). Protein identification
and label free quantification were performed using Peaks Studio 8.5 (Bioinformatics
Solutions Inc.).

Calculation of Modification Percentages.

Modification percentages were calculated by counting the total number of fragments
containing a modified residue and then dividing by the total number of fragments that
contain the residue, followed by multiplication by 100. The values in the tables are averages
from two independent experiments.

B RESULTS

Overexpression and Purification of Recombinant PTBP1 and PTBP2.

PTBP1 and PTBP2, recombinantly expressed and purified from bacteria, when incubated in
HelL a nuclear extract under splicing reaction conditions demonstrated different splicing
repression activities on the c-Src N1 exon; PTBP1 repressed splicing of N1, while PTBP2
did not. Here, we probed these nuclear extract-incubated recombinant proteins for post-
translational acetate and phosphate modifications to elucidate differences in modifications
between the paralogs.

His-tagged recombinant PTBP1 and PTBP2 were expressed in Escherichia coli and purified
via Ni2* affinity chromatography (panels A and B of Figure 1, respectively). Purified
proteins were then incubated in the mammalian HelL a cell nuclear extract under splicing
reaction conditions, isolated using Ni2*- NTA beads, and separated via SDS—PAGE (Figure
1C). Bands corresponding to PTBP1 and PTBP2 were excised from the gel and analyzed for
modifications via mass spectrometry along with bacterially purified PTBP1 and PTBP2 as
controls.
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Post-Translational Modifications in PTBP1 and PTBP2.

Mass spectrometry results reveal acetate and phosphate modifications on the PTB proteins in
both the control and nuclear extract-incubated conditions (Tables 1 and 2). Reversible
acetylation—deacetylation is performed by lysine acetyltransferases (KATs) and lysine
deacetylases (KDACs), respectively (Figure 2A). Acetyl modifications in bacterially
expressed proteins are mediated by KATs and KDACs that have been identified in bacteria,
including £. coli. Our results indicate that PTBP1 and PTBP2 have many overlapping and a
few distinct acetylated residues in the RRM and N-terminal regions, respectively. This
observation is consistent with previous reports that acetylation occurs preferentially in
structured regions of proteins.: Our data also reveal distinct phosphoryl modifications in the
unstructured N-terminal, linker 1, and linker 2 regions of the PTBPs, including previously
characterized sites, Ser16 and Ser21. These results are consistent with reports that
phosphorylation occurs on unstructured regions of the proteins.: Phosphate groups are added
and removed reversibly by protein kinases and phosphatases, respectively (Figure 2B).

The NMR solution structures of PTBP1 RRM1, RRM2, RRM3, and RRM4 bound to a
CUCUCU RNA hexamer are available from the Protein Data Bank (PDB). These structures
provide detailed information about atomic contacts between each RRM and the bound RNA
substrate. For those PTMs found on RRMSs, we used these structures to locate the position of
the modified residue to predict its role in RNA binding and/ or interdomain interactions.

The PTBP1 gene on human chromosome 19 produces several spliced isoforms. PTBP1
isoform 4 produces a 557- amino acid protein and was used in the experiments described in
this study.”

The N-Terminal Region of PTBP2 Has Distinct Phosphate and Acetate Modifications.

PTBP1 is a shuttling protein that moves between the nucleus and cytoplasm. In the nucleus,
it performs functions related to alternative splicing and polyadenylation, while in the
cytoplasm, PTBP1 is involved in mRNA localization, stability, and translation. The 60 N-
terminal residues of PTBP1 and PTBP2 comprise both its nuclear localization sequence
(NLS) and nuclear export sequence (NES) (Figure 3).

Phosphorylation is the major post-translational modification observed in the N-terminal
region (Table 2). Consistent with previous findings, both Serl16 and Ser21 are
phosphorylated in PTBP1 and PTBP2. Protein kinase A (PKA)-mediated phosphorylation of
Ser16 is important for PTBP1 nuclear export, although some shuttling can occur without it.
PTBP2 is phosphorylated by PKA; however, the role of Serl6 phosphorylation has not been
examined.

Ser44, a putative protein kinase C phosphorylation site, is phosphorylated in only PTBP2
under splicing conditions (Table 2). In the bacterially expressed proteins, Ser44 is
phosphorylated in PTBP1 but not PTBP2 (Table 1). The amino acid sequence in the N-
terminal region is 56% identical between PTBP1 and PTBP2, with many nonconservative
substitutions between the paralogs at positions 26, 27, 30, 34, 35, and 38 (Figure 3). PTBP1
is phosphorylated at Ser16, Ser21, Thr22, Ser33, and Ser35. PTBP2 has overlapping
modifications at counterpart residues at positions 16, 21, and 33 and distinct modifications at
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Ser26, Ser27, Ser30, Ser34, Thr38, and Ser44 (Table 2). Our recent chimera study revealed a
difference in N1 exon splicing when the N-terminal region of PTBP2 was replaced by that of
PTBP1; a chimera containing PTBP1 N-terminal and RRM1 regions in an otherwise PTBP2
protein repressed N1 exon splicing like wild-type PTBP1 did. However, a chimera
containing only the RRM1 region of PTBP1 in an otherwise PTBP2 protein weakly
repressed splicing of the N1 exon. Thus, it will be interesting to examine the functional
significance of the distinct sites of phosphorylation in this region and whether they play a
role in the divergent PTBP splicing activities.

Our data also reveal a difference in acetyl modifications between the paralogs in the N-
terminal region. PTBP2 is acetylated at Lys45 and Lys46 (Table 2). For both PTBP1 and
PTBP2, the NLS consists of a bipartite signal with two blocks of basic residues spanning
Lys13, Argl4, and downstream residues Lys45, Lys46, and Lys48.~ Both blocks of basic
residues are required for nuclear import. Notably, a PTBP1 K45A mutant blocked PTBP1
nuclear localization and accumulated strictly in the cytoplasm. Lysine acetylation—
deacetylation has been shown to dictate nuclear—cytoplasmic localization of several proteins,
including the sex-determining region of the Y chromosome protein and adenovirus-
transforming protein E1A.- Thus, whether acetylation at Lys45 and Lys46 is important for
PTBP2 nuclear localization is an important question for the future.

Distinct Sites of Phosphorylation in the PTBP Linker 1 and Linker 2 Regions.

Under splicing reaction conditions, we note the linker 1 region of PTBP2 is phosphorylated
at seven residues compared to three residues for PTBP1 (Table 2). Except for PTBP1 Ser159
and PTBP2 counterpart Thr158, phosphorylation sites do not overlap between the paralogs
in this region. For PTBP2, phosphorylation at residues Thr154, Thr158, Thr161, Ser164,
Thrl66, Thrl67, and Serl71 creates a cluster of negatively charged phosphate moieties in
this region. A recent report by Harmon et al. highlights the impact of the physical properties
of linker regions, primarily solvation volumes, in dictating interdomain interactions and
distances in multivalent proteins. Using computer simulations and physics-based theories,
the authors concluded that linker regions containing charged residues lead to larger solvation
volumes, which in turn drive apart the two domains at either end and vice versa. Thus, it is
plausible that phosphorylation at multiple residues in the PTBP2 linker 1 region increases its
effective solvation volume causing it to expand and drive apart RRM1 and RRM2, which in
turn may play a role in PTBP2 RNA binding and splicing activity.

In the linker 2 region, PTBP1 is phosphorylated at Ser341, while PTBP2 is phosphorylated
at Thr298 and Ser308 with percent phosphorylated values of 26.5 and 15.0%, respectively,
indicating an increased abundance of these modified residues compared to that of the
residues detected in the N-terminal and linker 1 regions (Table 2). The corresponding
residues in PTBP1 are substituted with nonconservative amino acids Leu325 and Ala335
(Table 2). A hybrid protein containing PTBP1 linker 2 in an otherwise PTBP2 protein
repressed N1 exon splicing like PTBP1 did. Thus, it is plausible that phosphorylation of
Thr298 and Ser308 plays a role in PTBP2 N1 exon splicing regulation. No modifications
were observed in linker 2 for bacterially expressed PTBP1 and PTBP2 (Table 1).
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The RRM Regions of PTBP1 and PTBP2 Are Modified by Acetate Groups.

PTBP1 and PTBP2 share 82% sequence identity over the RRM1 region and have identical
RNA-interacting residues except for a single phenylalanine to tyrosine substitution (Figure
3). The region has the typical RNA binding domain Safap topology with the two a—helices
packed against the four-stranded antiparallel S—sheet that provides a surface for RNA
binding (Figure 4A). The RRML region binds to CU elements within short pyrimidine tracts
and the UUCG tetraloop of U1 snRNA stem loop 4, with dissociation constants of 24.7 and
0.85 1M, respectively.:

Our data highlight that both PTBP1 and PTBP2 are acetylated at residues Lys92 and Lys94,
located at the end of g-strand 2 and the following turn, respectively (Figure 4A). The
solution structure of PTBP1 RRM1 bound to a CUCUCU hexamer provides detailed atomic
information about the contacts between RRM1 and the substrate. Lys92 does not interact
with the bound RNA. We note that Lys94 makes a hydrogen bond interaction with the
phosphate backbone between C5 and U6, via its e-~amino group. (The residue numbering is
for human PTBP1 isoform 4. The PDB structure files are numbered according to PTBP1
isoform 1. Residues 1— 298 are the same for the two isoforms. For positions above residue
324 in isoform 4, the equivalent residues in isoform 1 or the PDB files are obtained by
subtracting 26.) It is plausible that acetylation at this position may abolish this interaction
and in turn affect the RNA binding affinity. PTBPs in control samples are additionally
acetylated at Lys65; however, this result was not recapitulated under splicing reaction
conditions. Given the overlap in modifications in this region, it is unlikely that acetylation in
RRM1 contributes to the observed difference in PTBP splicing activity.

PTBP1 and PTBP2 share 87% amino acid sequence identity over the RRM2 region. Our
data reveal that PTBP1 is acetylated at Lys218, Lys259, and Lys266. Similarly, two of the
three counterpart residues, Lys256 and Lys263, are acetylated in PTBP2 (Table 2). PTBP2
Lys263 is also modified in bacterially expressed proteins (Table 1). Lys218 is located in the
turn between S-strands 2 and 3 in the S-sheet (Figure 4B). The side chain e~amino group
makes two hydrogen bond interactions with the phosphate backbone between U2 and C3
and between C3 and U4 of the bound RNA (Figure 4B), highlighting an important role for
Lys218 in RNA binding. Whether acetylation at this position is important for PTBP1
splicing activity is currently under investigation in our laboratory. Lys259 and Lys266 are
acetylated in both PTBP1 and PTBP2; thus, it is unlikely they dictate their different splicing
activities (Table 2). Lys259 and Lys266 interact with the C3 base and the sugar moiety of C5
via main chain and side chain interactions, respectively (Figure 4B). Thus, acetylation at
Lys259 may have little effect on RNA binding compared to Lys266. Similar to RRM1, the
RRM2 region also binds to structured CU rich regions within stem loops with an affinity
higher than that of long single-stranded RNA substrates.:

The RRM2 and linker 2 regions of PTBP1 function as a minimal splicing repressor. This
region is also necessary for PTBP1 nuclear export; deletion of the RRM2 domain
completely abolishes PTBP1 nuclear export. However, the residues important for this
activity are unknown. Whether lysine acetylation in RRM2 is important for PTBP1 nuclear
export is currently under investigation in our laboratory. PTBP1 RRM2 also plays a role in
interaction with other RNA binding proteins such as Raver 1 and Matrin 3 during splicing
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repression of certain regulated exons.™ Of these, the PTBP1-Raver 1 interaction is best
characterized; the a—helical surface of RRM2 interacts with the corepressor Raver 1. PTBP1
and PTBP2 share 87% sequence identity over the Raver-interacting motifs (Figure 3);
however, PTBP2 binds Raver with an affinity much weaker than that of PTBP1. In the
control samples, PTBP2 Tyr244 is phosphorylated, but not its PTBP1 counterpart residue
(Table 1). Tyr244 is within the Raver interaction motif (Figure 3). However, this difference
in phosphorylation is not observed in the nuclear extract. A chimera that contained PTBP1
RRM2 in an otherwise PTBP2 protein repressed inclusion of the c-Src N1 exon to levels
similar to those of wild-type PTBP1. Thus, acetylation of PTBP1 Lys218 may contribute to
the observed differences in PTBP1 and PTBP2 splicing activities.

PTBP1 and PTBP2 share a high degree of primary and tertiary structure similarity over the
C-terminal region of the proteins, including RRM3, linker 3, and RRM4 regions. RRM3 and
RRM4 preferentially bind to pyrimidine (C/U) tracts containing long flexible regions of pre-
MRNA substrates.

The two domains have a fixed orientation with respect to each other where the a—helical
sides of RRM3 and RRM4 along with linker 3 form a hydrophobic core between them,
orienting the RNA binding S-sheet surfaces onto opposite sides (Figure 4C). This
arrangement allows PTBP to bind two pyrimidine tracts separated by a linker sequence and
induce RNA looping, which has been proposed to prevent binding of other spliceosome
components required for splicing.»

Our data reveal that PTBP1 is acetylated at several lysine residues in the RRM3 region,
including Lys394, Lys400, Lys424, Lys436, and Lys454 under splicing reaction conditions
(Table 2). The side chain amino group of Lys394 makes hydrogen bond interactions with the
phosphate oxygens of C5 and U6 (Figure 4C). Lys400 located in the turn between S-strands
2 and 3 does not interact with the bound RNA. The main chain of Lys436 makes base-
specific contacts with C3. Lys424 makes a salt bridge with Glu528, a key interaction that
stabilizes the RRM3 and RRM4 domain arrangement (Figure 4C). Acetylation at this
residue will remove the positive charge and disrupt the salt bridge interaction. Lys454 is
located on p-sheet 5 and is positioned away from the RNA-interacting surface (Figure 4C).
PTBP?2 is acetylated at counterpart residues Lys375, Lys399, and Lys411. Thus, PTBP1
Lys394 and Lys454 acetylation is unique in this region. PTBP1 and PTBP2 in control
samples are also acetylated at a few residues; notably, Lys424 and PTBP2 counterpart
Lys399 are acetylated to very high percentages (Table 1). PTBP2 is also phosphorylated at a
single residue, Thr428 or Tyr401, under nuclear extract or bacterially expressed conditions,
respectively (Tables 1 and 2).

In the RRM4 region, PTBP1 and PTBP2 are acetylated at a single lysine residue, Lys508
and Lys483, respectively (Table 2). The RRM4 region is phosphorylated at low percentages
in the control samples at positions PTBP1 Ser526 and PTBP2 Thr456 and Thr501 (Table 1).
However, this result was not observedin the nuclear extract.

Biochemistry. Author manuscript; available in PMC 2019 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pina et al. Page 10

B DISCUSSION

Collectively, our study has revealed that the chemical composition of PTBP1 and PTBP2
under splicing reaction conditions is distinct; PTBP1 and PTBP2 are phosphorylated and
acetylated at both overlapping and distinct sites. Analysis of the data has posed several
interesting questions to be answered in future studies in the course of unraveling how the
two paralogs direct different splicing outcomes.

A notable finding of our work is that PTBP2 is phosphorylated to a greater extent than
PTBP1 is and that these additional sites of phosphorylation are localized to the less
conserved, flexible N-terminal and linker regions. Moreover, PTBP1 counterparts of these
distinct sites are nonconservative substitutions with side chains that are unable to undergo
phosphorylation. These results suggest the two paralogs evolved divergent splicing activities
by altering and/ or acquiring linker regions with specific amino acid compositions. This
notion is supported by the hnRNPL family of RNA binding proteins in which the linker
regions dictate the different splicing activities of paralogs hnRNP L and L-Like.

Phosphorylation of the unstructured serine arginine (SR) rich region of the serine arginine
rich splicing factors changes its conformation to an ordered structure that can then remodel
ribonucleoprotein complexes involved in splicing by altering protein—protein or protein
—RNA interactions or change the protein’s subcellular localization.” We speculate that a
similar scenario exists for PTBP2, where phosphorylation of the N-terminal and linker
regions alters their structure and in turn regulates PTBP2 splicing activity via mechanisms
similar to those of the SR proteins. It will also be interesting to identify cellular kinases and
phosphatases involved in PTBP2 phosphorylation and dephosphorylation, respectively, to
understand how cell signaling pathways regulate PTBP2 splicing activity during neuronal
differentiation.

Our mass spectrometry data also highlighted the fact that PTBP1 and PTBP2 are acetylated
in the RRMs and the PTBP2 N-terminal region under splicing conditions. For the histone
proteins, acetylation of lysine residues removes the positive charge leading to weaker
interactions between the histones and DNA, and an overall increase in the level of gene
expression. A similar mechanism is possible for the PTB proteins where acetylation leads to
looser binding to target pre-mRNA substrates and negates the splicing effects of the PTB
proteins. The role of N-terminal acetylation in PTBP2 splicing activity and/or cellular
localization is yet another interesting question that has emerged from the study.

Examining whether and how these modifications dictate the splicing activities of PTBP1 and
PTBP2 will contribute to our understanding of how related RNA binding proteins with high
degrees of primary and tertiary structure similarity exert different splicing outcomes.
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Figure 1.
(A and B) Purification of Hisg—tagged PTBP1 and PTBP2. Aliquots (10 L) of the indicated

fractions were analyzed by SDS- PAGE. The gel was stained with Coomassie blue dye. The
positions and sizes (kilodaltons) of marker polypeptides are shown at the left. (C)
Purification of Hisg—tagged PTBP from 50 g1 splicing reaction mixtures containing HeLa
nuclear extract, 2.2 mM MgCl,, 0.4 mM ATP, and 20 mM creatine phosphate. Aliquots (10
4L) of the indicated fractions were analyzed by SDS-PAGE. The gel was stained with Gel
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Code blue safe stain. The positions and sizes (kilodaltons) of marker polypeptides are shown
at the left.
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Figure2.
Mechanisms of reversible covalent modifications. (A) Lysine acetylation—deacetylation.

Acetyl groups are added by lysine acetyltransferases (KATs) and removed by deacetylases
(KDACsS). (B) Phosphorylation. Phosphate groups are added by kinases to the side chain
hydroxyl groups of serine, threonine, and tyrosine residues. Phosphate groups are removed
by phosphatases via hydrolysis.
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Figure 3.
Domain structure (top) of the PTB proteins indicating the segments defined in this study.

The percent amino acid sequence identity between PTBP1 isoform 4 and PTBP2 is indicated
below. Aligned amino acid sequences (bottom) of human PTBP1 isoform 4 and PTBP2.
Gaps in the alignment are indicated as dashes. Residues identical to those of PTBP1 are
shown as dots. RNA recognition motifs (RRMs) are highlighted in gray.38 Vertical lines
above the sequence indicate PTBP1 residues that interact with RNA.38 Arrowheads below
the sequence indicate RNA-interacting residues that are different in PTBP2. The bipartite
nuclear localization sequence is indicated as NLS. PTBP1-Raverl-interacting motifs are
marked with pink bars.
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Figure 4.
(A-C) Cartoon representation of NMR solution structures of PTBP1 RRM1 (PDB entry

2AD9), RRM2 (PDB entry 2ADB), and RRM3 and -4 (PDB entry 2ADC) bound to a
CUCUCU hexamer.38 The main chain cartoon traces are colored gray. Post-translationally
modified residues identified by mass spectrometry and relevant cytosine and uracil bases of
the hexamer are labeled. Side chains of modified residues and the CUCUCU RNA hexamer
are shown as sticks and colored by element.
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Table 1.

Post-Translational Acetate and Phosphate Modifications in Bacterially Overexpressed PTBP1 and PTBP27

Post-translational modificationsin bacterial expressed and purified PTB proteins

PTBP1 PTBP2

N-terminal region S44 4.00 £2.00 S44 - -
K45 K45 39.00 +11.00

RRM2 Y247 --- - Y244 --- 100.00 £50.00
K266 - --- K263 4.50 + 3.50 ===

RRM4 T481 T456 1.00 £0.50
K508 22.50 £2.50 K483
K511 62.00 + 38.00 K486
K518 28.50 +16.50 K493
$526 1.00 £0.50 T501 1.00 £0.50

aThe data reported are the average of two independent experiments.
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Table 2.

Post-Translational Acetate and Phosphate Modifications in PTBPs Incubated in Splicing Reaction Mixtures
Containing HelLa Cell Nuclear Extract?

Post-trandlational modificationsin PTB proteinsunder splicing reaction conditions

PTBP1 PTBP2
© ResdueNo. %Acsylation % Phosphorylaiion ResidueNo. % Acaylation % Phosphorylation

N-terminal region S16 1.50 £0.20 S16 1.40 £0.40
s21 0.850.10 s21 3.80+1.30
T22 0.64 0.22 G22
N26 S26 2.10+1.00
G27 s27 1.92+1.19
130 S30 1.08 £0.33
S33 1.13 +0.68 $33 0.74 £0.04
N34 S34 1.44 0.66
S35 0.72+0.24 M35
A38 T38 1.10+0.31
S44 S44 0.75+0.35
K45 K45 7.55 +4.35
K46 K46 1.22 +0.68

Linker-1 N155 --- - T154 --- 7.45+2.05
S156 - 5.60 +1.20 A155 --- -
$159 - 1.75+0.35 T158 - 3.55+0.95
L162 --- - T161 --- 2.25+0.05
A165 - - S164 --- 5.55+1.25
S167 - 4.35+0.55
A169 --- - T166 --- 5.60 +0.80
Al170 - - T167 --- 4.35+2.05
G174 --- - S171 - 3.15+0.95

Linker-2 L325 --- - T298 --- 26.50 +13.50
A335 --- - S308 --- 15.00 £ 1.70
S341 - 2.15+0.95 A316 - -
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Post-translational modificationsin PTB proteins under splicing reaction conditions
PTBP1 PTBP2
ResidueNo. % Acetylation % Phosphorylation ResidueNo. % Acetylation
K454 15.45 +13.15 K429
RRM4 K508 6.85 +0.25 K483 8.50 +5.80

% Phosphorylation
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aThe data reported are the average of two independent experiments.
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